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Preface

A�er exactly �ve years this journey will soon come to an end. Because of the Covid-19
pandemic, I have been able to postpone these last words for six months, but now it is
really time to wrap up. In the past years I have worked with great pleasure on a subject
that �nds itself on the border of several disciplines. Especially this multidisciplinary
part of my work has brought me very enjoyable and motivating collaborations. In recent
years, I have also been able to celebrate a number of big and small (!) highlights outside
of work. I would like to thank everyone who contributed to this period, and a number
of people in particular.

Allereerst wil ik Pieter, Bas en Suzanne bedanken voor hun begeleiding. Pieter, ik had 6
jaar geleden nooit verwacht dat ik deze route zou hebben bewandeld. Jij hebt mij eerst
gescout voor een afstudeeropdracht, wat zo goed beviel dat er ook nog wel een promotie
achteraan kon. Voornamelijk op het gebied van wiskunde heb je me erg veel kunnen
leren. Maar wat me uiteindelijk het meeste is bijgebleven zijn de discussies over de be-
langrijkste bijzaken in het leven (geen stabiliteitsanalyses voor de duidelijkheid). Bas,
jij bent erg sterk in mensen motiveren en daar heb ik in de begintijd ook van mogen
pro�teren. Al tijdens mijn afstudeercolloquium wist je kritische vragen te stellen en
daar ben je gelukkig de afgelopen vier jaar vrolijk mee doorgegaan. Ook de uitstapjes
naar onder andere SintAnna waren elke keer weer een succes. Suzanne, jij maakt dit
trio compleet door een grote bijdrage te leveren aan de organisatie en tijdmanagement
binnen het project. Ook inhoudelijk had je vaak erg waardevolle opmerkingen. In het
algemeen viel mij voornamelijk op hoe complementair jullie aan elkaar waren, waar-
door ik eigenlijk in alle situaties de juiste ondersteuning had. Ik hoop dan ook dat
ik in de komende jaren nog veel met jullie kan blijven samenwerken binnen de vak-
groep.

7



I would like to thank everyone in the SANDBOX-programme. Erik and Chiu, I enjoyed
our regular meetings, which always gave me the right inspiration for my own work.
Although our projects diverged towards the end, I believe our collaboration was fruitful.
�e highlight was of course the 3-week SANDBOX cruise on the North Sea, together
with our colleagues from DISCLOSE and PULS. One thing I learned for sure is that
I rather study waves than experience them. Karin, our collaboration during the cruise
lead to a very nice paper, and I hope we can keep working together in the future.

Een van de leukste onderdelen aan de academische wereld is het werken met studenten,
wat vaak erg leerzaam en inspirerend is. Bovendien zijn sommige projecten zelfs zo
succesvol dat deze leiden tot wetenschappelijke publicaties. Wietse, jouw eigen paper is
de basis geweest van twee papers in dit proefschri� en hopelijk volgen er nog meer in de
komende jaren. Henrike, ook jouw onderzoek hee� tot mooie inzichten geleid waar een
interessante paper uit is ontstaan. En Arjan, jij hebt jouw afstuderen mogen presenteren
op een wetenschappelijke conferentie. Natuurlijk ook aan alle andere studenten waar
ik mee heb samengewerkt, bedankt voor de leuke en leerzame tijd!

Paolo, Gaetano, grazie per il mio soggiorno a Genova. Paolo, I really liked the experi-
ence of working together and it helped me in gaining a deeper understanding of sedi-
ment transport processes and ripple dynamics. Gaetano, you were also very helpful in
Genova (being my personal chau�eur and showing me around in the city). You have
been a friend since and I hope our collaboration will lead to some nice results in the
future.

Furthermore, I would like to thank all of my colleagues at the WEM department. We
have a nice group of people and I enjoy the informal and open atmosphere. �anks for
all the walks, runs, soccer matches with SouthWEMton, cycling tours, Batavierenraces,
drinks, and all other activities. Also thanks to Anke, Dore�e, Joke and Monique, you
were always very helpful. In particular, thanks to ‘de mannen van W211’. We hebben
de afgelopen jaren veel kunnen lachen en zo nu en dan kon er zelfs een inhoudelijke
discussie vanaf. Pim, we hebben samen een paar mooie tripjes gemaakt (hadden we dat
verhaal al verteld?), en het ziet er gelukkig naar uit dat we dit kunnen blijven doen.
Michiel, inderdaad erg �jn om iemand met voetbalverstand op de kamer te hebben! En
Koen, bedankt dat je me toch regelmatig laat lachen om je slechte grappen.

Ook wil ik al mijn vrienden bedanken met wie ik mooie tijden heb mogen beleven de
afgelopen jaren. Bedankt voor de weekendjes weg, �etsvakanties, winterportvakanties,
voetbalwedstrijden, de gezellige borrelavonden, deze avonturen zorgen altijd weer voor
de perfecte a�eiding van het werk. Siebe, bedankt dat je me elk jaar weer van een berg
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laat afrollen. Dit leidt er inmiddels toe dat mijn collega’s weddenschappen afsluiten over
in welke fysieke staat ik weer terug kom. Elias, jij mag je inmiddels onze persoonlijke
gra�sch ontwerper noemen, erg bedankt voor je hulp! En in het bijzonder Saskia, ik
waardeer heel erg hoe jij altijd voor mij hebt klaar gestaan. Zonder jou was ik nooit zo
ver gekomen!

Natuurlijk wil ik ook mijn (schoon)familie bedanken voor alle leuke en gezellige mo-
menten die we hebben gehad. Ik waardeer dat jullie altijd interesse hebben getoond in
mijn werk, ondanks dat het soms lastig te begrijpen (en uit te leggen) is. En mama, ik
heb elke keer weer met plezier de krantenknipsels gelezen over alles wat met water te
maken had. Papa, mama, ik hoop dat jullie alle tegenslagen nu achter de rug hebben en
de komende jaren nog veel van het leven mogen genieten!

Als laatste natuurlijk de twee liefdes van mijn leven, Jansje en Silke. Wat hebben wij het
toch leuk met z’n 3-en! Jansje, bedankt dat ik altijd met mijn verhaal bij jou kwijt kan
en dat je me altijd weer weet te motiveren. We hebben al zoveel mooie herinneringen
gemaakt en ik weet zeker dat de toekomst ons veel nieuwe grote en kleine avonturen
gaat brengen!
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Summary

�e sandy seabed of shallow coastal shelf seas displays fascinating morphological fea-
tures of various dimensions. At the same time, the seabed also harbours a rich eco-
system. It is well established that benthic community composition is related to vari-
ous abiotic variables, such as sediment type and grain size. However, less is known
about how macrobenthic species relate to morphological bed pa�erns, and in partic-
ular to tidal sand waves. Increasing pressure from o�shore human activities makes
it necessary to further study the drivers of benthic community distributions over sand
waves. Moreover, a greater understanding of the e�ects of benthic organisms on hydro-
dynamics and sediment transport processes over sand waves may improve morpholo-
gical model predictions. �erefore, the aim of this thesis is stated as follows: to determine

and understand the feedbacks among tidal sand waves, benthic organisms and sediment

sorting processes. To this end, a combination of �eld observations and process-based
modelling techniques were used in this thesis.

Chapter 2 presents a �eld expedition to the North Sea where camera transects are per-
formed over two sand waves. �is revealed that organisms living on top of the seabed
and within (determined by counting seabed holes) are signi�cantly more present in the
troughs of sand waves, compared to the crests. In addition, the ripple features found on
the sand wave crests are more abundant and more regular, and have longer wavelengths
than those in the troughs.

To understand the driving mechanisms behind these �eld observations on organisms
and sand waves, two di�erent process-based models are developed, one focussing on
small-amplitude sand wave dynamics and the other on �nite-amplitude sand wave dy-
namics. In both models, biological evolution is described by a general law of logistic
growth, constrained by a spatially varying carrying capacity. �e carrying capacity
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is related to the bed shear stress, determined by the hydrodynamic output from the
models. Conversely, the e�ect of organisms on morphological processes is implemen-
ted di�erently. In the small-amplitude model a parametrised coupling is applied that
linearly relates the bo�om roughness to the organisms’ biomass density. In the �nite-
amplitude model this coupling is applied in a more advanced manner, where the e�ect
of tube-building worms (mimicked by small cylinders) on hydrodynamics is described
explicitly by additional formulations for drag and turbulence.

�e small-amplitude model in Chapter 3 is based on a linear stability approach, resulting
in coupled growth and migration rates of both sand waves and biomass under in�uence
of tidal forcing. �e results show that a local disturbance (either to the bed or to the
biomass) may trigger the combined growth of sand waves and spatially varying biomass
pa�erns. Moreover, the results reveal that autonomous benthic growth signi�cantly
in�uences the growth rate of sand waves. Finally, it was shown that biomass maxima
tend to concentrate in the region around the trough and lee (steep) side slope of sand
waves, which generally agrees with the �eld observations in Chapter 2.

In Chapter 4 the numerical shallow water model Del�3D is used to investigate the inter-
actions between small sandy mounds of a few decimetres in height, created by patches
of the tube-building worm Lanice conchilega, and �nite-amplitude sand waves. �e
results show that the highest worm densities occur in the sand wave troughs, again
generally agreeing with the �eld observations in Chapter 2. In turn, the combination
of patches and mounds are found to mainly a�ect the initial stages of sand wave evol-
ution. Particularly the sand waves’ time-to-equilibrium and the initial wavelengths are
signi�cantly shorter. Also the equilibrium height is slightly decreased in some cases. As
the time scale of mound formation is much shorter than that of sand wave formation,
the mounds induce (and accelerate) the growth of sand waves with a similar spatial
scale as the biogenic mounds. �erefore, initially this leads to shorter sand waves than
they would be in an abiotic environment. However, near equilibrium the wavelengths
tend towards their abiotic counterparts again, suggesting that the equilibrium stage is
mainly determined by morphological processes alone.

�e Del�3D model, without biological processes, is used in Chapter 5 as well, here to
simulate sediment sorting processes in �nite-amplitude tidal sand waves. �ese pro-
cesses are strongly related to organism distribution, and can thus help to further un-
derstand the considered feedbacks in this thesis. �e model revealed that typically the
crests of sand waves are coarser than the troughs. In case of tidal asymmetry due to
a residual current, net sedimentation shi�s to the lee (steep) side of the crest and, as a
result, larger grains are deposited on the upper lee slope, whereas the smaller grains

12



are found on the lower lee slope. Due to sand wave migration, also the internal struc-
ture of the sand wave is exposed, which follows the same sedimentation pa�ern as
found on the lee slope surface. In addition, by further increasing the heterogeneity of
the sediment composition, wavelengths become longer wave heights lower. Finally, a
model-�eld comparison reveals that, by including these sorting processes, the model
provides estimates of wave heights that are in the range of observed sand wave heights
in the North Sea.

Finally, the developed modelling tools provide the ability to predict both the habitat se-
lection of benthic organisms and grain size distribution pa�erns in sand wave areas, to-
gether with the e�ect of these processes on sand wave morphology. By recognising and
acknowledging the limitations of these modelling instruments, their predictive capabil-
ities can be applied for the assessment of the morphodynamic e�ects of o�shore engin-
eering interventions, and support decision making in ecosystem-based marine spatial
planning approaches.
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Samenvatting

De zandige bodem van ondiepe zeeën vertoont fascinerende morfologische vormen van
verschillende groo�es. Daarnaast huisvest de zeebodem ook een rijk ecosysteem. Het
is welbekend dat de samenstelling van bodemgemeenschappen gerelateerd is aan ver-
schillende abiotische variabelen zoals sediment type en korrelgroo�e. Het is echter
minder bekend hoe benthische macrofauna zich verhoudt tot morfologische bodem-
vormen, in het bijzonder tot zandgolven. Toenemende druk van menselijke activiteiten
op zee maakt het noodzakelijk om de oorzaken van de verspreiding van bodemdieren
over zandgolven verder te onderzoeken. Bovendien kan een beter begrip van het e�ect
van bodemdieren op hydrodynamica en sediment transport over zandgolven de voor-
spellingen van morfologische modellen doen verbeteren. Daarom luidt het doel van
dit proefschri� als volgt: het bepalen en begrijpen van de feedbacks tussen zandgolven,

bodemdieren en sediment-sorteringsprocessen. Om dit doel te bereiken is een combinatie
van veldobservaties en proces gedreven modelleringstechnieken toegepast in dit proef-
schri�.

Hoofdstuk 2 beschrij� een veldexpeditie naar de Noordzee waar camera transecten zijn
uitgevoerd over twee zandgolven. Hieruit bleek dat organismen die op en in de zee-
bodem leven (de laatste bepaald door het tellen van de bodemgaten) signi�cant meer
aanwezig zijn in de troggen van zandgolven vergeleken met de toppen. Bovendien ko-
men zandribbelpatronen op de toppen vaker voor, zijn ze regelmatiger en hebben ze
langere gol�engtes dan die in de troggen.

Om de fysische mechanismen achter deze waarnemingen van organismen en zand-
golven te begrijpen zijn twee verschillende proces gedreven modellen ontwikkeld, een
gericht op de dynamica van zandgolven met kleine amplitudes en de andere gericht op
de dynamica van zandgolven met een eindige amplitude. In beide modellen is de biolo-
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gische evolutie beschreven door een algemene wet van logistische groei, begrensd door
een ruimtelijk variërende draagkracht. De draagkracht is gerelateerd aan de bodem-
schuifspanning, volgend uit de hydrodynamische output van de modellen.

Omgekeerd is het e�ect van organismen op morfologische processen anders geı̈mple-
menteerd. In het kleine-amplitude model is een parametrisatie toegepast die de bodem-
ruwheid lineair relateert aan de biomassa van de organismen. In het eindige-amplitude
model is deze koppeling op een meer geavanceerde manier toegepast, waarbij het e�ect
van kokerwormen (nagebootst door kleine cilinders) op de hydrodynamica expliciet is
beschreven door extra formuleringen voor weerstand en turbulentie.

Het kleine-amplitude model in Hoofdstuk 3 is gebaseerd op lineaire stabiliteitstheorie.
Dit resulteerde in gekoppelde groei- en migratiesnelheden voor zowel zandgolven als
biomassa onder forcering van het getij. De resultaten laten zien dat een lokale ver-
storing (aan de bodem of aan de biomassa) de gecombineerde groei van zandgolven en
ruimtelijk variërende biomassapatronen kan veroorzaken. Bovendien tonen de resul-
taten aan dat autonome benthische groei de groeisnelheid van zandgolven aanzienlijk
beı̈nvloedt. Als laatste is er aangetoond dat de grootste hoeveelheid biomassa zich con-
centreert in het gebied tussen de trog en de lijzijde (steile helling) van zandgolven, wat
in het algemeen overeenkomt met de veldwaarnemingen in Hoofdstuk 2.

In Hoofdstuk 4 is het numeriek ondiep water model Del�3D gebruikt om de interacties
te onderzoeken tussen kleine zandstructuren van enkele decimeters hoog, gecreëerd
door patches van de kokerworm Lanice conchilega, en zandgolven met eindige amp-
litudes. De resultaten tonen aan dat de hoogste wormdichtheid voorkomt in de zandgol�rog-
gen, wat wederom algemeen overeenkomt met de veldwaarnemingen in Hoofdstuk 2.
Andersom blijkt de combinatie van kokerwormpatches en kleine zandstructuren voor-
namelijk de beginfase van zandgolfevolutie te beı̈nvloeden. Vooral de duur tot een
evenwicht en de initiële gol�engtes zijn aanzienlijk korter. Ook blijkt dat de evenwichts-
hoogte in bepaalde gevallen iets lager uitkomt. Omdat de tijdschaal van de vorming van
kleine zandstructuren veel korter is dan die van de vorming van zandgolven, veroorza-
ken (en versnellen) de zandstructuren de groei van zandgolven met een vergelijkbare
ruimtelijke schaal als de biogene zandstructuren. In eerste instantie leidt dit tot kortere
zandgolven dan in een abiotische omgeving. Echter, richting een evenwicht neigen de
gol�engtes weer naar de waarden van abiotische zandgolven, wat suggereert dat een
evenwichtssituatie voornamelijk wordt bepaald door morfologische processen.

Het Del�3D model, zonder biologische processen, is ook toegepast in Hoofdstuk 5,
hier om sediment-sorteringsprocessen in eindige-amplitude zandgolven te simuleren.
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Deze processen zijn sterk gerelateerd aan de ruimtelijke verspreiding van organismen
en kunnen dus helpen om de in dit proefschri� beschouwde feedbacks verder te be-
grijpen. Het model toonde aan dat de toppen van zandgolven doorgaans grover zijn
dan de troggen. Bij een asymmetrisch getij als gevolg van een reststroom verschui�
de ne�o sedimentatie naar de lijzijde (steile helling) van de top. Als gevolg hiervan
worden de grotere korrels afgezet bovenaan de lijzijde, terwijl de kleinere korrels zich
onderaan de lijzijde bevinden. Door zandgolfmigratie wordt ook de interne structuur
van de zandgolf blootgelegd. Dit laat hetzelfde sedimentatiepatroon zien als aan het
oppervlak van de lijzijde. Daarnaast worden de gol�engtes korter en gol�oogtes lager
indien de heterogeniteit van het sedimentmengsel wordt vergroot. Tot slot blijkt uit een
model-veldvergelijking dat door deze sorteringsprocessen op te nemen, het zandgolf-
model scha�ingen gee� van gol�oogtes die overeenkomen met waargenomen zand-
gol�oogtes in de Noordzee.

Tenslo�e, de in dit proefschri� ontwikkelde modelleringstechnieken bieden de moge-
lijkheid om habitatvoorkeuren van benthische organismen en ruimtelijke patronen in
korrelgroo�e in zandgolfgebieden te voorspellen, samen met het e�ect van deze pro-
cessen op zandgolfmorfologie. Door de beperkingen van deze modelleerinstrumenten
te (h)erkennen kunnen ze worden toegepast bij het beoordelen van morfodynamische
e�ecten van engineering-gerelateerde ingrepen op zee, en bij de besluitvorming binnen
ecosysteem gebaseerde mariene ruimtelijke planning.
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CHAPTER 1

Introduction



1

Coastal seas are extensively used for numerous human activities all around the world.
Fisheries, shipping, sand extraction, land reclamation, wind energy exploitation, oil and
gas production and recreation put an increasing pressure on the coastal environment
(Halpern et al., 2008; Eigaard et al., 2017). Sustainable use of available resources requires
information on the environmental impact of these activities. In this respect, knowledge
concerning the physical and biological dynamics and their mutual interactions in these
areas is crucial. It is well known that the bed of shelf seas is covered by morpholo-
gical pa�erns of various shapes and sizes (O�, 1963; Langeraar, 1966; Terwindt, 1971;
Langhorne, 1973; Swi� et al., 1978), and that o�en these pa�erns give shelter to small
organisms living on top and within the bed (Baptist et al., 2006; Van Dijk et al., 2012;
Markert et al., 2015; Van der Wal et al., 2017; Van Lancker, 2017; Van der Reijden et
al., 2019; Holzhauer et al., 2019). Moreover, it has been shown that the activities of
these animals have the potential to in�uence hydro- and sediment dynamics on a much
wider scale than that of their own local occurrence (Zühlke, 2001; Meadows et al., 2012).
�ese complex interactions between hydrodynamics, sediment transport, geomorpho-
logy1 and biology on various scales are the subject of this thesis.

1.1 Biogeomorphology

Biogeomorphology is the study of the interaction between geomorphological and bio-
logical processes (Viles, 1988; Baptist, 2005; Murray et al., 2008; Reinhardt et al., 2010).
Biogeomorphological interactions are observed in a wide range of shallow, productive
environments, characterised by various sedimentary properties. �ese interrelation-
ships can, for instance, be found in �uvial environments (Gurnell et al., 2001), tidal �ats
(Weerman et al., 2010), salt marshes (Austen et al., 1999), mangroves (Friess et al., 2012)
and coral reefs (Guinan et al., 2009). Also in subtidal marine areas these interactions are
distinctly present (Degraer et al., 2008; Rabaut et al., 2009).

Biogeomorphological processes typically involve species that are able to in�uence the
landscape on a large spatial and temporal scale (e.g. Widdows et al., 2002, and refer-
ences therein). Some may even reshape the physical landscape to such an extent that
they create and maintain their own habitat, and that of others; the so-called ecosystem
engineers (Jones et al., 1994; Zühlke, 2001; Meadows et al., 2012). �is reshaping can
occur through activities of the organisms itself (allogenic engineering) or by their phys-
ical structures (autogenic engineering), whereas some even exhibit both (Bouma et al.,
1In this thesis we regard the terms morphology and geomorphology as synonyms, i.e. the study of the origin
and evolution of landforms.
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2005; Gutiérrez, 2008; De Smet et al., 2015).

�e idea that the observed species pool depends not only on physical parameters, but
that these species may also in�uence their own habitat stems from evolutionary biology.
It is argued that organisms evolve not only in response to changes in physical paramet-
ers, but also as a response to changes in life itself. In turn, the organisms can modify the
planet’s physical properties. �e evolutionary biologist Lewontin (1983) formalised this
concept through the following two-way coupled ordinary di�erential equations (ODE),
which describe the co-evolution of organisms $ and their environment �

3$

3C
= 5 ($, �), (1.1)

3�

3C
= 6($, �). (1.2)

Here, C represents time, and 5 and6 two arbitrary functions. Although these conceptual
ODE’s can be applied to a wide range of biogeomorphological interactions, in this thesis
they speci�cally represent the biomass or number of individuals of organisms ($), and
sand wave morphology (�).

According to Murray et al. (2008) and Corenblit et al. (2011), there is a need for such
two-way coupled models in order to quantify the e�ect of biogeomorphological in-
teractions. In recent years the importance of these feedbacks have been increasingly
recognised (Barbier et al., 2011), resulting in various modelling e�orts in a range of
di�erent landscapes, for example in �uvial (Crouzy et al., 2015; Bärenbold et al., 2016)
and aeolian environments (Nield et al., 2008; Galiforni Silva et al., 2019). However,
modelling the two-way coupling between biology and geomorphology in the o�shore
marine landscape has not been achieved as of yet. Borsje et al. (2009b) and Borsje et
al. (2009c) modelled the e�ect of benthic organisms on initial sand wave formation, but
these models lacked the feedback from the physical environment towards the biological
environment.

1.2 Marine landscape

1.2.1 Geomorphology

Rhythmic pa�erns along the coastline and on the seabed are common features for sandy
coastal seas (see Figure 1.1), which consist of the beach, the upper and lower shore-
face and the continental shelf. �ese pa�erns have di�erent spatial dimensions and are
formed over distinct time scales.
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Figure 1.1

Bathymetric map of the Dutch Continental Shelf (relative to low astronomical tide), showing several
types of seabed pa�erns (sand banks, shoreface-connected ridges and sand waves). �e continuous
and dashed black lines denote wind farms under development and search areas for future wind farms,
respectively. �e white box denotes the �eld site to be presented in Chapter 2. Coordinate projection
is WGS 84 / UTM zone 31N. Data courtesy: Deltares.
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Close to the shore these phenomena can o�en be seen by eye, in the form of ripples (Al-
len, 1984), beach cusps (undulations of the coastline, see Komar (1998)) and near-shore
bars (Holman et al., 1982). Further seaward, bed forms such as shoreface-connected
ridges (Swi� et al., 1978), sand waves (Huntley et al., 1993) and sand banks (Stride, 1982)
can be found. �ese morphological features have in common that they are repetitive in
space and some also in time, so that a typical wavelength (spacing), amplitude and mi-
gration speed can be identi�ed. �e di�erences between the rhythmic features suggest
that they are caused by di�erent processes, though they are closely linked (Hulscher,
1996; Dodd et al., 2003). In Table 1.1 the main characteristics of these morphological
features are summarised.

Table 1.1: Marine bed form characteristics: wavelengths, wave heights, migration
speeds and the associated time scales.

Bed form type Wavelength Wave height Migration Morphological

[m] [m] [m yr−1 ] time scale

Ripples 10−1 − 100 10−2 − 10−1 102 − 103 Hours
Mega ripples 100 − 101 10−1 − 100 102 − 103 Hours–days
Sand waves 102 − 103 100 − 101 100 − 101 Decades
Long bed waves ∼ 1500 ∼ 5 Unknown Centuries
Shoreface-connected ridges ∼ 103 100 − 101 ∼ 100 Centuries
Sand banks 103 − 104 100 − 101 – Centuries

�e smallest observed bed forms are ripples and mega ripples, with typical wavelengths
between a few centimetres to several metres. �ey are highly mobile, as they migrate
up to several metres per day. �ey are shaped by tidal currents, wind waves and storms
(Bagnold et al., 1946; Sleath, 1984; Van Dijk et al., 2005). �ey are of practical interest
since they in�uence sand transport and wave damping (Blondeaux, 1990; Charru et al.,
2013). �ese ripples are o�en found superimposed on larger bed pa�erns, such as sand
waves (Cataño-Lopera et al., 2006; Van Dijk et al., 2008).

Sand waves are an intermediate type of bed form which are extensively studied, with
the �rst observations dating around the beginning of the previous century (Lasard,
1888; Lüders, 1929; Van Veen, 1935). �ey have wavelengths of hundreds of metres
and heights up to 10 m. Moreover, sand waves are active bed forms, with typical migra-
tions rates up to 20 metres per year (Van Dijk et al., 2005; Van Santen et al., 2011). �eir
crests are roughly perpendicular to the tidal current (Huntley et al., 1993) and occur
in seas where the tidal current is relatively strong (Fredsøe et al., 1992). According to
Knaapen et al. (2002), they are formed on a time scale of decades. �ey o�en display a
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high variability in terms of longitudinal length (e.g. due to bifurcations), steepness and
asymmetry (Damen et al., 2018a). Sand waves commonly occur in many areas around
the world, but are primarily observed in coastal, semi-shallow sandy areas (20 − 40 m
water depth), for instance in the Taiwan Strait (Boggs Jr., 1974), the Bahia Blanca estuary
(Alio�a et al., 1987), the San Francisco Bay (Barnard et al., 2006), the Adolphus Chan-
nel (Harris, 1989), the Bisanseto Sea (Katoh et al., 1998) and the North Sea (McCave,
1971).

�e largest observed bed forms are shoreface-connected ridges and sand banks, some-
times also referred to as tidal ridges. In the North Sea, these features have wavelengths
of 2 − 10 km, longitudinal lengths of tens of kilometres and wave heights on the order
of tens of metres, which is up to half the water depth. O�shore sand banks are usually
oriented 0 − 30° anti-clockwise with respect to the direction of the dominant tidal cur-
rent (Hulscher et al., 1993). Shoreface-connected ridges are, for instance, observed near
the Holland coast and are oriented obliquely to the coast, clockwise with respect to the
main tidal current (Van de Meene et al., 2000). O�shore sand banks are generated by
tidal motion (Huthnance, 1982), whereas shoreface-connected ridges are generated by
storms (Lane et al., 2007). Both features form on a time scale of centuries and they are
believed to be stable in terms of migration (Calvete et al., 2001). Another, more recently
discovered, large bed form is the long bed wave (Knaapen et al., 2001), with a typical
wavelength of around 1500 m, and heights up to several metres, however, studies on
the migration are unavailable in the literature. �e generation of long bed waves can be
explained analogous to the generation of sand banks and the morphological time scale
is hundreds of years (Blondeaux et al., 2009a).

�e bed of the North Sea contains a great variety of sandy sediments, which show large
spatial variations (Damen et al., 2018a). However, within areas with marine bed forms
sediments tend to be remarkably well sorted, both on a small scale (mega ripples (Koop
et al., 2019)) and on a large scale (sand banks (Verfaillie et al., 2006; Van Dijk et al., 2012)).
Also in sand wave �elds distinct sorting pa�ens are observed. In general, troughs are
reported to consist of �ner sands and mud, whereas the crests are characterised by
coarse, well-sorted, sediments (Terwindt, 1971; Van Lancker et al., 2000; Passchier et
al., 2005; Roos et al., 2007a; Cheng et al., 2020b).

Among all marine bed forms, sand waves are the most relevant to study from an engin-
eering point of view as their spatial and temporal scales interfere with that of o�shore
activities, as civil engineering constructions have a typical design life of 20 to 40 years
(e.g. DNV, 2014). For example, if a pipeline trajectory is constructed perpendicular to
the crests of a sand wave, possible migration may lead to free spans and, ultimately,
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bending and buckling (Santoro et al., 2002; Németh et al., 2003). �e construction of
electricity and communication cables should also take into account the long term evol-
ution of the seabed, as their burial depth is usually on the order of a metre (Roetert
et al., 2017). Furthermore, sand wave regeneration a�er dredging may reduce the water
depth of shipping channels, thereby exceeding the safe navigation depth (Katoh et al.,
1998; Dorst et al., 2011). In addition, the well-sorted crests of sand waves may provide
a valuable resource for nature-based coastal protection solutions (e.g. beach and shore-
face nourishments). �erefore, insight in the processes governing sand wave dynamics,
shapes and dimensions, including its sedimentary structure, is crucial for both safe-
guarding o�shore engineering and the formulation of sustainable coastal management
strategies.

1.2.2 Aqatic biology

�e coastal seabed is inhabited by numerous benthic species (Heip et al., 1992; Callaway
et al., 2002). Knowledge about these species is of great importance for understanding
the local ecosystem, as benthic communities are for instance an indispensable link in
the marine food cycle (Petersen et al., 1999). Moreover, one of the most important in-
dicators of a healthy functioning ecosystem is its biodiversity (Naeem et al., 2012). It is
well known that benthic community composition is related to various environmental
a�ributes, such as sediment characteristics, depth, temperature and chlorophyll-U con-
tent (Heip et al., 1992; Künitzer et al., 1992; Van Hoey et al., 2004; Reiss et al., 2010), and
hydrodynamic variables such as �ow velocity, salinity and bed shear stress (Shimeta,
2009; De Jong et al., 2015a).

Benthic monitoring programs usually determine the species, the biodiversity (number
of di�erent species), the abundance (number of individuals per species per area), dens-
ity (number of individuals per area) and the biomass (Ash Free Dry Weight (AFDW, i.e.
weight of the organic content) per species per area) (Baptist et al., 2009). �ese data
are typically acquired by methods such as grabs, boxcores (Figure 1.2) and multicores,
but these methods are limited in spatial resolution (Rees et al., 2007). Combined with
geophysical and sedimentary data, these biological ‘ground-truthing’ techniques have
been utilised to create habitat maps on broader scales. Figure 1.3 shows the averaged
biomass and density of benthic organisms on the Dutch Continental Shelf during the
period 1991–2015, with the highest occurrence of species close to the coast, in particular
the Wadden Sea, and in the more muddy northern areas. Although in the south-western
part of the North Sea lower densities and biomasses are observed, the benthic environ-
ment here still comprises a rich ecosystem. It should be noted that both physical and
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Figure 1.2

Typical boxcorer catch (a�er sieving) in a sand wave environment, displaying several sea urchins
(Echinocardium cordatum), as well as dead material (shells). Rough dimensions of the seabed sample
before sieving: diameter ∼ 50 cm; height ∼ 20 cm. Photo taken by Johan Damveld during the SAND-
BOX research expedition in June 2017, see also Chapter 2.

biological data can be quite variable and arbitrary, such that caution is required when
interpreting these habitat maps (McBreen et al., 2008).

At a local spatial scale, there is evidence that the distribution of benthic communities
is related to physical habitat characteristics including bo�om topography (Reiss et al.,
2010). It has been shown that benthic organisms have higher densities in the troughs
of large o�shore bed forms, such as shoreface-connected ridges (Markert et al., 2015)
and tidal sand banks (Van Dijk et al., 2012). However, less is known about how benthic
species distribution relates to the morphological structure of sand waves. Baptist et
al. (2006) reported that the above relationships are also present in a sand wave area
in the North Sea, but only in two out of four monitored seasons. Moreover, as they
applied a commonly used method in their survey (boxcoring), the spatial resolution of
the samples was limited. Hence, there is a need for more detailed information about
benthic community distribution in sand waves areas.

Because benthic species may in�uence sediment (and hydro-)dynamics in many ways,
they are typically categorised in functional groups by their e�ect on morphological
processes (i.e. stabilisers and destabilisers (Widdows et al., 2002)). For example, by
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Figure 1.3

Density (le�; number of individuals per area) and biomass (right; Ash Free Dry Weight (grams) per
area) of benthic organisms on the Dutch Continental Shelf. Data interpolated from sampling stations
(black circles). Note that the legend is discrete, i.e. the colour bins denote a range instead of a single
value. Reprinted from Bos et al. (2011).

burrowing through the top layer of the bed, sea urchins (Echinocardium cordatum, see
Figure 1.2) reduce seabed stability, making them destabilisers (Lohrer et al., 2005). Con-
versely, sand mason worms (Lanice conchilega) are stabilisers, as they decrease near-bed
�ow (Friedrichs et al., 2000), through which they stabilise the seabed (Eckman et al.,
1981; Rabaut et al., 2007). �ese general classi�cations are crucial in capturing complex
interactions among biology and hydro- and sediment dynamics in mathematical models
(Paarlberg et al., 2005; Borsje et al., 2009c; Van Prooijen et al., 2011).

Besides the e�ect on sand wave morphodynamics, o�shore engineering interventions
also a�ect the biological environment. For instance, it is estimated that for shallow sand
extractions in the North Sea the recovery time of the benthic community is around �ve
years (Dalfsen et al., 2001; Boyd et al., 2005). However, at a (shallow) sand mining
site in the southern part of the North Sea, complete recovery of the system was not

30



1

observed 11 years a�er cessation (Wan Hussin et al., 2012), which emphasises the large
variability in the observations. Moreover, information about the recovery time in deep
sand extraction pits is even scarcer. In a �eld study, De Jong et al. (2015b) estimated
that the benthic assemblages will probably not return to pre-dredged conditions for
decades. Also, the distribution of the benthic community may be changed, as shown
by De Jong et al. (2015a). �e la�er results suggest that a�er human interventions the
biogeomorphological system may regenerate towards a new equilibrium, stressing the
need for tools to predict these long-term e�ects.

1.3 Understanding sand wave dynamics: process-

based modelling

Due to the hazards that sand waves pose to o�shore engineering activities, it is im-
portant to be able to understand, assess and possibly predict their morphodynamic be-
haviour. A straightforward method to observe changes in sand wave morphology is
by monitoring them on a regular basis, which results in detailed bathymetric charts
(e.g. Figure 1.1). However, due to the large spatial extent that needs to be covered,
this is a costly method. Another approach to study these properties is by means of
data-driven models, which are based on empirical laws (Knaapen et al., 2002; Knaapen,
2005; Dorst et al., 2009). �ese models usually provide reasonable estimates on vari-
ous sand wave properties for the data that they were calibrated on, but do not provide
a complete understanding of the complex processes behind sand wave evolution. Al-
ternatively, so-called process-based models can be used, which are commonly applied
to gain a more generic understanding of the phenomenon observed. In a sand wave
context, these types of models enable the unravelling of the physical mechanisms con-
trolling the dynamic properties of these bed forms, in terms of dimension, shape and
migration.

�e sand wave models applied in this thesis are of the process-based type. �ey are
based on a mathematical representation of the fundamental laws of physics, expressed
through partial di�erential equations, supplemented with appropriate boundary condi-
tions. Physical processes typically include hydrodynamic forcing by waves and/or tides,
bed and suspended load sediment transport and consequently the long-term behaviour
of the seabed. O�en (parts) of these complex processes are based on empirical relations
(e.g. sediment transport formulations). In addition, also biological e�ects may in�uence
one or more of these processes.
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Figure 1.4

�e biomorphodynamic loop, with indicated the feedback loops and involved time scales. Le�
(brown) the classical morphodynamic loop, extended for biological e�ects (right; green). �e dashed
arrows particularly indicate the interactions which are discussed in this thesis. For later reference:
Q2 & Q3 consider the whole biomorphodynamic loop, whereas Q4 only considers the classical
morphodynamic loop.

On a conceptual level, these processes can be described by the framework of the bio-
morphodynamic loop (Figure 1.4). �is framework is a well-known concept for morpho-
dynamics only (e.g. Roos et al., 2003) and was extended by Borsje et al. (2009c) to ac-
count for biological e�ects. Incorporating fully two-way coupled feedbacks in biogeo-
morphological models rises the challenge of identifying the involved time scales. Hy-
drodynamics, sediment dynamics and local biological processes (e.g. burrowing) act on
a short (daily to seasonal) time scale, whereas bed evolution acts on a time scale of
decades. Conversely, the evolution of whole communities as a result of, for instance,
changing habitat characteristics may act on seasonal to annual time scales. Whether
the dynamic feedbacks between biological and morphological processes are relevant
to assess depends on their temporal (and spatial) scales. Dynamic interaction occurs
when the scales of both processes are on the same order. When, for instance, the time
scale of the biological process is much shorter (longer) than its morphological counter-
part it may be regarded as noise (a boundary condition) (De Vriend, 1991; Borsje et al.,
2011).
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1.3.1 Sand wave models: linear and nonlinear solution

techniqes

�e employed process-based models in this thesis can be further categorised into linear
and nonlinear models. Here, linear refers to the solution method of the mathematical
problem, i.e. the linearisation of the model equations with respect to the bed amplitude.
Note that by no means does this classi�cation refer to the linearity of the included pro-
cesses (as a function of e.g. velocity), since linear models may also contain nonlinear
processes, such as advection and sediment transport. �e main similarity is that both
types of models are roughly based on the same general set of model equations (2DV
or 3D shallow water equations, sediment transport formulations and the sediment con-
tinuity equation). �e main di�erence is thus re�ected in the solution method, but
also o�en the number and complexity of included processes, and, hence, interpretation
and applicability of the results may di�er. Consequently, both model types have their
own advantages and disadvantages and, as such, they should be used complementarily
(Hommes et al., 2007).

Linear models are, due to the linearisation of the model equations (see Method 1.1),
only valid for small-amplitude sand waves and, as a consequence, only applicable to
the initial stage of formation. Moreover, in many cases they are highly idealised in
terms of geometry and included physical processes. �ese considerations facilitate a
fast (and partly analytical) solution technique, which allows for a systematic analysis
of the parameter space. �eir general application is mainly aimed at understanding
sand wave occurrence and gaining insight in the behaviour of speci�c processes in an
idealised fashion.

Alternatively, nonlinear models are able to describe the dynamic behaviour towards a
morphodynamic equilibrium. �ey are solved fully numerically using a range of nu-
merical solution techniques. Moreover, this allows for the inclusion of various complex
processes in a sophisticated way, although sometimes nonlinear models are also applied
in a more idealised manner. �e solution technique combined with an increased com-
plexity results in much higher computational requirements compared to linear models.
As a consequence, their application is less suited for extensive process analysis. Instead,
they are o�en used for site-speci�c problems and engineering applications.
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Linear models

�e formation of morphodynamic seabed pa�erns has been explained as the result of
instabilities of a �at bed, subject to oscillatory water motion and sediment transport
(Huthnance, 1982; Blondeaux, 1990; Hulscher, 1996). �ese studies applied a method
called linear stability analysis (Dodd et al., 2003, see also Method 1.1).

Method 1.1: Linear stability analysis

A linear stability analysis is based on a linearisation of the model equations around a so-
called basic state q0. �e basic state describes (oscillatory) �ow over a horizontally �at
bed and is considered stable when all possible small (strictly in�nitesimal) superimposed
perturbations have the tendency to decay. If at least one perturbation tends to grow, it
will give rise to a new situation where pa�erns are present, and the basic state is termed
unstable. �e state of the system q (e.g. velocity, bed level) can be wri�en as an expansion
in the small parameter n , which is, in the case of sand waves, the ratio of bed amplitude
and the water depth:

q = q0 + nq1 + O(n2). (1.3)

Here, q1 denotes the perturbed state, given by

q1 = �init exp(lC) cos(: [G − 2migC]), (1.4)

with the initial perturbation amplitude �init, and l , : and 2mig as the growth rate, to-
pographic wave number and migration rate, respectively. It is assumed that n � 1, so
that perturbations are small and, hence, higher order terms can be neglected. �e typical
result of this method is a range of eigenmodes which show positive feedback, while the
mode with the largest growth rate is termed the fastest growing mode (FGM), and con-
sidered to be dominant in the �eld. �e FGM is characterised by its wavelength (2c/:)
and its growth and migration rate.

Hulscher (1996) used this method to explain how the interaction of an oscillating tidal
current with small perturbations leads to a tide-averaged recirculation cell with near-
bed �ow directed from the troughs towards the crests of the perturbation. �is circula-
tion induces a net sediment transport towards the crests, which – in competition with
stabilising bed slope e�ects – eventually leads to sand wave growth. Systematic com-
parisons have shown that the modelled wavelengths (i.e. fastest growing mode, FGM)
and �eld observations are in reasonable agreement (Hulscher et al., 2001; Van der Veen
et al., 2006; Van Santen et al., 2011).

�e model by Hulscher (1996) was later extended in many other studies, for example by
including wind-driven (Németh et al., 2002) and tide-driven (Besio et al., 2004) migra-

34



1

tion, turbulence formulation (Komarova et al., 2000; Blondeaux et al., 2005b; Blondeaux
et al., 2005a), suspended sediment transport (Blondeaux et al., 2005b; Blondeaux et al.,
2005a), grain size dependencies (Van der Veen et al., 2006), heterogeneous sediment
transport (Van Oyen et al., 2009a; Van Oyen et al., 2009b), biology (Borsje et al., 2009b;
Borsje et al., 2009c), sand scarcity (Porcile et al., 2017) and storm processes (Campmans
et al., 2017).

Nonlinear models

�e main disadvantage of the above linear models is the inability to predict �nite-
amplitude sand wave behaviour, as they are restricted to the small-amplitude regime.
When amplitudes increase, nonlinear e�ects become increasingly important. To this
end, various nonlinear models have been proposed in which the sand wave behaviour
is described from the initial formation stage towards equilibrium.

Németh et al. (2007), and later Van den Berg et al. (2012) developed a nonlinear model
which is able to predict the equilibrium height of sand waves, starting with the predicted
FGM obtained from a linear stability analysis. However, the sand wave height turns out
to be largely overestimated by these models, although suspended sediment transport
and residual tides were found to decrease the wave height (Sterlini, 2009; Sterlini et al.,
2009). In the model by Campmans et al. (2018), sand waves are modelled until their
equilibrium shape starting with random bed perturbations. Using this model, Camp-
mans et al. (2018) showed that storm processes lead to a reduction of the sand wave
height.

Using a di�erent approach, Tonnon et al. (2007), and later Borsje et al. (2013) and Borsje
et al. (2014b) studied sand wave dynamics in the numerical shallow water model Del�3D
(Lesser et al., 2004). Borsje et al. (2013) and Borsje et al. (2014b) were able to reproduce
the process of formation, resulting in wavelengths which correspond fairly well to �eld
measurements, similarly to linear models. Van Gerwen et al. (2018) extended this model
in the �nite-amplitude regime and found that tidal asymmetry and suspended sediment
transport are important processes that lead to lower sand wave heights.

Although some processes have been identi�ed to reduce the equilibrium sand wave
height, heights are still overestimated by several metres (sometimes by more than a
factor two) when compared to �eld conditions. It is thus highly likely that one or more
important processes are not yet adequately incorporated in the currently available non-
linear models.
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1.4 Knowledge gaps

G1 It is well known that organisms are able to signi�cantly in�uence hydrodynamics and
sediment processes (Widdows et al., 2002). At the same time, the physical environment
determines the spatial distribution of these organisms (Markert et al., 2015; Van der
Wal et al., 2017). Furthermore, sand waves and sand ripples are usually found to coexist
(Van Dijk et al., 2005), whereas ripples may also interact with biology (Friedrichs et al.,
2009). Due to the large spatial variations in physical parameters over sand waves, it can
be expected that these variations are also re�ected in the benthic population. However,
�eld observations describing habitat composition in sand waves areas are not conclusive
and have limited spatial resolution (Baptist et al., 2006). �erefore, there is a need for
�eld-based evidence of high spatial resolution describing the coupled distribution of
sand ripples, sand waves and organisms.

G2 �e e�ects of benthic organisms on initial sand wave formation have already been
demonstrated by modelling studies (Borsje et al., 2009b; Borsje et al., 2009c). How-
ever, these studies in the small-amplitude regime considered a spatially homogeneous
distribution of organisms. As such, these models are not applicable for the prediction
of habitat selection in sand wave �elds and as a consequence, their results may be ques-
tionable since the potentially large spatial variations in benthic assemblages. Murray
et al. (2008) and Corenblit et al. (2011) state that there is a need for two-way coupled
models in order to quantify biogeomorphological interactions, as opposed to merely
one-way coupled models. In riverine environments it has been shown that a two-way
coupling between vegetation and morphodynamics is able to explain bar formation pat-
terns (Crouzy et al., 2015; Bärenbold et al., 2016). In order to study the e�ects of organ-
isms on sand wave formation – and vice versa – sand waves models could thus bene�t
from a similar approach.

G3 Furthermore, it is known that ecosystem engineers (e.g. the polychaete worm L. conchi-

lega) are able to create small sedimentary structures on the seabed, both from the �eld
(Rabaut et al., 2009) and process-based models (Borsje et al., 2014a). �e combination of
autogenic and allogenic activities of these species can leave an extensive morphological
footprint in the marine environment. Consequently, they have the potential to in�u-
ence sand wave dynamics on a large spatial and temporal scale. Similar to models in
the small-amplitude stage addressed above, there is a need for two-way coupled biogeo-
morphological models in the �nite-amplitude stage, which could provide a mechanistic
understanding of the processes governing the nonlinear feedbacks between biology and
sand waves.
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G4 Finally, as it is shown that species distribution is strongly related to sediment character-
istics (Künitzer et al., 1992; Reiss et al., 2010), it is important to be able to quantitatively
understand grain size pa�erns in o�shore areas. Moreover, variations in sediment com-
position are shown to be correlated to the nonlinear behaviour (e.g. wave height) of
these sand waves (Flemming, 2000; Damen et al., 2018a). However, the majority of the
current morphological sand wave models neglect the processes to describe sediment
sorting over �nite-amplitude sand waves. Some studies have investigated these pro-
cesses in the small-amplitude regime (Van Oyen et al., 2009a; Van Oyen et al., 2013)
and have revealed that grain size sorting considerably a�ects the initial formation pro-
cess of sand waves. As of yet only one modelling study is known to have studied the
�nite-amplitude behaviour in this respect (Roos et al., 2007a), but that study did not
incorporate all important processes to adequately address sorting mechanisms, such as
suspended sediment transport. In addition, compared to �eld observations the mod-
elled sand wave heights in the study by Roos et al. (2007a) were overestimated by a
factor two, which indeed suggests that important processes are neglected in its model
formulation.

1.5 Research aim andqestions

Research aim

To determine and understand the feedbacks among tidal sand waves, benthic organisms

and sediment sorting processes.

Research questions

Q1 What is the spatial distribution of benthic organisms and sand ripple features over sand
waves?

Q2 By using a linear two-way coupled biogeomorphological model describing the small-

amplitude sand wave stage, how does the spatiotemporal evolution of benthic organisms
a�ect the initial stage of sand wave formation, and vice versa?

Q3 By using a nonlinear two-way coupled biogeomorphological model describing the�nite-
amplitude sand wave stage, how does the spatiotemporal evolution of the tube-building
worm L. conchilega a�ect �nite-amplitude sand wave characteristics, and vice versa?

Q4 How do grain sizes sort over and in sand waves, and how do they a�ect �nite-amplitude
sand wave characteristics?
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1.6 Methodology

Di�erent methodologies are applied in this thesis, ranging from �eld data analysis to
linear and nonlinear modelling approaches (see Figures 1.4 and 1.5). For each of the
research questions, the applied method is listed below.

1.6.1 Approach per researchqestion

A1 Here we analyse detailed footage of the seabed in a sand wave area, which was obtained
with a towed camera system during a �eld campaign in June 2017 o� the coast of Texel,
�e Netherlands. Also, bathymetric data was acquired using a Multibeam Echosounder.
In the analysis of the footage we apply a statistical analysis to determine how small
sand ripple features and seabed holes (as a proxy for benthic organisms) vary over the
morphological structure of sand waves.

A2 Here we describe biological evolution by a general law of logistic growth. �is assumes
growth to be initially exponential, while negative feedback (e.g. species competition
for space and food) becomes increasingly important over time. �e negative feedback
(termed carrying capacity) is related to the bed shear stress, determined by the hydro-
dynamic output from the models. Moreover, biological dispersal is included which de-
scribes the spatial spreading of biota. To implement the two-way coupling between the
organisms and sand wave evolution, we rely on parametrisations proposed in literature.
�e proposed model formulation is then solved by means of a linear stability analysis.
Finally, the two-way coupled linear model is used to analyse the e�ect of biomass evol-
ution on initial sand wave formation, and vice versa. Moreover, we distinguish between
a symmetrical and an asymmetrical forcing.

A3 Here we adopt the same method for biological growth (without biological dispersal) as
proposed in Q2 and couple it to a nonlinear shallow water model (i.e. Del�3D) which
is able to generate �nite-amplitude sand waves. �e feedbacks of the tube-building
worms on hydrodynamics and thereby morphological processes is implemented using
a process-based approach, whereas the feedbacks in opposite direction are described
by parametrisations similar to those used in Q2. We focus on how the organisms are
able to modify morphological processes on their local habitat scale and on a larger sand
wave scale. Alternatively, we analyse how the spatial and temporal distribution of these
organisms is a�ected by the �nite-amplitude behaviour of sand waves.

A4 �e nonlinear shallow water model Del�3D is here used to account for (1) an arbitrary
number of sediment fractions and (2) vertical bed strati�cation, in terms of a layered bed
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approach. We focus on how sediment sorting processes a�ect �nite-amplitude sand
wave evolution. Moreover, we analyse grain size variations in both horizontal (over
the sand wave) and vertical (within the seabed) direction, in order to determine the
(internal) sediment sorting pa�erns over �nite-amplitude sand waves.

Sand 
waves

Sand 
ripples

Benthic 
organisms

Sediment 
sorting

Chapter 6
Nonlinear modelling

Figure 1.5

Research outline, illustrating the interdependencies of the di�erent topics in this thesis. �e shaded
and outlined areas enclose the potential feedback loops (arrows) and topics (circles) which are dis-
cussed in the indicated chapters. �e dashed-grey arrow represents the only feedback which is not
studied in this thesis. Note that the feedbacks in the dashed area (sand waves – sediment sorting –
benthic organisms) are only touched upon brie�y in Chapter 6.

1.6.2 Thesis outline

�e thesis structure is presented in Figure 1.5. Here the arrows denote the poten-
tial feedback loops between the di�erent topics. �e shaded and outlined areas en-
close these topics and feedback loops and relate them to a speci�c chapter. Chapter 2
addresses Q1, focussing on the analysis of camera footage of small sand ripples and
benthic organisms over sand waves. Q2 is addressed in Chapter 3, where a linear sta-
bility analysis is applied to study the two-way coupling between organisms and sand
waves. Chapter 4 investigates the feedbacks between tube-building worms and sand
waves in the nonlinear shallow water model Del�3D (Q3). Sediment sorting over �nite-
amplitude sand waves (Q4) is addressed in Chapter 5. Chapter 6 presents the overall
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discussion, in which a synthesis is given of the results presented in this thesis. Also in
Chapter 6, a brief application example is given, combining the methods from Q3 and
Q4. Finally, Chapter 7 presents the conclusions to the four research questions, together
with recommendations for future research.
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CHAPTER 2

Video transects reveal
that tidal sand waves
affect the spatial
distribution of benthic
organisms and sand
ripples



2

Abstract �e sandy seabed of
shallow coastal shelf seas displays mor-
phological pa�erns of various dimen-
sions. �e seabed also harbours a rich
ecosystem. Increasing pressure from
human-induced disturbances necessit-
ates further study on drivers of benthic
community distributions over morpho-
logical pa�erns. Moreover, a greater
understanding of the sand ripple distri-
bution over tidal sand waves may im-
prove morphological model predictions.

Here, we analysed the biotic abundance
and ripple morphology in sand wave
troughs and crests using video transects.
We found that both the epi- and en-
dobenthos are signi�cantly more abund-
ant in sand wave troughs, where ripples
are less abundant and more irregularly-
shaped. Finally, we show that camera
systems are relatively quick and e�ective
tools to study biotic spatial pa�erns in
relation to seabed morphology.

�is chapter is published as: Damveld, J. H.*, Van der Reijden,
K. J.*, Cheng, C., Koop, L., Haaksma, L. R., Walsh, C. A. J., So-
etaert, K., Borsje, B. W., Govers, L. L., Roos, P. C., Ol�, H. and
Hulscher, S. J. M. H. (2018). Video transects reveal that tidal
sand waves a�ect the spatial distribution of benthic organisms
and sand ripples. Geophysical Research Le�ers 45 (21), pp. 11837–
11846. doi: 10.1029/2018gl079858. *Authors contributed equally.
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2.1 Introduction

Worldwide, coastal seas are extensively used for numerous human activities. Fisheries,
shipping, sand extraction, land reclamation, wind farms, oil and gas production and
recreation are pu�ing an increasing pressure on the coastal environment (Halpern et al.,
2008; Eigaard et al., 2017). Sustainable use of available resources requires information
on the environmental impact of these activities. In this respect, knowledge concerning
the distribution of benthic communities in these areas is crucial. It is well known that
benthic community composition is related to various abiotic variables, such as sediment
type, grain size, temperature and chlorophyll-U content (Heip et al., 1992; Künitzer et
al., 1992; Reiss et al., 2010). However, less is known about how macrobenthic species
relate to both large and small-scale morphological bed pa�erns.

Bed pa�erns are common features in sandy coastal shelf seas and estuaries, shaped
by the interplay of tides, currents, waves, and biology. Various types of o�shore bed
forms can be found, for instance sand banks (Stride, 1982), long bed waves (Knaapen
et al., 2001), tidal sand waves (Van Veen, 1935), mega ripples (Stride, 1982) and sand
ripples (Allen, 1984). Of all the described bed forms, sand waves are the most relevant
to study as their dynamic behaviour can pose a threat to o�shore civil engineering
constructions, such as pipelines (Németh et al., 2003) and cables to wind farms (Roetert
et al., 2017). Sand wave crests are perpendicular to the tidal current (Huntley et al., 1993),
with heights up to ten metres, wavelengths of 100 to 1000 metres, and migration rates
of several metres per year (Van Dijk et al., 2005; Damen et al., 2018a). �ey are formed
at time scales of one to ten years (Knaapen et al., 2002). �e smallest morphological
bed pa�erns are mega ripples and sand ripples, which are usually superimposed on
sand waves (Van Santen et al., 2011). �eir wavelengths are on the order of metres to
centimetres, respectively, and they are highly mobile, migrating up to several metres per
day (Idier et al., 2002). Both may serve as roughness indicators in morphological models
(Idier et al., 2004). Sand waves commonly occur in many areas around the world, but are
primarily observed in coastal, semi-shallow areas (20 to 40 m water depth) with strong
tidal currents (Fredsøe et al., 1992), for instance in the Taiwan Strait (Boggs Jr., 1974),
the Bahia Blanca estuary (Alio�a et al., 1987), the Bisanseto Sea (Katoh et al., 1998) and
in the North Sea (McCave, 1971).

�e coastal seabed is inhabited by rich benthic communities (Callaway et al., 2002).
Benthic species may in�uence near-bed processes on a large spatial and temporal scale
(Widdows et al., 2002; Lohrer et al., 2005; Rabaut et al., 2007). By their burrowing activ-
ity, sea urchins (Echinocardium cordatum) reduce seabed stability (Lohrer et al., 2005).

44



2

Dense aggregations of the tube-building polychaete sand mason worm (Lanice conchi-
lega), on the other hand, decrease near-bed �ow velocities, and stabilise the seabed (Eck-
man et al., 1981; Rabaut et al., 2007; Borsje et al., 2014a). Process-based modelling studies
have shown that such activities can signi�cantly in�uence sand wave dimensions (e.g.
Borsje et al., 2009b). Contrarily, coastal bed forms are reported to drive the spatial dis-
tribution of benthic communities. �e crests of large-scale tidal sandbanks in the North
Sea were shown to harbour a less dense and less diverse community, compared with the
troughs (Van Dijk et al., 2012). Baptist et al. (2006) studied sand wave e�ects on benthos
spatial distribution. For two out of four seasons, they found di�erent species compos-
itions between the troughs and crests. However, they only studied endobenthos with
a limited spatial resolution, due to their employed methodology (boxcores). Moreover,
knowledge on benthos distribution in relation to small-scale morphology could not be
acquired. No clear relationship has yet been delineated between seabed morphology
and benthic communities of sand waves.

Both coastal engineering projects and ecological maintenance policies heavily rely on
monitoring in order to assess the feasibility of engineering projects and the status quo of
benthic communities, respectively. Morphological and ecological models complement
these data as they allow for predicting the evolution of bed pa�erns and communit-
ies. Several existing models deal with sand wave evolution. Hulscher (1996) was the
�rst to use a process-based model to study the initial growth phase, a�er which many
additions were made (e.g. Campmans et al., 2017, and references therein). Also, more
complex models are available which describe equilibrium amplitudes (Campmans et al.,
2018; Van Gerwen et al., 2018). Until now, these morphological models lack interaction
with spatially varying small-scale biological processes. In order to construct and val-
idate such models, more information is required about the spatial relationships among
benthic habitats, (mega) ripples and sand waves.

Studies on the distribution of benthic assemblages can be very time consuming and the
spatial resolution is o�en limited. Common methods like grabs, boxcores and multicores
are point measurements, which only give an indication of the endobenthic community
in the area (Rees et al., 2007). Larger, mobile species living on and within the seabed
are easily missed. In order to study the spatial distribution of such species, sledges
and trawls are commonly used (Callaway et al., 2002; Witbaard et al., 2013). How-
ever, with these techniques, it remains di�cult to capture the complex spatial structure
of benthic communities: trawls and sledges provide species densities integrated over
the total sampled area, losing information on variance within the track. Alternatively,
camera systems can be used to increase the spatial resolution of species density inform-

45



ation (Spencer et al., 2005; Sheehan et al., 2010). Using camera systems, observations
on species composition and environmental characteristics can be done simultaneously.
Another major advantage of a camera system is that it does not alter the bed structure,
and thus enables data collection of small-scale bed features such as ripples.

�e main goal of this chapter is (1) to investigate the spatial distribution of benthic
assemblages over sand waves. Secondary objectives are (2) to relate sand wave pa�erns
to the spatial distribution of small-scale morphology and (3) to present the use of a
camera system as a method to simultaneously study benthic species abundance and
small-scale morphology.

2.2 Material and methods

2.2.1 Study site

Our study site is representative of sand waves occurring in the Dutch, Belgian and Eng-
lish Continental Shelf in the North Sea. We selected an area of approximately 3.4 km2,
located 12 nautical miles (∼22.2 km) o� the coast of Texel, �e Netherlands (N 53°11.241’;
E 4°28.628’; Figure 2.1). It is characterised by sand waves, oriented in a north-west dir-
ection perpendicular to the coast. At an average depth of 30 m, the sand waves have an
amplitude of around three metres, a wavelength of around 200 metres, and are covered
by small sand ripples. �e study site is located in a narrow stretch between two busy
tra�c lanes, and therefore subjected to extremely low demersal �shing activity.

2.2.2 Bathymetric data

A bathymetric survey was conducted in June 2017 using the RV Pelagia’s hull-mounted
Kongsberg EM302 Swath Multibeam Echosounder (MBES). MBES-data was processed
to a 1 m grid resolution. Two sand waves in the area were selected based on the access-
ibility of the area, and their crests and troughs were subsequently identi�ed from the
MBES-data. �is yielded four di�erent study locations: the troughs (T1, T2), and crests
(C1, C2) of sand wave 1 and 2, respectively (Figure 2.1).

2.2.3 Hopper camera system

�e NIOZ hopper camera that was used consisted of a custom-made drop-frame with
a downward facing HD-video camera (Biber et al., 2014), an underwater light source
(100 W), and two parallel green lasers (30 cm apart) for scaling. �e camera system was
lowered to 0.5 m above the seabed, tethered to the vessel by a Kevlar cable with glass
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Figure 2.1

�e study area. Its exact location in the North Sea, indicated with a red dot in (a). Detailed bathymetry
of the complete area and the location of both video transects in (b). Enlarged versions of the video
transects including the locations of the trough (T) and crest (C) in (c) and (d).
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�ber core allowing real-time video transfer. Positioning of the hopper camera above the
seabed was manually controlled by adjusting the cable length from the winch, based on
a live video feed. A sailing speed of∼0.3 kn (∼0.56 km h−1) with respect to the stationary
seabed was maintained.

2.2.4 Video analysis

We performed two video transects within a two-hour time frame from each other,
around slack tide (a�er high water), and under relatively calm weather conditions. Both
transects started on the sand wave crest and were oriented roughly perpendicular to the
sand waves, crossing the adjacent trough and crest (Figure 2.1). �e camera recorded
the seabed continuously, and video stills were automatically created from this footage
for every second (Figure 2.2). In addition, the exact location of the vessel was recorded
every 30 seconds and subsequently linked to video stills by time-matching. �is enabled
the plo�ing of video results in ArcGIS (ArcMAP 10.3, ESRI), although a small o�set was
probably present due to a mismatch between the exact positions of the camera and the
vessel. �is geo-referenced information was used to select video stills to include in the
analysis. Both the �rst and last video still in each study location (T1, T2, C1, C2) were
identi�ed. �e �rst and all subsequent video stills were selected with a �xed interval,
until the registered time of the last video still within the study area was reached. To
prevent overlap of consecutive video stills, a ten-second interval was used. If a selected
video still comprised an invalid image (due to dust clouds or movement blur), the next
video still was selected instead.

All selected video stills were visually analysed with ImageJ 1.51n (Schneider et al., 2012)
by two independently working observers. For each selected still, biotic abundance, sand
ripple morphology and surface area were determined, using the laser dots as reference.
If epibenthic organisms were present, they were identi�ed to the lowest taxonomic level
possible, sometimes with the additional use of the continuous footage. Moreover, the
number of holes in the seabed was counted as a proxy for endobenthos abundance.
All counts were transformed into surface densities

[
# m–2] . For sand ripple morpho-

logy, both observers independently chose three random sand ripples and measured their
crest-to-crest length (Figure 2.2). Additionally, a visual judgement of the sand ripple
pa�ern regularity was made. Regularity was classi�ed in 4 classes: no sand ripples (A),
no regular sand ripple pa�ern (B), some regular sand ripple pa�ern (C), and a strong,
regular sand ripple pa�ern (D).
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2Figure 2.2

Video stills from the hopper camera for trough (a, b) and crest (c, d), classi�ed for sand ripple reg-
ularity as classes A (no ripples), B (irregular ripples), C (some irregularity), and D (regular ripples).
Red and blue lines represent the ripple length measurements of both observers; the green laser dots
indicate a distance of 30 cm.

2.2.5 Statistical analysis

A total of 232 video stills, distributed unequally over the four study locations (T1: 37, T2:
61, C1: 91, C2: 43) were analysed, which were nested within the two video transects.
Ripple length [cm], regularity class, epibenthos abundance

[
# m–2] and hole density[

# m–2] were available for each video still from both observers. �e statistical analysis
of this dataset was performed in R (Team, 2018).

We used Linear Mixed Models (LMM) from the “nlme”-package (Pinheiro et al., 2018) to
study the e�ects of location (trough versus crest) on epibenthos density, hole density,
and average sand ripple length. Each model included location (trough/crest) as a �xed
factor and transect and study location (T1, T2, C1, C2) as random factors. �e la�er
was included to minimise any spatial autocorrelation of observations within a trough
or crest. Missing values were omi�ed. To elucidate potential observer-bias, we per-
formed each LMM model three times, on di�erent datasets. �e �rst two models were
performed for the two observers separately. Subsequently, the third model was ��ed
on the averaged values of the two observers. Next, likelihood Ratio Tests between the
third model and a model without the explanatory variable (but with random factors
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included) were performed to assess the e�ect of the explanatory variable.

We analysed the e�ects of the location on the regularity of the sand ripples using a Gen-
eralised Linear Mixed Model (GLMM) of the “binomial” family in the “lme4”-package
(Bates et al., 2015). We needed a di�erent model as using an LMM is limited to independ-
ent data. With more observations of a certain regularity class, the less observations of a
di�erent class could be made at that study location. To deal with this relation, we trans-
formed the data into ‘successes’ and ‘failures’, with ‘successes’ being the observations
and ‘failures’ being all other observations in that study location. Next, the number of
‘successes’ was modelled using the explanatory variables location (trough versus crest),
interaction of location and regularity class (A, B, C, D), and random e�ects of transect
and study location (T1, T2, C1, C2). �e GLMM was performed on three distinct data-
sets: for both observers separately and one on the averaged values. Finally, a Likelihood
Ratio Test between the averaged model and a similar model, but without the interaction
of regularity class and location, was performed to assess the e�ect of regularity class
per location.

2.3 Results

2.3.1 Bathymetric data

Nearly complete coverage of the study area was achieved in the bathymetric survey,
with a resolution of 1 m (Figure 2.1a-d). �e study area comprised a total of 12 sand
waves, having an average amplitude height di�erence of 3.0 m between trough and crest
and an average wavelength of 207 m. �e sand waves were asymmetrical in their cross-
section: the north-east facing slope being steeper than the south-west facing slope. �e
two selected sand waves for the video transects had their crests at −28.0 m and the
troughs at −31.7 m depth with respect to mean sea level (Figure 2.1cd).

2.3.2 Video analysis: Biota

Hole density was on average 30 times higher in the troughs than on the crests (LMM;
j2 (1) = 7.18, ? = 0.0074), indicating that endobenthic species abundance was signi�c-
antly higher in troughs than on the crests (Table 2.1 and Figure 2.3a). In line with this,
we found four times more epibenthic organisms (LMM; j2 (1) = 4.06, ? = 0.044) in the
troughs than on the crests (Table 2.1 and Figure 2.3b). �e two non-averaged, observer-
speci�c models for both hole density and epibenthos abundance yielded similar results
(Table 2.1). Only a limited number of epibenthos species were observed in the video.
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�e common star �sh (Asterias rubens) was most frequently observed, followed by sand
stars (Ophiura spp.), and the common hermit crab (Pagurus bernhardus). Tubes of the
sand mason worm (Lanice conchilega) were frequently observed as well. However, it
was impossible to determine from the video stills and footage whether the tubes were
inhabited by live specimens. Other observations included anemones (Sagartia spp., but
also Metridium dianthus), gobies (Gobiidae), brown crab (Cancer pagurus), bryozoans,
and some �at�shes (Pleuronectidae).

2.3.3 Video analysis: Sand ripples

Sand ripple length was shorter in the sand wave troughs compared with the crests
(LMM; j2 (1) = 13.55, ? = 0.00023). In the troughs, sand ripple length was 11.2 cm
on average, while on the crests, the ripples had an average length of 16.7 cm (Table 2.1
and Figure 2.3c). Observer-speci�c models yielded similar results as the �nal model
based on the averaged data. In addition to the shorter sand ripple length, ripples were
o�en absent in the sand wave troughs, or showed an irregularly-shaped pa�ern. �e
relative proportions of classes A (no ripples) and B (irregular ripples) were much higher
in the troughs than on the crests (Figure 2.3d). On the crests, sand ripples were clas-
si�ed more o�en as classes C (some regularity) and D (regular ripples). �e GLMM
supported that the location (trough versus crest) a�ected the chance of an observation
in a certain class signi�cantly (GLMM; j2 (6) = 112.09, ? ≤ 0.001), with increased ob-
servations for classes C and D on the crests compared to observations of class A on the
crests (Table 2.1).

2.4 Discussion

�is study reveals for the �rst time that both epi- and endobenthos abundance is signi-
�cantly higher in sand wave troughs compared to the crests. Our results are similar to
pa�erns in larger-scale o�shore bed forms, such as sand banks (Van Dijk et al., 2012) and
with observed di�erences in endobenthic community clusters over sand waves (Baptist
et al., 2006). In addition, our results demonstrate that in sand wave troughs, sand ripples
are generally less abundant than on sand wave crests, and if present, sand ripples have
a less regularly-shaped pa�ern. Finally, we have shown for the �rst time that using a
camera system enables directly-coupled observations of both small-scale seabed mor-
phology and benthic community composition at high spatial resolution.

In this study, we used holes as an indicator for endobenthos abundance. �is is based
on the fact that, among others, sediment-inhabiting bivalve species use their siphon to
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Figure 2.3

Boxplots for hole density (a), epibenthos density (b) and ripple length (c) on the crests and in the
troughs of sand waves. Panel (d) presents the stacked regularity class abundance on the crests and
in the troughs of sand waves. Class A: no sand ripples, B: irregular ripples, C: some irregularity, and
D: regular ripples.
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access seawater for food and oxygen, resulting in a small hole at the seabed surface
(Zwarts et al., 1989). �e majority of the encountered holes were small, with a diameter
of several millimetres. It remains di�cult, however, to pinpoint the exact species that
produces these holes. Moreover, the abundance of species that do not produce sur�cial
structures cannot be determined by merely using cameras. In order to provide this
information, additional point measurements like boxcores could be used to establish a
relationship between hole density and total endobenthos abundance. Nevertheless, we
feel con�dent that the number of holes can be used as an indicator for endobenthos
density.

Higher epi- and endobenthos densities in the sand wave troughs could be explained
by di�erences in abiotic conditions between the troughs and crests. Median grain size,
for instance, is generally lower in the troughs of sand waves (Van Lancker et al., 2000;
Baptist et al., 2006), resulting from an interplay of both hydro- and sediment dynamics
(Roos et al., 2007a; Van Oyen et al., 2013). Whereas sand wave crests are more exposed to
both strong tidal currents and surface gravity waves, sand wave troughs are somewhat
sheltered, resulting in the sedimentation of smaller grains. Similarly, this process could
also favour the deposition of dead organic ma�er in the troughs, which could serve
as a food source for benthic species. Altogether, these processes likely lead to more
favourable habitat conditions for benthic species in sand wave troughs.

We observed sand ripples less abundantly and less regularly-shaped in the sand wave
troughs. �is is potentially caused by the result of the aforementioned interplay of
hydro- and sediment dynamics, with the sheltered conditions in the troughs resulting
in irregular or absent ripples. Alternatively, as the presence and activity of biota may
a�ect ripple formation (Featherstone et al., 1977; Friedrichs et al., 2009), the observed
variations in ripple morphology could thus also be related to the spatial distribution
of benthic organisms. Other complex processes (e.g. local turbulence) interact at the
seabed-water interface as well, hindering quanti�cation of the exact causality of the
interaction between biota and small-scale morphology. Nevertheless, sand ripples are
an important source of seabed roughness (Soulsby, 1983) and the observed absence of
sand ripples in the sand wave troughs clearly indicates that seabed roughness varies
over sand waves.

Due to their migration rates, sand waves may pose risks to o�shore human infrastruc-
ture on the seabed (Németh et al., 2003). Sand wave models provide information on
various sand wave properties, such as migration rates and equilibrium heights, which
is necessary for the planning of o�shore engineering activities. Apart from some the-
oretical explorations (Borsje et al., 2009b; Borsje et al., 2009a; Borsje et al., 2009c), most
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sand wave models solely include hydro- and sediment dynamics, without taking biotic
e�ects into account. Moreover, they assume a uniform distribution of seabed rough-
ness (e.g. Blondeaux et al., 2016; Van Gerwen et al., 2018). Here, we demonstrated that
both endo- and epibenthos are not evenly distributed over sand waves, with higher
species densities in troughs. In addition, the troughs show irregularly-shaped or a com-
plete lack of sand ripples. By including this detailed spatial knowledge, the accuracy of
biogeomorphological models, which predict both sand wave dynamics and benthic hab-
itat distributions, is likely to improve. In turn, this may expedite licensing procedures
and project realisation for future o�shore engineering activities (Damveld et al., 2016).
Future monitoring of sand waves, along with model validation studies, should there-
fore aim to include phase-related spatial pa�erns of both benthic biota and small-scale
seabed morphology.

Cameras are increasingly applied in marine habitat mapping (Kendall et al., 2005; Stoner
et al., 2006; Guinan et al., 2009), and multiple guidelines exist for their on-board oper-
ation and subsequent footage analysis (Coggan et al., 2007; White et al., 2007; Hitchin
et al., 2015; Sheehan et al., 2016). Video footage was analysed by two independently
working observers (Hitchin et al., 2015), and despite small absolute di�erences between
observers, both observer-speci�c models and models based on the averaged data yiel-
ded similar results, showing that our methodology is robust. Due to the small o�set
between the GPS positions of the vessel and the camera system, we opted to be con-
servative in only distinguishing between sand wave crests and troughs (rather than
studying a continuous elevation pro�le). In order to study both benthic organisms and
small-scale morphology over sand waves in higher spatial detail, for instance on the
slopes, future studies would bene�t from including a more accurate positioning system.
Nevertheless, we demonstrate that video transects may provide valuable insight into
phase-related biological and morphological spatial pa�erns within sand waves, which
combined with boxcores, could be a relatively fast and comprehensive method that
yields high-resolution spatial information about benthic communities.

2.5 Conclusions

For two sand waves on the Dutch Continental Shelf, video transects were performed to
count both visible epibenthic species and seabed holes, used as proxies for endobenthos
abundance. Both show signi�cantly higher abundance in the sand wave troughs com-
pared to the crests. �us, this study shows that sand waves a�ect the distribution of
benthic communities.
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�e video transects also revealed that sand wave troughs are typi�ed by a highly-
irregular ripple pa�ern with shorter wavelengths than those in sand wave crests. Fi-
nally, this study showed that video transects are an e�cient method to collect data
on both benthic communities and small-scale morphology with relevant spatial resolu-
tion.
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CHAPTER 3

Modelling the two-way
coupling of tidal sand
waves and benthic
organisms: A linear
stability approach



3

Abstract We use a linear stabil-
ity approach to develop a process-based
morphodynamic model including a two-
way coupling between tidal sand wave
dynamics and benthic organisms. With
this model we are able to study both
the e�ect of benthic organisms on the
hydro- and sediment dynamics, and the
e�ect of spatial and temporal environ-
mental variations on the distribution of
these organisms. Speci�cally, we in-
clude two coupling processes: the ef-
fect of the biomass of the organisms on
the bo�om slip parameter, and the e�ect
of shear stress variations on the biolo-
gical carrying capacity. We discuss the
di�erences and similarities between the
methodology used in this chapter and
that from ‘traditional’ (morphodynamics
only) stability modelling studies. Here,
we end up with a 2 × 2 linear eigen-
value problem, which leads to two dis-
tinct eigenmodes for each topographic
wave number. �ese eigenmodes con-
trol the growth and migration proper-
ties of both sand waves and benthic or-

ganisms (biomass). Apart from hydro-
dynamic forcing, the biomass also grows
autonomously, which results in a chan-
ging fastest growing mode (FGM, i.e. the
preferred wavelength) over time. As a
result, in contrast to ‘traditional’ stabil-
ity modelling studies, the FGM for a cer-
tain model outcome does not necessarily
have to be dominant in the �eld. �ere-
fore, we also analysed the temporal evol-
ution of an initial bed hump (without
perturbing biomass) and of an initial bio-
mass hump (without perturbing topo-
graphy). It turns out that these local
disturbances may trigger the combined
growth of sand waves and spatially
varying biomass pa�erns. Moreover,
the results reveal that the autonomous
benthic growth signi�cantly in�uences
the growth rate of sand waves. Finally,
we show that biomass maxima tend to
concentrate in the region around the
trough and lee side slope of sand waves,
which corresponds to observations in
the �eld.

�is chapter is published as: Damveld, J. H., Roos, P. C., Borsje, B.
W. and Hulscher, S. J. M. H. (2019). Modelling the two-way coup-
ling of tidal sand waves and benthic organisms A linear stability
approach. Environmental Fluid Mechanics 19 (5), pp. 1073–1103.
doi: 10.1007/s10652-019-09673-1.
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3.1 Introduction

In large parts of tide-dominated sandy shelf seas, such as the North Sea, rhythmic bed
pa�erns can be observed (Van Veen, 1935). Amongst the various types of marine bed
forms, tidal sand waves (Figure 3.1a) are o�en the most relevant type to investigate from
an engineering point of view, due to their dimensions and dynamic behaviour. Typical
heights are on the order of several metres, with wavelengths of 100 – 1000 m. Migra-
tion rates can be up to ten metres per year (Van Dijk et al., 2005), and they form on a
time scale of decades (Knaapen et al., 2002). Moreover, these shallow coastal seas form
the habitat for numerous di�erent benthic communities, within which large spatial and
temporal variations are observed. �ese variations are o�en related to geomorpholo-
gical pa�erns of various dimensions (Baptist et al., 2006; Van Dijk et al., 2012; Tecchiato
et al., 2015; Van der Wal et al., 2017). In particular, Damveld et al. (2018b) found that
benthic organisms (benthos) occurred in much higher densities in sand wave troughs
compared to the crests. Additionally, previous studies have shown that benthos in turn
may signi�cantly a�ect the local hydro- and sediment dynamics, and thereby the mor-
phological development (Widdows et al., 2002; Murray et al., 2008).

Knowledge of tidal sand waves is of practical interest, as they tend to endanger a broad
range of applications for coastal shelf seas (Knaapen et al., 2002; Morelissen et al., 2003;
Németh et al., 2003; Roetert et al., 2017). For instance, migrating sand waves may
form obstacles for shipping and infrastructure (e.g. oil and gas platforms, cables and
wind farms). Also, due to an increased pressure on the coastal environment (Wereld
Natuur Fonds, 2017), as well as the increased awareness towards ecological sustainab-
ility, knowledge about the interaction of morphological processes with benthic species
is gaining importance (Barbier et al., 2011).

�e presence of benthic species in coastal areas has been extensively studied (Murray
et al., 2002, and references therein). Although benthic species may in�uence the sedi-
ment dynamics in many ways, they are commonly classi�ed in two functional groups,
namely stabilisers and destabilisers (Widdows et al., 2002). For example, the sea urchin
Echinocardium cordatum (see Figure 3.1b) is able to stabilise the bed by reworking the
top sediment layer (Lohrer et al., 2005). In addition, benthic species that protrude from
the bed into the water column (e.g. the tube-building worm Lanice conchilega (Rabaut
et al., 2007; Degraer et al., 2008)) may a�ect water motion as well (Friedrichs et al.,
2000). Nevertheless, this general classi�cation makes it possible to capture the complex
interactions among biology and hydro- and sediment dynamics in mathematical models
(Paarlberg et al., 2005; Borsje et al., 2008).
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Figure 3.1

(a) Sand wave �eld in the North Sea (data from Royal Dutch Navy), where the colours denote the bed
level relative to the mean sea level [m]. (b) Example of a biostabiliser: adult sea urchin (E. cordatum).
Photograph by Johan Damveld.

Various aspects regarding sand wave formation have been studied for over two decades
using process-based morphodynamic models (Besio et al., 2008). Many of these model
studies involve a method called linear stability analysis (Dodd et al., 2003), where the
stability of a sandy seabed, subject to tidal motion, is analysed. For a symmetrical tide,
while only incorporating bed load sediment transport, Hulscher (1996) used this method
to explain the formation of tidal sand waves. She showed that small bed perturbations
distort the tidal �ow in such a way that small tide-averaged vertical recirculation cells
appear in the water column. �e presence of these cells results in a near-bed �ow from
trough to crest, which in turn induces a net transport of sediments in the same direction.
On the other hand, gravitational e�ects favour sediment transport in a down-slope dir-
ection. It is the competition between these two processes that eventually leads to sand
wave growth or decay. �e typical result of this method is a set of modes with either a
positive or a negative growth rate, where the mode with the largest positive growth rate
is termed the fastest growing mode (FGM). �e FGM is characterised by a wavelength,
an orientation and a growth and migration rate (the la�er being zero in case of symmet-
rical forcing). Other studies have shown that the properties of the FGM are comparable
to those of sand waves observed in the �eld (Hulscher et al., 2001; Van Santen et al.,
2011).

Other model studies have extended the approach of Hulscher (1996) and identi�ed ad-
ditional processes a�ecting the initial growth of sand waves. For instance, migration
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due to wind (Németh et al., 2002; Campmans et al., 2017) and tidal asymmetry (Besio et
al., 2004), suspended sediment transport and turbulence formulation (Blondeaux et al.,
2005b; Blondeaux et al., 2005a), varying grain sizes (Van Oyen et al., 2009a) and sand
scarcity (Porcile et al., 2017). Moreover, it has been shown that the presence of benthic
organisms can in�uence the initial growth of sand waves (Borsje et al., 2009b). In ad-
dition, other researchers used nonlinear models to investigate equilibrium sand wave
shapes (Németh et al., 2007; Van den Berg et al., 2012; Van Gerwen et al., 2018), storm
e�ects (Campmans et al., 2018), the role of turbulence (Borsje et al., 2013) and suspended
sediment (Borsje et al., 2014b).

Whereas the majority of the idealised model studies into morphological features only
consider the morphological evolution of the bed, some studies included a coupling
between bed topography and multiple grain size fractions in order to explain observed
phase di�erences between them (Foti et al., 1995; Roos et al., 2007b; Van Oyen et al.,
2009b; Van Oyen et al., 2011). Moreover, for riverine environments a similar approach
has been used, here focussing on the coupling between vegetation and morphodynam-
ics (Crouzy et al., 2015; Bärenbold et al., 2016). In these la�er studies, a coupled model
has been successfully employed to explain bar formation pa�erns in rivers.

Although previous research has provided evidence of two-way interactions between
benthos and coastal morphology, present modelling tools are lacking the ability to in-
vestigate these e�ects. In this chapter we use a linear stability approach to develop a
fully two-way coupled model to study the feedbacks between sand waves and benthic
organisms. In particular, we include the e�ects of benthos on the bo�om roughness; and
benthic habitat variations are represented through the biological carrying capacity. �e
main purpose of this chapter is to determine whether disturbances in the spatial distri-
bution of benthic organisms may trigger the development of phase-related bed pa�erns,
and vice versa. To this end, we show that the outcome of the two-way coupled meth-
odology is essentially di�erent from that of ‘traditional’ (uncoupled) stability methods.
Moreover, we zoom in on the e�ect of the interaction among three di�erent time scales
(hydrodynamical, morphological and biological) within the coupled system.

�is chapter is organised as follows. �e coupled biogeomorphological model is presen-
ted in Section 3.2. Next, the solution method, involving a scaling procedure and a linear
stability analysis, is given in Section 3.3. In Section 3.4 the results are given, followed by
the discussion and conclusions, presented in Sections 3.5 and 3.6, respectively.
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Figure 3.2

Side view of the bed and water column in the direction of the tidal current, illustrating the coordinate
system, free surface level Z ∗, average depth � ∗, bed topography ℎ∗ and biomass density q∗ (sym-
bolically denoted by the green dots).

3.2 Model formulation

3.2.1 Geometry

We consider a tidal wave of angular frequency f∗ and horizontal velocity amplitude* ∗

in a shallow sea of average depth� ∗, propagating over a sandy bo�om with small undu-
lations (see Figure 3.2). Additionally, the bed is the habitat of various benthic organisms,
described by the benthic biomass q∗ (G∗, C∗). To represent the coupled biogeomorpho-
logical system, we de�ne a Cartesian coordinate system (G∗, I∗) with the G∗ coordinate
pointing horizontally and the I∗ coordinate pointing upward. �e free surface level is
denoted by I∗ = Z ∗ (G∗, C∗), with I∗ = 0 as the undisturbed water level. �e sea bed is
located at I∗ = −� ∗ + ℎ∗ (G∗, C∗), with bo�om topography ℎ∗. �e spatial average of ℎ∗

equals zero. Furthermore, D∗ (G∗, I∗, C∗) and F∗ (G∗, I∗, C∗) denote the �ow velocities in
horizontal and vertical direction, respectively. Finally, the asterisk ∗ denotes unscaled
variables.

3.2.2 Hydrodynamics

Flow and bo�om development are described by the shallow water equations, �ow and
sediment continuity equations, supplemented with appropriate boundary conditions.
Turbulence is represented by a constant vertical eddy viscosity with regard to time and
space and a partial slip condition at the bo�om. Following the 2DV approach, we choose
to ignore Coriolis forces, which have been shown to be negligible on the spatial scale
of sand waves (Hulscher, 1996). �e model equations read
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mD∗

mG∗
+ mF

∗

mI∗
= 0, (3.1)

mD∗

mC∗
+ D∗ mD

∗

mG∗
+F∗ mD

∗

mI∗
= −� ∗ − 6∗ mZ̃

∗

mG∗
+�∗v

m2D∗

mI∗2
. (3.2)

Here, D∗ and F∗ represent the �uid velocity in horizontal and vertical dimension, re-
spectively, 6∗ the gravitational acceleration and �∗v the vertical eddy viscosity. Follow-
ing Campmans et al. (2017), we express the water level gradient term as a superposition
of a (spatially uniform) tidal forcing � ∗ and the water level gradient due to variations in
topography only (6∗mZ̃ ∗/mG∗). �e boundary conditions at the free surface and bo�om
read

F∗ =
mZ ∗

mC∗
+ D∗ mZ

∗

mG∗
,

mD∗

mI∗
= 0 at I∗ = Z ∗, (3.3)

F∗ =
mℎ∗

mC∗
+ D∗ mℎ

∗

mG∗
,

g∗

d∗
≡ �∗v

mD∗

mI∗
= 5slip(

∗D∗ at I∗ = −� ∗ + ℎ∗, (3.4)

respectively. Here, g∗ is the bed shear stress, d∗ the water density, (∗ a slip parameter
and 5slip a dimensionless coupling coe�cient which expresses the e�ect of biomass on
the slip parameter, to be further speci�ed in Section 3.2.6.

3.2.3 Sediment transport

In this model we limit ourselves to bed load transport, since it is assumed to be the pre-
vailing transport in tide-dominated sandy seas where sand waves occur. �e transport
of bed load sediment is described by the following general equation:

@∗ = U∗
(
|g∗ | − g∗c

) 3/2
(
g∗

|g∗ | − _
∗ mℎ

∗

mG∗

)
H

(
|g∗ | − g∗c

)
. (3.5)

Here,@∗ is the bed load transport, U∗ a bed load coe�cient, g∗c the critical bed shear stress
according to Shields (depending on the sediment diameter 3∗), _∗ a slope correction
factor andH (·) the Heaviside function, equating one for a positive argument and zero
otherwise.

3.2.4 Bottom evolution

�e bed evolution is governed by the sediment continuity equation (Exner equation),
which reads

(1 − ?) mℎ
∗

mC∗
= − m@

∗

mG∗
, (3.6)
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Figure 3.3

Evolution of benthic biomass, described by a logistic growth pro�le (solid lines) and a carrying ca-
pacity (dashed lines). �e black lines denote the �at bo�om case, where the grey lines represent an
arbitrary response to local variations in shear stress. �e black dot indicates the in�ection point of
the black line, representing the transition point between increasing and reducing growth. Parameters
values according to Table 3.1, and the initial biomass is q∗ |C∗=0 = 0.05q∗eq.

with ? = 0.4 the volume fraction of voids in the bed. �is equation simply states
that converging (diverging) sediment transport will lead to a rising (falling) bed pro-
�le.

3.2.5 Biomass evolution

Analogous to Bärenbold et al. (2016), we describe benthic biomass by a combination of
logistic growth (see Figure 3.3) and biological dispersal, according to

mq∗

mC∗
= U∗gq

∗
(
5eqq

∗
eq − q∗

)
+ �∗ m

2q∗

mG∗2
. (3.7)

Here, Ug
∗ is the logistic growth parameter, q∗eq the undisturbed (in case of a �at bed)

carrying capacity and �∗ the biological dispersal parameter (note that this is a di�u-
sion coe�cient from a mathematical perspective) which controls the spatial spread-
ing of biomass. Furthermore, the actual carrying capacity is modelled as the undis-
turbed carrying capacity multiplied by a dimensionless coupling coe�cient 5eq (see Sec-
tion 3.2.6).
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3.2.6 Coupling coefficients

�e two-way coupling between benthic biomass and morphology is represented through
the coe�cients in�uencing the slip parameter

(
5slip

)
and carrying capacity

(
5eq

)
, which

are speci�ed in more detail below. In general, 5slip represents the e�ect of benthic or-
ganisms on morphological processes, whereas the opposite holds for 5eq.

5slip In this chapter we focus on species that protrude out of the bed (e.g. L. con-
chilega). �ey in�uence the water motion by increasing the bo�om rough-
ness through their tubes (Friedrichs et al., 2000; Peine et al., 2009) or created
mounds (Guillen et al., 2008). As de�ned in Equation (3.4), bo�om roughness
is represented by the bo�om slip parameter. To describe the behaviour of
these species, we de�ne 5slip (see Figure 3.4a) by an exponentially decreasing
function of biomass

5slip =
(∗bio
(∗

=
(
1 − `slip

)
exp

(
−^∗slipq

∗
)
+ `slip, (3.8)

with (∗bio as the actual slip parameter, `slip = (∗bio,max/(
∗ as the ratio between

the highest possible bo�om slip parameter due to benthic biomass (∗bio,max and
the abiotic bo�om slip parameter (∗, and ^∗slip as the rate of increase due to an
increasing biomass density.

5eq In order to represent the in�uence of morphological processes on the benthic
biomass, we let the carrying capacity be a function of the bo�om shear stress.
It is widely accepted that the bo�om shear stress is a suitable predictor for the
distribution of benthic organisms (e.g. De Jong et al., 2015a). �erefore, the
correction factor for the carrying capacity in Equation (3.7) is wri�en as

5eq =
q∗eq,bio

q∗eq
=

(
g∗ref − |g

∗ |
)
^∗eq + 1, (3.9)

where q∗eq,bio is the actual carrying capacity, ^∗eq is the rate of change due to
an increasing density of biomass and g∗ref is a (�at bed) reference value for the
critical shear stress. Our choice for this linear function (see Figure 3.4c) is
justi�ed by the fact that only the derivative of 5eq in g∗ref ma�ers in the linear
stability analysis.
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Figure 3.4

Example relations for the coupling coe�cients for (a) slip parameter as in Equation (3.8) and (b)
carrying capacity as in Equation (3.9). Parameter values are as indicated as in Table 3.1.

3.3 Solution method

3.3.1 Outline

First we will present a scaling procedure, a�er which we describe the forcing. Next, we
introduce the linear stability analysis, in which the basic and perturbed state solutions
are given. Finally, we describe the individual process contributions.

3.3.2 Scaling procedure

In order to scale the model equations, we introduce the dimensionless coordinates (G, I, C)
and quantities (ℎ, Z ,D,F, g, @, q) according to

G∗ = ;∗swG, I∗ = � ∗I

C∗ = C
f∗ = Clong)

∗
long

ℎ∗ = � ∗ℎ, Z̃ ∗ = * ∗2

6∗ Z

D∗ = * ∗D, F∗ = * ∗� ∗

;∗sw
F

g∗ = d∗* ∗� ∗f∗g, @∗ = U∗ (d∗* ∗� ∗f∗)3/2 @
q∗ = q∗eqq


, (3.10)

in which ;∗sw is the topographic length scale, which is in the order of the wavelength
of sand waves. Furthermore, we use two di�erent time coordinates C and Clong, such
that two time scales are identi�ed, i.e. the tidal time scale 1/f∗ and a yet to be determ-
ined biogeomorphological time scale) ∗long. �e biogeomorphological time scale is given
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Table 3.1: Overview of the model parameters and their values used
in this chapter.

Parameter Symbol Values Unit

Tidal frequency ("2) f∗ 1.41 · 10−4 s−1

Tidal velocity amplitude ("2) * ∗ 0.5 m s−1

Average depth � ∗ 30 m
Gravitational acceleration 6∗ 9.81 m s−2

Vertical eddy viscosity �∗v 0.04 m2 s−1

Water density d∗ 1020 kg m−3

Slip parameter (∗ 0.01 m s−1

Bed load coe�cient U∗ 1.56 · 10−5 m7/2 s2 kg−3/2

Slope correction factor _∗ 1.5 −
Sediment diameter 3∗ 350 µm
Logistic growth rate U∗g 0.1; 0.5; 1 m kg−1 yr−1

Undisturbed carrying capacity q∗eq 1 kg m−1

Biological dispersal rate �∗ 100 m2 yr−1

Highest possible slip parameter (∗bio,max 2 · (∗ m s−1

Rate of increase (slip parameter) ^∗slip 0.5 m kg−1

Rate of change (carrying capacity) ^∗eq 0.5 m s2 kg−1

Topographic wave number :∗ 0 − 0.04 m−1

Residual current velocity ("0) * ∗
"0

0.1 − 1 m s−1

Domain length !∗D 10,000 m
Initial height bed hump ℎ∗gaus 0.05 m
Half-width initial hump X∗ 50; 100 m
Initial biomass hump q∗gaus 0.03; 0.05 kg m−1

by

) ∗long = min
(
) ∗m,)

∗
b
)
, (3.11)

which equals the shortest of the time scales) ∗m and) ∗b , associated with morphology and
biomass, respectively.

As a result of the chosen scaling, the non-dimensional version of the hydrodynamic
model equations [Equations (3.1) and (3.2)] are as follows:

mD

mG
+ mF
mI

= 0, (3.12)

mD

mC
+ AD mD

mG
+F mD

mI
= −� − A mZ

mG
+�v

m2D

mI2 , (3.13)

where A = * ∗/
(
;∗swf

∗) is a Keulegan-Carpenter number, � = � ∗/(* ∗f∗) is the non-
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dimensional forcing term and �v = �∗v/(� ∗2f∗) is the non-dimensional eddy viscosity
term.

�e scaled, non-dimensional counterparts of the boundary conditions at the free surface
[Equation (3.3)] read

F = 0, mD

mI
= 0 at I = 0, (3.14)

where we have used that Fr2 � 1 and Fr2/A � 1, with the Froude number Fr =

* ∗/
√
6∗� ∗. Hence, the vertical velocity becomes zero at the top boundary and the free

surface boundary condition is evaluated at I = 0, i.e. the rigid lid approximation. At
the bo�om boundary, the scaled, non-dimensional version of the boundary conditions
[Equation (3.4)] are

F = D
mℎ

mG
, g ≡ �v

mD

mI
= 5slip(D at I = −1 + ℎ. (3.15)

Here, ( = (∗/(f∗� ∗) is the non-dimensional slip parameter and we assume the biogeo-
morphological time scale to be long, such that mℎ/mC is negligible. �e bed load transport
equation [Equation (3.5)] in scaled, non-dimensional form reads

@ = ( |g | − gc)3/2
(
g

|g | − _
mℎ

mG

)
H(|g | − gc), (3.16)

where _ = _∗� ∗/;∗sw is the scaled bed slope coe�cient. �e scaled, non-dimensional and
tide-averaged version of the bed evolution equation [Equation (3.6)] reads

mℎ

mClong
= −am

m 〈@〉tide
mG

. (3.17)

Here we identify the non-dimensional parameter am = ) ∗long/)
∗
m. Moreover, we have

used that the tidal time scale is much smaller than the biogeomorphological time scale,
so that only the tide-averaged bed load transport, denoted by 〈·〉tide, e�ectively con-
tributes to the bed evolution. �e resulting morphological time scale, using parameters
from Table 3.1, is given by

) ∗m =
(1 − ?)� ∗;∗sw

U∗ (d∗* ∗� ∗f∗)3/2
≈ 6 yr. (3.18)

Next, the biomass evolution equation [Equation (3.7)] is cast in scaled, non-dimensional
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and tide-averaged form, leading to

mq

mClong
=

〈
ab,gq

(
5eq − q

)
+ ab,D

m2q

mG2

〉
tide

, (3.19)

where we have introduced the non-dimensional parameters ab,g = ) ∗long/)
∗
b,g and ab,D =

) ∗long/)
∗
b,D. As a result, we identify two biological time scales, the biological-growth time

scale ) ∗b,g and the biological-dispersal time scale ) ∗b,D

) ∗b,g =
1

U∗gq
∗
eq
, ) ∗b,D =

1
�∗:∗2

. (3.20)

�e actual biological time scale is de�ned as the shortest of the two, i.e.

) ∗b = min
(
) ∗b,g,)

∗
b,D

)
. (3.21)

Typical values for q∗eq and U∗g are on the order of 1 kg m−1 and 0.5 m kg−1 yr−1, respect-
ively (see Table 3.1), and so the biological(-growth) time scale becomes ) ∗b,g ≈ 2 yr. �e
resulting biological time scale is thus much larger than the hydrodynamic (tidal) time
scale. Similar to morphodynamics, it is therefore appropriate to calculate the evolution
of biomass on a tide-averaged scale.

Finally, we repeat the coe�cients which control the two-way coupling between sand
waves and benthic organisms [Equations (3.8) and (3.9)], now expressed in terms of
dimensionless quantities:

5slip =
(
1 − `slip

)
exp

(
−^slipq

)
+ `slip, (3.22)

5eq = (gref − 〈|g |〉tide) ^eq + 1, (3.23)

with ^eq = ^∗eqd
∗* ∗� ∗f∗ and ^slip = ^∗slipq

∗
eq as the scaled coupling parameters.

3.3.3 Forcing

In our model we recognise two di�erent length scales: (i) the topographic length scale
(;∗sw ≈ 0.5 km) and (ii) the length scale of the tidal wave (;∗tw ≈ 400 km). Since the tidal
length scale is much larger than the topographic length scale, we consider the tidal
wave to be spatially uniform. Hence, we describe the forcing in Equation (3.13) by the
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following truncated temporal Fourier series:

� (C) =
"∑

<=−"
�̂<4

8<C . (3.24)

Here, " is the number of tidal constituents, which in turn are represented by the com-
plex amplitudes of the Fourier components �̂< = �̂−< . �e actual forcing is hence real-
valued and chosen such that – in the case of a �at bed – a prescribed depth-averaged
�ow is a�ained. In the results shown in this chapter, " = 8 and has been chosen based
on numerical experiments, such that the contribution of harmonics ± (" + 1) to the
solution are negligible. �is value is determined by the inclusion of the critical shear
stress in the sediment transport formulation.

3.3.4 Linear stability analysis

We will evaluate the coupled system using a linear stability approach, where we invest-
igate the stability of a �at bed and a spatially uniform distribution of biomass, subject
to tidal motion and biological growth. To this end, we analyse the response of the so
called basic state to small-amplitude sinusoidal perturbations (perturbed state), where
the initial state of the system is de�ned as

ℎ∗ |C∗=0 = ℎ∗0
��
C∗=0 + ℎ̃

∗init cos (:∗G∗), (3.25)

q∗ |C∗=0 = q∗0
��
C∗=0 + q̃

∗init cos (:∗G∗ + \ ). (3.26)

Here, ℎ̃∗init and q̃∗init are the initial real-valued perturbation amplitudes for topography
and biomass, respectively, \ a possible phase shi� between topography and biomass,
and ℎ∗0 and q∗0 are the initial bed pro�le and biomass distribution in the basic state,
respectively. Since the basic state always represents a uniform �at bed – opposed to the
biomass distribution which is uniform, but non-zero – we write ℎ∗0 = 0. Moreover, it
is required that q̃∗init < q∗0 to ensure that q∗ does not become negative, which would
physically not be valid.

In scaled, non-dimensional form, Equations (3.25) and (3.26) read

ℎ |Clong=0 = nℎ1 |Clong=0 = nℎ̃init
1 cos (:G), (3.27)

q |Clong=0 = q0 |Clong=0 +nq1 |Clong=0 = q0 |Clong=0 + nq̃ init
1 cos (:G + \ ), (3.28)

with : = ;∗sw:
∗ as the scaled, dimensionless wave number, q0 as the basic benthic bio-

mass, ℎ1 and q1, and ℎ̃init
1 = nm/n and q̃ init

1 = nb/n , as the perturbed bed level and benthic
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biomass with their initial amplitudes, respectively. Furthermore, n is the largest of two
small expansion parameters nm and nb, de�ned as

n = max(nm, nb) � 1, nm =
ℎ̃∗init

� ∗
, nb =

q̃∗init

q∗eq
. (3.29)

Given that n is small, the unknowns of the coupled system k =
(
ℎ, q,D,F, g, @, 5slip, 5eq

)
are expanded in a power series of the form

k = k0 + nk1 + O
(
n2), (3.30)

where k0 and k1 denote the basic and perturbed state, respectively. Furthermore, the
perturbed unknown is wri�en as a spatial Fourier mode

k1 =
1
2k̆1 exp (8:G) + 2.2 ., k̆1 = k̆

h
1 ℎ̆1 + k̆q1 q̆1, (3.31)

with a possible complex amplitude k̆1 and the complex conjugate 2.2 .. Here we further
distinguish between contributions proportional to the complex amplitudes ℎ̆1 and q̆1,
respectively.

3.3.5 Basic state

�e basic state describes the solution of the system obtained over a �at bed. For the sake
of brevity, the solution to the basic �ow problem, the basic bed load sediment transport
solution and the basic coupling coe�cients are described in Appendix 3.A.

Finally, in the basic state there are no spatial variations in sediment transport, hence
the bed evolution equals zero and the �at bed remains �at. However, as can be seen
in Appendix 3.A, the basic benthic biomass does increase (spatially uniform) due to
autonomous logistic growth.

3.3.6 Perturbed state

�e solution to the perturbed �ow problem, bed load sediment transport and coupling
coe�cients at order n1 are described in Appendix 3.B. Finally, the evolution of the per-
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turbed bed, as well as biomass, are given by

mℎ1
mClong

= −am
m 〈@1〉tide
mG

, (3.32)

mq1
mClong

=

〈
ab,g

[
q1 (1 − 2q0) + 5eq,1q0

]
+ ab,D

m2q1
mG2

〉
tide

. (3.33)

Given the dependencies due to the two-way coupling, we write (in terms of complex
amplitudes) Equations (3.32) and (3.33) in matrix form

m

mClong

[
ℎ̆1

q̆1

]
=

[
lh
ℎ1

l
q

ℎ1

lh
q1

l
q

q1

] [
ℎ̆1

q̆1

]
. (3.34)

Here, lh
ℎ1
, l

q

ℎ1
, lh

q1
and lq

q1
denote the topographic and biological contributions to

bed and biomass perturbations, respectively, based on the (second) de�nition in Equa-
tion (3.31). �ese contributions will be further speci�ed in Section 3.4.1.

3.4 Results

First, we present and analyse the obtained linear eigenvalue problem and its proper-
ties, which consists of two distinct eigenmodes. �en we will describe a reference case,
where no coupling is present. �e results of the coupled system follows a�er that, for
both symmetrical and asymmetrical forcing. Finally, we show bed and biomass evolu-
tion in case of an initial hump of either topography (without perturbing biomass), or
biomass (without perturbing topography).

An important note for the following results is that we di�erentiate between �xed and
variable values for the benthic basic state. As an evolving benthic basic state complicates
the interpretation of the results, in Sections 3.4.1 to 3.4.4 we �rst describe the results
for a �xed basic biomass. Second, in Section 3.4.5 we focus on the e�ect of the temporal
evolution of the benthic basic state.

3.4.1 Linear eigenvalue problem

From Equation (3.34), the solution is obtained by looking for complex eigenvalues Γ

according to

m

mClong

[
ℎ̆1

q̆1

]
= Γ

[
ℎ̆1

q̆1

]
, (3.35)
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to be further analysed in Section 3.4.2. Consequently, the system of equations is given
by the following linear eigenvalue problem for the (complex) amplitudes of the sand
wave pro�le ℎ̆1 and benthic biomass q̆1:[

l�ow,abiotic + lslope l�ow,biotic

leq,abiotic leq,biotic + llogistic + ldispersal

] [
ℎ̆1

q̆1

]
= Γ

[
ℎ̆1

q̆1

]
, (3.36)

Here we have further speci�ed the contributions lh
ℎ1
, l

q

ℎ1
, lh

q1
and lq

q1
, as presented in

Equation (3.34). �ese speci�ed contributions are given in Appendix 3.C.

3.4.2 Solution properties

Assuming �xed Γ-values (due to a �xed benthic basic state), it turns out that the (com-
plex) amplitudes of bed and biomass perturbations in Equation (3.36) are given by[

ℎ̆1

q̆1

]
= �1

[
jh

1
j
q

1

]
exp

(
Γ1Clong

)
+�2

[
jh

2
j
q

2

]
exp

(
Γ2Clong

)
, (3.37)

where�1,�2 are constants which are found through the initial perturbation amplitudes
as de�ned in Equations (3.27) and (3.28). Furthermore, #»j 1,

#»j 2 and Γ1, Γ2 are the associ-
ated eigenvectors and eigenvalues of the solution, respectively. From Equation (3.37), it
follows that the real part of Γ controls the growth rate W of the perturbations in bo�om
topography and benthic biomass, while the imaginary part is associated to the migra-
tion rate 2mig, according to

Γ = W − 8:2mig. (3.38)

�e eigenmode with the largest growth rate will eventually dominate the linear dynam-
ics (again given �xed Γ-values), similar to the FGM as used in uncoupled systems (e.g.
Hulscher, 1996).

In order to determine the relative contribution of each eigenmode to either morphology
or biology, we de�neΘq

9
as the the complex amplitude ratio of the biomass perturbations

j
q

9
with respect to the bed perturbations jh

9 and reads

Θ
q

9
= 1/Θh

9 =
j
q

9

jh
9

( 9 = 1, 2) . (3.39)

It follows that the moduli
��Θq

9

�� describe the relative amplitude ratio of the biomass per-
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Figure 3.5

Reference case (no coupling, symmetrical forcing) for a benthic basic state of (a) q∗0 = 0.25 kg m−1

and (b)q∗0 = 0.75 kg m−1. �e solid and dashed-do�ed lines denote growth rates for the (real-valued)
‘morphological’ and ‘biological’ eigenmodes, respectively. Both (real-valued) eigenvectors are given
for the FGM (black dots), but are valid for all :∗.

turbations with respect to the bed topography perturbations, and
��Θh

9

�� its inverse. In
the following results, we use both de�nitions such that their ratio falls within the range
0 6

��Θ�� 6 1.

Next, the phase di�erence between biomass and bed topography perturbations \q
9

is
given by

\
q

9
= −\h

9 = atan2
(
Θ
q

9 ,im,Θ
q

9 ,re

)
( 9 = 1, 2) , (3.40)

where the additional subscripts im and re denote the imaginary and real parts, respect-
ively.

From now on, the model results for a mode (with the wave number :∗) are given in
dimensional output, furthermore characterised by a wavelength !∗, growth rate W∗ and
migration rate 2∗mig according to

!∗ =
2c
:∗
, W∗ =

W

) ∗long
, 2∗mig =

2mig

) ∗long:
∗ . (3.41)

3.4.3 Reference case: no coupling

In order to be�er interpret the outcome of this methodology, we �rst present a refer-
ence case with a �xed benthic basic state of q∗0 = 0.25 kg m−1 (Figure 3.5a) and q∗0 =

75



0.75 kg m−1 (Figure 3.5b), corresponding to the increasing and reducing growth regions
of the logistic growth pro�le (Figure 3.3), respectively. Here the coupling coe�cients 5eq

and 5slip are set to 1, such that l�ow,biotic and leq,abiotic turn out to be zero. �e resulting
evolution equations [see Equation (3.36)] are thus characterised by a diagonal matrix,
and hence, no coupling.

�is is plo�ed in Figure 3.5, where for the two resulting eigenvalues Γ1, Γ2 the growth
rate is given as a function of the wave number. As can be seen from the corresponding
eigenvectors #»j 1,

#»j 2, the solid line corresponds to topography, while the dashed-do�ed
line corresponds to biomass. From now on – whenever applicable – we will therefore
refer to these eigenmodes as the ‘morphological’ and ‘biological’ eigenmode, respect-
ively. However, as we will see further on, this distinction is not always justi�ed.

Interestingly, around :∗ = 0 m−1 we observe non-zero growth rates for the ‘biological’
eigenmode, unlike the ‘morphological’ eigenmode, which has a tendency towards zero
growth. Indeed, we see in Equation (3.77) that the logistic growth contribution does not
depend on the wave number, such that there is no damping e�ect.

For larger values of the benthic basic state, the growth rate of the ‘biological’ eigen-
mode uniformly decreases, which again can be ascribed to the logistic growth con-
tribution. Moreover, for the ‘biological’ eigenmode we see a tendency towards lower
growth rates for larger wave numbers (smaller wavelengths) due to the biological dis-
persal e�ect.

3.4.4 Interpretation of the two-way coupled system

Symmetrical forcing

In order to interpret the solution of the fully two-way coupled model, we �rst focus on
a symmetrical forcing, with a (�xed) benthic basic state of q∗0 = 0.75 kg m−1.

�e result for this case is plo�ed in Figure 3.6, where the (real-valued) eigenvalues and
associated eigenvectors, moduli and phase shi�s are presented. Figure 3.6a shows the
growth rate of the two eigenmodes. �e FGM for this case is denoted by the black dots,
which corresponds to the highest growth rate of Γ1.

Also, in Figure 3.6a the eigenvectors #»j 1,
#»j 2 associated to the FGM are shown, which

correspond to the result illustrated in Figure 3.6b. Here, the solid lines, related to Γ1,
clearly show that this eigenvalue in�uences both bed topography as well as benthic
biomass. Unlike the �rst eigenvector, #»j 2 has only a minor in�uence on the topographic
perturbations. �is becomes more clear in Figure 3.6c, where the moduli are given.
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Figure 3.6

Model outcome in case of a two-way coupling with (a) the eigenvalues and their associated (b) eigen-
vectors (both real-valued), (c) moduli and (d) phase shi�s. �is case uses a symmetrical tidal forcing
and a benthic basic state of q∗0 = 0.75 kg m−1, other parameters are as indicated in Table 3.1. �e
black dots in (a) denote both eigenvectors for the FGM. Note that in (c) the solid black and grey lines
are each others inverse

(
Θ
q

1 = 1/Θh
1
)
, such that the modulus Θ1 does not exceed 1.
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Figure 3.7

Model result for a symmetrical forcing and a benthic basic state of q∗0 = 0.25 kg m−1 with the (a)
real and (b) imaginary parts of the eigenvalues and their associated (c) moduli and (d) phase shi�s.
�e imaginary part of the eigenvalue is associated to the migration rate 2∗mig. Note the di�erence in
y-axis in (a) compared to Figure 3.6.

Here, an amplitude ratio of value one indicates that the contribution of the eigenvector
to the amplitude is equal for both topography as well as biomass, and that an amplitude
ratio close to zero indicates that either bed or biomass is dominant. Based on these res-
ults Γ2 can thus be referred to as the eigenvalue of the ‘biological’ eigenmode, whereas
Γ1 can be ascribed to the ‘mixed’ eigenmode.

Finally, Figure 3.6d shows the phase shi� between the amplitudes of topography and
biomass. Here we see that for both the dominant ‘mixed’ eigenmode and the ‘biological’
eigenmode the crests are shi�ed 180°. �us, the resulting perturbations turn out to grow
in anti-phase.

Next, we will focus again on a symmetrical forcing, but now for q∗0 = 0.25 kg m−1. �e
corresponding model results are plo�ed in Figure 3.7, where panel (b) now shows the
imaginary part of the eigenvalues, presented as the migration rate. Furthermore, the
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modulus Θh
2 (Figure 3.7c) shows that the relative topography amplitude is larger in this

case, such that it is not justi�ed any more to refer to this eigenmode as the ‘biological’
eigenmode.

A striking di�erence between this case and the previous one is that in Figure 3.7 three
distinct ranges for the wave number :∗ can be observed.

Γ1 < Γ2 �e �rst is for small wave numbers where Γ2 is dominant. Here it stands
out that the 180° phase shi�, which was present in Figure 3.6d, is not visible
any more. It turns out that for the range of modes where the eigenvalue of the
‘mixed’ eigenmode dominates the ‘biological’, no phase shi� occurs. However,
this behaviour can only be observed when the morphological amplitude of the
‘biological’ eigenmode is small compared to the amplitude of the biomass, i.e.
when the modulus Θh

2 is close to zero.

Γ1 > Γ2 Second, in the part where Γ1 is dominant, both eigenmodes show a phase shi�
of 180°, similar to what was observed in Figure 3.6d.

Γ1 = Γ2 �e third range we observe is where both eigenmodes show the exact same
growth rates, while their imaginary parts are non-zero. �e la�er results in
migration rates for this range of modes, which might seem counter-intuitive
for a symmetrical forcing. Moreover, from the moduli we see that the amp-
litude ratio for both eigenvalues is equal as well. It turns out that the eigen-
vectors for this situation (not shown here) are each other’s complex conjugate.
Consequently, it follows that in this particular region of wave numbers, the
perturbations can be interpreted as two identical travelling waves migrating
in opposite direction, such that both topography and biomass behave like a
standing wave. Furthermore, the phase di�erence between the two standing
waves (bed and biomass) ranges between 0° − 180°. As pointed out in Sec-
tion 3.4.3, these results only hold for a speci�c moment in time, since the
benthic basic state is �xed. It is thus possible that this standing wave will not
fully develop in the �eld, as this behaviour can only be observed in case of
increasing biological growth (q∗0 < 0.5 kg m−1, see Figure 3.3). �is type of
behaviour is also observed in other morphodynamic stability studies, as will
be further discussed in Section 3.5.
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Asymmetrical forcing

We will now focus on the e�ects of an asymmetrical forcing, speci�cally due to the pres-
ence of a residual current. In the results below, an "0 residual current of 0.01 m s−1 has
been superimposed upon the "2 tidal forcing. Compared to the symmetrical reference
case (Figure 3.5a) the growth rates of both sand waves and biomass are hardly in�uenced
by the residual current (not shown here). Furthermore, the ‘morphological’ eigenmode
shows an increasing positive migration rate for an increasing wave number (whereas
the ‘biological’ eigenmode shows no migration at all, also not shown here).

Figure 3.8 shows the results for the full two-way coupling and a benthic basic state of
q∗0 = 0.25 kg m−1. Compared to the uncoupled result described above, the migration
rates show an overall increase for the �rst eigenmode, while a small migration in op-
posite direction can be observed for the second. In addition, we see that, compared to
the reference case, for the �rst eigenmode the growth rate increases and the FGM shi�s
towards a shorter wavelength, in opposition to Γ2, which is hardly in�uenced.

Moreover, we see that in the region where Γ1 is almost equal to Γ2, both eigenmodes tend
to show the same behaviour as in the symmetrical case (Figure 3.7). However, due to the
asymmetrical forcing, no pure standing wave can be observed. �is is best visible in Fig-
ure 3.8bc, where for this region of modes the migration rates are not each others inverse
and the moduli are not equal. It appears that for an increasing residual current strength
(not shown here), this behaviour is becoming increasingly less apparent.

When looking at the phase shi�s between the amplitudes of the eigenmodes (Figure 3.8d),
we see that in particular in the region where Γ1 is dominant, the phase shi�s change
compared to symmetrical case (Figure 3.7d). For the dominant (‘mixed’) eigenmode, it
thus follows that the crests of the biomass perturbations are concentrated on the stoss
side of the topography perturbations. If we increase the residual current even further
(not shown here) we observe that this eigenmode has a tendency towards a phase shi�
of around −90°.

3.4.5 Hump evolution: initial value problem

As already pointed out, the autonomous evolution of the benthic basic state has been
neglected in the previous results. However, we have seen that the resulting eigenmodes
vary for di�erent stages of the biomass evolution. In order to study this behaviour, here
we will consider, a�er Roos et al. (2003), the evolution of an initial hump over time,
while allowing for autonomous biomass growth. �is hump can either be a topography
or biomass perturbation, without perturbing the other. �e initial state of the system is
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Figure 3.8

Results for the two-way coupled model, with an "0 residual current strength of 0.01 m s−1 and a
benthic basic state of q∗0 = 0.25 kg m−1, other parameters are as indicated as in Table 3.1. In (a)
the real parts of the eigenvalues (with the black dot denoting the FGM) which correspond to the
growth rate, in (b) the imaginary parts which correspond to the migration rate, and their associated
(c) moduli and (d) phase shi�s.
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represented by a Gaussian hump centered around the middle of a domain with length
!∗D, according to either one of the two following initial pro�les for q∗ and ℎ∗

q∗ = q∗0 & ℎ∗ = ℎ∗gaus exp ©«−
[
G∗ − !∗D

2
X∗

]2ª®¬ =

#∑
==0

ℎ∗= exp
(
8=:∗minG

∗) , (3.42)

ℎ∗ = 0 & q∗ = q∗0 + q∗gaus exp ©«−
[
G∗ − !∗D

2
X∗

]2ª®¬ = q∗0 +
#∑
==0

q∗= exp
(
8=:∗minG

∗) .
(3.43)

Here,ℎ∗gaus andq∗gaus are the height of the initial topography and biomass hump, respect-
ively and X∗ is the half-width of the initial hump. Furthermore, both the topography and
biomass hump are wri�en as truncated Fourier series in space, with ℎ∗= and q∗= as their
complex amplitudes, respectively and :∗min = 2c

!∗D
as the smallest wave number which

�ts in the domain. In the cases presented below, # = 128 is found to be su�cient to
obtain an accurate representation.

In the following cases, we use a discrete time step of ΔC∗ = 0.1 yr to determine the
temporal evolution of the perturbations according to Equation (3.37). To account for
the evolving benthic basic state, on each time step we (i) update the eigenmodes Γ1, Γ2

(and associated eigenvectors), and (ii) update the eigenmode decomposition according
to the de�nitions in Equations (3.42) and (3.43).

Topography versus biomass hump

Figure 3.9 presents the time evolution of the seabed and biomass given an initial hump
on a domain of !∗D = 10 km, where each line indicates a time step of one year. In (a, b)
we see the results for an initial biomass hump with q∗gaus = 0.05 kg m−1 and X∗ = 100 m,
without an initial bed perturbation. �e lower panels (c, d) show the results in case
of an initial topography hump with ℎ∗gaus = 0.05 m and X∗ = 100 m, without an initial
biomass perturbation. It is clearly visible that a biomass disturbance triggers sand wave
growth, and vice versa. Moreover, in case of an initial bed perturbation, we see an anti-
phase between topography and biomass developing, which becomes more distinct over
time. However, for an initial biomass perturbation, both pro�les develop in phase. �is
corresponds with the ‘small’ wave number range in Figure 3.7, where the ‘biological’
eigenmode is dominant. It turns out that this behaviour always occurs when the benthic
basic state is below the in�ection point (see Figure 3.3), regardless of the dimensions of
the initial biomass hump.
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Figure 3.9

Temporal evolution of topography and biomass in case of a local disturbance, represented by a Gaus-
sian hump [Equations (3.42) and (3.43)]. �e upper panels (a, b) show the result for an initial biomass
hump with q∗gaus = 0.05 kg m−1 and X∗ = 100 m, and an initially �at bed. �e lower panels (c, d)
show the results for an initial topography hump with ℎ∗gaus = 0.05 m and X∗ = 100 m, and an initially
spatially uniform biomass

(
q∗0

��
C∗=0 = 0.1 kg m−1) . �e dashed do�ed lines indicate the initial humps,

and each shade of grey indicates a time step of 1 yr.
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Figure 3.10

Similar to Figure 3.9cd, but now for di�erent values of the logistic growth rate. In (a, b) the results
for fast biomass growth

(
U∗g = 1 m kg−1 yr−1) , and in (c, d) the results for slow biomass growth(

U∗g = 0.1 m kg−1 yr−1) .
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Figure 3.11

Evolution of topography and biomass in case of a superimposed residual current velocity of* ∗
"0

=

0.01 m s−1 in the positive G∗-direction. �e results are given for an initial biomass hump (dashed-
do�ed line) with q∗gaus = 0.03 kg m−1 and X∗ = 50 m, and a �at bed. Each shade of grey indicates a
time step of 1 yr. �e lower panels (c, d) show the tracked crest and trough positions of the above
topography and biomass evolution, respectively. �e dashed lines indicate the troughs, whereas the
solid lines indicate the crests.

Logistic growth rate

Up till now, we have presented our cases for a single value of the logistic benthic growth
U∗g . In Figure 3.10 the e�ect of a varying U∗g is shown in case of an initial biomass hump.
For a large logistic growth rate (Figure 3.10ab), we see indeed that the benthic basic state
develops more quickly than in the previous case (Figure 3.9b). �e transition from an in
phase to an in anti-phase development a�er the in�ection point has passed also clearly
stands out. �e opposite holds for a slow logistic growth (Figure 3.10d), where the
biomass hump hardly evolves over time. Moreover, we see that the growth rate of the
topography is signi�cantly a�ected by a changing logistic growth. Also the preferred
wavelength of the coupled system is slightly a�ected (not shown here), albeit much less
than the growth rate.
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Figure 3.12

In (a) the bed (black line) and biomass (grey line) pro�le a�er C∗ = 8 yr for a residual current strength
of * ∗

"0
= 0.05 m s−1. �e two dots indicate the location of the biomass crest with respect to the

topography pro�le. In (b) the phase di�erence of biomass w.r.t. topography
(
\q

)
a�er C∗ = 8 yr as a

function of the residual current strength* ∗
"0

. Here, the dot refers to the case presented in (a).

Residual current

Here we show the topography and biomass evolution given an asymmetrical forcing.
Similar as in Figure 3.8, a residual current is superimposed upon the "2 tidal constitu-
ent (in the positive G∗-direction). Figure 3.11 presents the results for this case, where
in panels (a, b) the temporal evolution of a biomass hump (q∗gaus = 0.03 kg m−1 and
X∗ = 50 m) and a �at bed is shown. Due to the imposed residual current, pa�erns of
migration now appear for both topography and biomass. Remarkably, we see that the
biomass hump initially migrates in a negative G∗-direction. �is becomes more clear
from Figure 3.11d, where the position of the biomass crests and troughs are tracked
over time. �e negative migration of this peak even increases near the in�ection point(
q∗0 = 0.5 kg m−1) . Moreover, the developing biomass trough shows a similar negative

migration trend. �e downstream crest, however, is migrating in the direction of the
residual current. �e di�erent migration directions are also visible for the bed evolu-
tion, where in Figure 3.11c its crest and trough development are tracked. It appears that
for both bed and biomass evolution, this behaviour continues until a stable (positive)
migration and phase di�erence is established.

Although not distinctly visible from Figure 3.11, the preferred phase di�erence between
biomass and topography in this situation is slightly less than 180°. For an increasing
residual current strength, this phase di�erence decreases even more. To illustrate this,
we present in Figure 3.12a the bed and biomass pro�le a�er 8 yr in case of a residual
current strength of * ∗

"0
= 0.05 m s−1. It can be clearly seen that the biomass crests
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are now concentrated on the lee side of the developing sand waves. Additionally, in
Figure 3.12b the phase di�erence between biomass and topography

(
\q

)
is plo�ed as

a function of the residual current strength. It shows that for an increasing residual
velocity, the phase shi� gradually decreases and tends towards a value of 90°.

3.5 Discussion

3.5.1 Comparison to ‘traditional’ stability analysis

In ‘traditional’ stability modelling studies (i.e. morphodynamics only, uncoupled), it is
common to unravel the individual contributions to the growth and migrations rates (e.g.
Campmans et al., 2017). Also for the two-way coupled model presented in this chapter,
these contributions can be speci�ed (as in Appendix 3.C). However, within the current
methodology the interpretation of these contributions is somewhat di�erent, since the
resulting system of equations forms a 2×2 eigenvalue problem [Equation (3.36)], leading
to two distinct complex growth rates. As a result, the growth (and migration) rate does
not depend proportionally on its associated entries any more. For instance, a change of
a certain individual contribution related to bed perturbations

(
lh
ℎ1
, l

q

ℎ1

)
does not solely

a�ect the associated topography growth rate – as is the case for ‘traditional’ stability
analysis – but now also that of biomass. Consequently, to fully understand the mag-
nitude of these contributions, the resulting eigenvectors of the eigenvalue problem have
to be taken into account as well. �ese eigenvectors describe the relative contribution
of the entries to the associated growth rates. We would like to stress that our approach
still implies a linear problem, and thus can be analytically solved by means of linear
algebra.

In a study into current-generated sorted bed forms, Van Oyen et al. (2011) found that
the resulting eigenmodes could be assigned to either roughness or topography. In our
model, we observe that the eigenmodes can be related to either biomass or topography,
but only to a certain extent. It turns out that the classi�cation of these eigenmodes is
bound by a certain range of parameter se�ings. Particularly for smaller values of the
benthic basic state, both eigenmodes have the tendency to in�uence both perturbations
(here referred to as the ‘mixed’ eigenmode). However, using this classi�cation still con-
tributes to our general understanding of the system, such that we can e�ectively use
this methodology for a systematic process analysis.
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3.5.2 Autonomous benthic growthandtheroleof thebio-

logical time scale

In contrast to ‘traditional’ stability analysis, the FGM for a given parameter se�ing
does not have to be the eventual mode (wavelength) observed in the �eld. �e role
of the autonomous benthic growth here is crucial; as the resulting eigenmodes are only
valid for a certain moment in time, the FGM (and its properties) may vary due to an
evolving biomass. In particular, the largest e�ect of the autonomous benthic growth on
the perturbations enters the system through the logistic growth contribution (llogistic).
It appears that this contribution leads to positive growth rates for the ‘biological’ ei-
genmode if the benthic basic state is below the in�ection point of the logistic growth
pro�le (Figure 3.3), while the opposite holds for values larger than the in�ection point.
Moreover, we can conclude from the moduli that if the benthic basic state is above the
in�ection point, the growth rate of the topography perturbation is almost solely de-
termined by the ‘mixed’ eigenmode, whereas for values lower than the in�ection point,
both eigenmodes in�uence the topographical growth rate. On the other hand, the bio-
mass growth is determined by both eigenmodes regardless of the benthic basic state.
Furthermore, the results showed that the growth rate of the ‘biological’ mode is almost
spatially uniform (equal for all :∗), whereas the ‘mixed’ mode shows a distinct FGM.
As a consequence, the ‘mixed’ mode is mainly responsible for the eventually occurring
wavelength in the �eld.

Although we gain much insight from the cases whereq∗0 is �xed, one should continue to
study the temporal behaviour of the system to fully understand the outcome. Imposing
a hump (biomass or topography, without perturbing the other) shows us that only a
small disturbance may trigger growth of rhythmic pa�erns of both sand waves and
biomass. It appears that the biological time scale is an important factor for the initial
evolution of the coupled system. If the biological time scale were much shorter than the
morphological time scale, it would be justi�ed to only look at the FGM for the situation
of fully developed biomass (q∗0 = 1 kg m−1). Conversely, if both time scales were of the
same order, the FGM would constantly be subject to change. Important to note here is
that a slow biological growth does not only a�ect the biomass evolution, but also the
initial growth of the topographic perturbations. Although linear stability models are
not able to describe �nite-amplitude behaviour of sand waves, nonlinear models, used
for this particular purpose, determine the FGM (preferred wavelength) to bypass the
initial growth stage, and hence, speed up computational time (Van Gerwen et al., 2018).
If biological processes would be included in these nonlinear models, it should thus be
noted that the FGM might vary over time.
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From the results it follows that phase shi�s of various magnitudes may occur between
the crests of bed and biomass perturbations. In particular for the cases where the benthic
basic state is �xed, rich behaviour is visible with regard to phase shi�s. In the situation
where a topography hump is imposed, an anti-phase develops between bed and bio-
mass. Remarkably, when a biomass hump is imposed, this phase di�erence only starts
to evolve a�er the autonomous biomass evolution has passed the in�ection point of
logistic growth. Moreover, for an increasing residual current strength, the phase di�er-
ence decreases and the biomass crests are concentrated on the lee side of the sand waves(
\q = 90 − 180°

)
. �is contrasts the result from Figure 3.8, where an opposite (i.e. neg-

ative) phase shi� is present for the dominant ‘mixed’ eigenmode. Indeed, from the crest
and trough development in Figure 3.11 it can be seen that before both perturbations
have developed a steady phase di�erence, crests and troughs may show negative mi-
gration rates, resulting in phase shi�s that signi�cantly di�er from the eventual phase
di�erence. Again, this emphasises the importance of taking into account the evolving
basic state, rather than only looking at a �xed value for q∗0 .

For a limited range of modes, and given that the benthic basic state is below the in-
�ection point, we showed that standing waves for both sand waves and biomass can
occur. In this case both eigenmodes are each others complex conjugate, each displaying
migration in opposite direction. �e temporal evolution of the superimposed bed and
biomass pa�erns would thus be oscillatory, hence a standing wave. �is type of beha-
viour is observed in other morphodynamic stability studies as well (Ribas et al., 2003;
Van Leeuwen et al., 2006). �e la�er showed that for waves approaching the coast per-
pendicularly, surf zone pa�erns may behave as standing waves. Moreover, they showed
that for oblique wave incidence this behaviour vanishes. �ese �ndings correspond to
our results where complex conjugate eigenmodes only occur for symmetrical tidal for-
cing. Considering that under �eld conditions a pure symmetrical tide does not occur –
and taking into account the evolution of the benthic basic state – it is highly unlikely
that this standing wave pa�ern will develop in nature.

3.5.3 Comparison to field data

Our model shows that the biomass of benthic organisms and sand waves develop in anti-
phase (or close to), which is supported by observations in the �eld. Baptist et al. (2006),
and more recently, Damveld et al. (2018b) observed that organisms living on top of the
seabed as well as within, occur much more frequently in sand waves troughs compared
to the crests. Moreover, preliminary results from a recent �eld campaign show that
various abiotic parameters, which are good predictors for the occurrence of benthic
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organisms, such as silt content and permeability, also show phase related pa�erns over
sand waves (Cheng et al., 2018). �is study showed that silt content, for example, is
much higher in the sand wave troughs, but also on the lee slope, compared to the crests
and stoss slope of the sand wave. Although other processes in�uence the habitat of
benthic organisms as well, the observed pa�erns from this �eld study generally agree
with the phase di�erences presented in this chapter.

To enable further comparison of our model results to �eld observations, the next step
is to gather more information about local environmental and biological conditions. We
are particularly interested in the biomass values over sand wave �elds. In addition, data
from di�erent locations enables us to quantitatively relate these biological parameters
to the wavelengths and growth and migration rates of the local bed forms. Furthermore,
the parametrisations used in this model need to be ��ed to more realistic parameter set-
tings, although information on the e�ect of benthic organisms on the hydrodynamic and
morphological processes in subtidal areas is scarce. Nevertheless, Borsje et al. (2009c)
already proposed several biological parametrisations, which could serve as a starting
point for future work. For instance, this two-way coupled model allows for the in-
clusion of a biologically in�uenced critical shear stress. Finally, in order to be �exible
towards the available experimental data, we would like to point out that our modelling
approach is not restricted to the use biomass as an indicator for benthic organisms, but
that other indicators can be used as well (e.g., abundance, biodiversity).

3.6 Conclusions and outlook

In this chapter we developed a fully two-way coupled model between sand waves and
benthic organisms. With this model we are able to systematically investigate the pro-
cesses that are leading to the formation of sand waves and the spatial and temporal
distribution of benthos over these bed forms. Although the parametrisations used for
the two-way coupling were not yet ��ed to local environmental data, we showed that
a local biomass disturbance leads to the growth of sand waves, and vice versa. Fur-
thermore, we observed that phase shi�s may occur between sand waves and biomass
perturbations, similar to �eld observations. For a symmetrical forcing, we observed that
they are in anti-phase. Furthermore, a residual current leads to a phase shi� where the
biomass maxima are concentrated on the lee slope of the sand waves.

�is is the �rst study including the two-way coupling between sand waves and benthic
organisms in a process-based morphodynamic model. In doing so, we recognised that
the methodology of this chapter di�ers from ‘traditional’ morphodynamic stability mod-
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elling studies. Here, we ended up with a linear eigenvalue problem that eventually
results in two distinct eigenmodes, instead of one eigenmode for the ‘traditional’ stabil-
ity analysis. Moreover, the benthic basic state displays autonomous growth, such that
the temporal evolution of the bed and biomass pro�le has to be taken into account to
fully understand the results of this methodology. Also, the growth of this benthic basic
state plays an important role in this study, as its stage relative to the in�ection point
of the logistic growth determines whether the eigenmodes can be related to either bio-
logy, morphology, or both. Also, if the benthic basic stage is below the in�ection point
an in-phase pa�ern may initially develop. �is is especially relevant in case of slow
biological growth, i.e. a long biological time scale. Finally, we have shown that the
biological time scale signi�cantly in�uences the morphological evolution. For slow bio-
logical growth, sand waves also tend to develop on a slower rate, in contrast to a fast
biological growth.

A next step is to investigate these processes using parametrisations which are be�er
��ed to experimental data. A sensitivity analysis into a realistic biological parameter
range would then give insight in their in�uence on the model results. Using these in-
sights, this model can eventually be used for predicting the formation properties of tidal
sand waves combined with biological evolution in shallow sandy seas.
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Appendices

3.A Basic state

Flow solution

In the case of a �at bed, no spatial variations are present, and the basic �ow is charac-
terised by the absence of vertical velocities near the bed. �us, based on continuity, we
conclude that F0 = 0 in the entire water column. �e basic �ow problem can then be
wri�en as

mD0
mC

= −� +�v
m2D0
mI2 . (3.44)

�e boundary conditions at the free surface and at the bed read

mD0
mI

= 0 at I = 0, (3.45)

�v
mD0
mI

= 5slip,0(D0 at I = −1, (3.46)

respectively. Similar to the forcing [Equation (3.24)], the horizontal basic �ow can be
described using a temporal Fourier series

D0 =
"∑

<=−"
D̂0,<4

8<C , (3.47)

with complex Fourier coe�cients D̂0,< . �is leads to the following di�erential equation
for the basic state �ow problem:

8<D̂0,< = − �̂< +�v
d2D̂0,<

dI2 , (3.48)

which can be solved for an expression for D̂0,< :

D̂0,< =
ˆ�<

2�v

[
I2 − 1 + 2�v

5slip,0(

]
for< = 0, (3.49)

D̂0,< =
8 ˆ�<
<

[
1 −

5slip,0( cosh (bI)
�vb sinh (b) + 5slip,0( cosh (b)

]
for< ≠ 0, (3.50)
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with b =
√
8<
�v

. Finally, the basic shear stress is given by

g0 = �v
mD0
mI

at I = −1. (3.51)

Sediment transport

In the basic state, the sediment �ux for |g0 | > gc reads

@0 = ( |g0 | − gc)3/2
g0
|g0 |

. (3.52)

Coupling coefficients

�e basic coupling coe�cients read

5eq,0 = 1, (3.53)

5slip,0 =
(
1 − `slip

)
exp

(
−^slipq0

)
+ `slip . (3.54)

In Equation (3.53) we have used that the evolution of biomass can be calculated on a
tide-averaged scale. Moreover, there is no spatial dependency in shear stress, hence we
obtain gref,0 = 〈|g0 |〉tide.

Biomass evolution

�e basic biomass satis�es a logistic equation without a dispersal term, i.e.

mq0
mClong

= ab,gq0 (1 − q0). (3.55)

�e solution to Equation (3.55) is found to be

q0 (Clong) =
1

exp
(
−ab,gClong

) [ (
q0,0

)−1 − 1
]
+ 1

, (3.56)

where q0,0 denotes the basic biomass at Clong = 0.
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3.B Perturbed state

Flow solution

�e perturbed �ow problem is wri�en as

mD1
mG
+ mF1
mI

= 0, (3.57)

mD1
mC
+ A

(
D0
mD1
mG
+F1

mD0
mI

)
= −A mZ1

mG
+�v

m2D1
mI2 , (3.58)

with boundary conditions at the free surface

F1 = 0, mD1
mI

= 0 at I = 0, (3.59)

and at the bed

F1 = D0
mℎ1
mG

at I = −1, (3.60)

�v

(
mD1
mI
+ ℎ1

m2D0
mI2

)
= 5slip,0(

(
D1 + ℎ1

mD0
mI

)
+ 5slip,1(D0 at I = −1. (3.61)

Using Equation (3.31), the complex amplitudes k̆1 are described as a truncated Fourier
series in time, and is given by

k̆1 (C) =
"∑

<=−"
k̂1,<4

8<C . (3.62)

�is leads to the following di�erential equation for the �ow problem per temporal com-
ponent:

8:D̂1,< +
dF̂1,<

dI = 0, (3.63)

8<D̂1,< + A
"∑

==−"

[
8:D̂0,=D̂1,<−= + F̂1,=

dD̂0,<−=
dI

]
= −A8:Ẑ1,< +�v

d2D̂1,<
dI2 . (3.64)

�e boundary conditions at the free surface read

F̂1,< = 0,
dD̂1,<

dI = 0 at I = 0, (3.65)
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and the boundary conditions at the bed are given by

F̂1,< = 8:ℎ̆1D̂0,< at I = −1, (3.66)

�v

(
dD̂1,<

dI + ℎ̆1
d2D̂0,<

dI2

)
= 5̆slip,0(

(
D̂1,< + ℎ̆1

dD̂0,<
dI

)
+ 5̆slip,1(D̂0,< at I = −1. (3.67)

Similar to Campmans et al. (2017), we solve this system of ordinary di�erential equa-
tions using a shooting method in combination with the 4th order Runge-Ku�a numerical
integration. Finally, the perturbed bed shear stress reads

g1 = �v

(
mD1
mI
+ ℎ1

m2D0
mI2

)
at I = −1. (3.68)

Sediment transport

�e perturbed sediment transport equation for |g0 | > gc is given by

@1 =
3
2
√
|g0 | − gcg1 − _

mℎ1
mG
( |g0 | − gc)3/2 . (3.69)

Coupling coefficients

�e perturbed coupling coe�cients read

5eq,1 = −
〈
^eq

g1g0
|g0 |

〉
tide

, (3.70)

5slip,1 =
(
`slip − 1

)
^slipq1 exp

(
−^slipq0

)
. (3.71)

3.C Individual contributions to the eigenvalue

problem

�e contributions lh
ℎ1
, l

q

ℎ1
, lh

q1
and lq

q1
[as presented in Equation (3.34), and further

speci�ed in Equation (3.36)] are given below. �e topographic contributions related to
bo�om evolution

(
lh
ℎ1

)
are

l�ow,abiotic = −8:am
3
2

〈√
|g0 | − gcğ

h
1

〉
tide

, (3.72)

lslope = −:2am_
〈
( |g0 | − gc)3/2

〉
tide

, (3.73)
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where l�ow,abiotic is the abiotic contribution due to the perturbed �ow and lslope is the
slope e�ect contribution. Furthermore, the biological contribution related to bo�om
evolution

(
l
q

ℎ1

)
is

l�ow,biotic = −8:am
3
2

〈√
|g0 | − gcğ

q

1

〉
tide

. (3.74)

Here, l�ow,biotic is the biotic contribution due to the perturbed �ow. Next, the topo-
graphic contribution related to the evolution of biomass

(
lh
q1

)
is

leq,abiotic = −ab,gq0
〈
5̆ h
eq,1

〉
tide

(3.75)

with leq,abiotic as the contribution related to the abiotic in�uenced carrying capacity.
Finally, the biological contributions related to the evolution of biomass

(
l
q

q1

)
are

leq,biotic = −ab,gq0
〈
5̆
q

eq,1

〉
tide

, (3.76)

llogistic = ab,g (1 − 2q0) , (3.77)

ldispersal = −:2ab,D . (3.78)

Here, leq,biotic is the contribution related to the biotic in�uenced carrying capacity,
llogistic is the contribution due to the perturbed logistic growth and ldispersal is the bio-
logical dispersal e�ect.
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CHAPTER 4

Biogeomorphology in the
marine landscape:
modelling the feedbacks
between patches of the
polychaete worm Lanice

conchilega and tidal sand
waves



4

Abstract Tidal sand waves are dy-
namic bedforms found in coastal shelf
seas. Moreover, these areas are inhabited
by numerous benthic species, of which
the spatial distribution is linked to the
morphological structure of sand waves.
Especially the tube-building worm Lan-

ice conchilega is of interest as this or-
ganism forms small mounds on the
seabed which provide shelter to other
organisms. We investigate how the in-
teractions between small-scale mounds
(height ∼ dm) and large-scale sand
waves (height ∼ m) shape the bed of
the marine environment. To this end,
we present a two-way coupled process-
based model of sand waves and tube-
building worm patches in Del�3D. �e
population density evolves according to
a general law of logistic growth, with
the bed shear stress controlling the car-
rying capacity. Worm patches are ran-
domly seeded and the tubes are mim-
icked by small cylinders which in�uence
�ow and turbulence, thereby altering
sediment dynamics. Model results relate
the patches with the highest worm dens-

ities to the sand wave troughs, which
qualitatively agrees with �eld observa-
tions. Furthermore, the L. conchilega

tubes trigger the formation of sandy
mounds on the seabed. Due to the pop-
ulation density distribution, the mounds
in the troughs can be several centimetres
higher than on the crests. Regarding
sand wave morphology, the combina-
tion of patches and mounds are found
to shorten the time-to-equilibrium. Also,
if the initial bed comprised small sinus-
oidal sand waves, the equilibrium wave
height decreased with a few decimetres
compared to the situation without worm
patches. As the time scale of mound
formation (years) is shorter than that
of sand wave evolution (decades), the
mounds induce (and accelerate) sand
wave growth on a similar spatial scale
as the mounds. Initially this leads to
shorter sand waves than they would
be in an abiotic environment. How-
ever, near equilibrium the wavelengths
tend towards their abiotic counterparts
again.

�is chapter is published as: Damveld, J. H., Borsje, B. W., Roos, P.
C. and Hulscher, S. J. M. H. (2020). Biogeomorphology in the mar-
ine landscape: modelling the feedbacks between patches of the
polychaete worm Lanice conchilega and tidal sand waves. Earth

Surface Processes and Landforms 45 (11), pp. 2572–2587. doi:
10.1002/esp.4914.
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4.1 Introduction

�e underwater landscape of sandy coastal shelf seas, such as the North Sea, is char-
acterised by fascinatingly rhythmic bed features of various shapes and sizes (McCave,
1971; Stride, 1982). Tidal sand waves (Figure 4.1) are highly relevant to study from
an engineering perspective, as their occurrence, size and dynamic behaviour interfere
with o�shore engineering applications (Németh et al., 2003; Roetert et al., 2017). Sand
waves have heights up to 10 m, wavelengths on the order of hundreds of metres and
migrate several metres per year (Van Dijk et al., 2005; Damen et al., 2018a). Moreover,
a�er dredging they regenerate in several years time (Knaapen et al., 2002). �ese o�-
shore areas are also the home of numerous benthic organisms (collectively referred to
as benthos) living in and on top of the seabed (Witbaard et al., 2013). �e habitat dis-
tribution of these benthic organisms is shown to be related to temporal (e.g. seasonal)
and spatial variations in the physical environment (Barros et al., 2004; Baptist et al.,
2006; Van Dijk et al., 2012; Markert et al., 2015; Van der Wal et al., 2017; Damveld et al.,
2018b; Van der Reijden et al., 2019). At the same time, benthos may modify their phys-
ical habitat (Eckman et al., 1981; Jones et al., 1994; Rabaut et al., 2009), through which
they shape the landscape around them on a wide scale.

�ese links between organisms and their physical environment are generally referred
to as biogeomorphology (Viles, 1988; Murray et al., 2008; Reinhardt et al., 2010; Coren-
blit et al., 2011). Biogeomorphological processes shape a wide range of landscapes, for
instance salt marshes (Marani et al., 2007), mangroves (Friess et al., 2012) and coastal
dunes (Baas, 2002). Also in subtidal areas these processes can leave distinct marks in the
landscape. Field observations show that the highly abundant tube-building polychaete
worm Lanice conchilega (Figure 4.2) is able to form sandy mounds on the seabed, both
in intertidal as in subtidal areas (Degraer et al., 2008; Rabaut et al., 2009). In turn, these
small-scale features interact with large-scale morphology, such as sand waves, but to
an extent which is yet unknown.

A wide range of anthropogenic activities, such as the construction of wind farms, sand
extraction, shipping and �sheries are increasingly pressuring the coastal environment
(Halpern et al., 2008). To ensure a sustainable use of the resources in these areas, know-
ledge of the impacts of these activities is essential. Sand extraction, for instance, im-
pacts both the biological and physical landscape, whereas only li�le is known about
the e�ects of such an intervention (De Jong et al., 2015b). One way to study these ef-
fects is by means of process-based biogeomorphological models, i.e. models that are
based on a mathematical representation of the fundamental laws of physics. However,
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Figure 4.1

Sand wave �eld in the southern North Sea, with its location indicated by the red dot. Bed level is
relative to low astronomical tide, coordinate projection is WGS 84 / UTM zone 31N. Data provided
by the Netherlands Hydrographic O�ce.
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Figure 4.2

Example of the tube-building polychaete worm Lanice conchilega. Le�: close up of a protruding worm
tube (height ∼ cm). Right: sandy mounds (height ∼ dm) on an intertidal �at near Boulogne-sur-Mer,
France. Picture courtesy by dr. M. Rabaut.

current state-of-the-art numerical models (Van Gerwen et al., 2018; Campmans et al.,
2018) – used for �nite-amplitude sand wave modelling – do not account for biological
processes. Conversely, idealised modelling studies have studied the feedbacks between
sand waves and benthos (Borsje et al., 2009b; Borsje et al., 2009c; Damveld et al., 2019).
Although these model studies showed that including biophysical interactions can sig-
ni�cantly change the initial formation properties of sand waves, they did not provide
information on �nite-amplitude properties of sand waves due to the applied modelling
techniques. As a consequence, these models are less suitable for studying the spatiotem-
poral e�ects of o�shore engineering operations on the biological and morphological
landscape.

Hence, there is a need for biogeomorphological models which provide a mechanistic un-
derstanding of the processes governing the nonlinear feedbacks between biology and
�nite-amplitude sand waves. In this respect, Borsje et al. (2014a) proposed a method to
describe mound formation by L. conchilega in a process-based manner. Combined with
a readily available nonlinear sand wave model (Van Gerwen et al., 2018), this allows for
the exploration of the feedbacks between tube-building worm patches and sand waves.
�erefore, in this chapter we present a two-way coupled biogeomorphological model
in which both (i) the in�uence of patches of L. conchilega on the morphological evol-
ution of sand waves, and (ii) the nonlinear e�ects of the physical environment on the
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population distribution of this organism can be studied. Using this model, we aim to
determine how the feedbacks between patches of tube-building worms and sand waves
a�ect the morphodynamics of the marine landscape on varying spatial and temporal
scales.

�is chapter is organised as follows. Section 4.2 provides further background informa-
tion on the marine underwater landscape and biogeomorphological models. �e model
formulation is given in Section 4.3, followed by the results in Section 4.4. Finally, the
discussion and conclusions are described in Sections 4.5 and 4.6, respectively.

4.2 Background

4.2.1 Biota and bedforms – the bottom of the sea

Coastal areas are inhabited by a rich community of benthic species (Heip et al., 1992;
Callaway et al., 2002). Knowledge about these species is of great importance for both
ecology and engineering. Benthic communities are for instance an indispensable link in
the marine food cycle (Petersen et al., 1999). Moreover, benthic organisms are able to in-
�uence sedimentary processes on a large spatial and temporal scale (e.g. Widdows et al.,
2002, and references therein). Some may even reshape the abiotic environment in such
a way that they create and maintain their own habitat, and that of others: the so-called
ecosystem engineers (Jones et al., 1994; Zühlke, 2001; Meadows et al., 2012).

�e species of interest in this chapter (the polychaete L. conchilega, see Figure 4.2) is
such an ecosystem engineer. It lives in dense patches in sandy environments. �e patch
densities show great variation, but are o�en found to be in hundreds up to thousands
of individuals per meter squared (Rabaut et al., 2007; Van Hoey et al., 2006; Degraer
et al., 2008; Van Hoey et al., 2008; De Jong et al., 2015a). �e tubes of this worm pro-
trude a few centimetres into the water column, a�ecting the thin boundary layer above
the bed (Friedrichs et al., 2000). As such, sedimentation and erosion pa�erns around
the patches change with respect to an abiotic environment, leading to the formation of
sandy mounds of several tens of centimetres in height (Rabaut et al., 2009; Borsje et al.,
2014a). Rabaut et al. (2009) de�ned the biogenic structures created by L. conchilega as
reefs, and suggested that the communities could persist for years. Other studies corrob-
orate on this and show that the lifespan of the worms is indeed several years (Beukema
et al., 1978; Ropert et al., 2000). Conversely, since the tube-building worms are sens-
itive to low water temperatures, high mortality rates within the communities are ob-
served during severe winters (Strasser et al., 2001; Alves et al., 2017). �ese long-lasting
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sandy mounds also a�ract other species through which they alter the local benthic com-
munities, making them very valuable ecosystem services (Zühlke, 2001; Rabaut et al.,
2010).

One of the most important indicators of a healthy functioning ecosystem is its biod-
iversity (Naeem et al., 2012). �e biogenic structures formed by L. conchilega patches
provide shelter for other species through which they stimulate the local biodiversity.
�e protection of these structures is therefore crucial in sustainable marine manage-
ment (Braeckman et al., 2014). Bo�om trawling is shown to have a destructive e�ect on
these reefs (Rabaut et al., 2008). Moreover, dredging plumes potentially lead to higher
mortality rates (Mestdagh et al., 2018). Hence, information on the spatial distribution of
these communities is essential in designating areas protected from anthropogenic hab-
itat modi�cation, such as dredging and demersal �shing (Sheehan et al., 2015).

It is well known that certain abiotic variables (e.g. temperature, sediment characterist-
ics and chlorophyll-U content) drive the composition of benthic communities (Heip et
al., 1992; Künitzer et al., 1992; Reiss et al., 2010). Also for tidal sand waves a clear re-
lation has been established between their morphological structure and the occurrence
of benthic organisms. Baptist et al. (2006) investigated seasonality in spatial variations
and found evidence that endobenthic organisms occur in higher densities in sand wave
troughs. Furthermore, Damveld et al. (2018b) reported signi�cantly higher population
densities of both epi- and endobenthic organisms in sand wave troughs, compared to
the crests.

4.2.2 Biogeomorphological modelling

Organisms are o�en categorised in functional groups by their e�ect on morphological
processes (i.e. stabilisers and destabilisers (Widdows et al., 2002)). �e inclusion of these
biological processes has made signi�cant improvements in geomorphological model-
ling (Corenblit et al., 2011). Originally, biogeomorphological research was only done in
a one-way fashion. For instance, Borsje et al. (2009c) investigated the in�uence of bio-
logical processes on the formation of sand waves in an idealised process-based model.
Using the complex process-based model Del�3D (Lesser et al., 2004), Borsje et al. (2014a)
modelled the formation and degradation of sandy mounds by L. conchilega. On the other
hand, Willems et al. (2008) and Cozzoli et al. (2014) used statistical models to predict
habitat composition based on environmental characteristics. However, instead of such
one-way interactions, including two-way coupled feedbacks between biology and geo-
morphology could even further improve our understanding of the shaping of marine
landscapes (Corenblit et al., 2011).
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Recently, Damveld et al. (2019) modelled the two-way coupling between organisms and
tidal sand waves. In particular, they coupled a morphodynamic model to a general lo-
gistic growth model in which they investigated the organisms’ spatial and temporal
distribution over sand waves. �eir mathematical solution method was based on a lin-
ear stability analysis (LSA), a common technique used for sand wave modelling (e.g.
Hulscher, 1996; Besio et al., 2006; Campmans et al., 2017). A major drawback of LSA is
that it only provides information on the initial formation stage of sand waves (preferred
wavelength, growth/migration rate) and not on the height and shape. �e nature of this
technique is also not ideal for reproducing the patchy spatial distribution of L. conchilega
that is observed in the �eld. To obtain these kind of results, a nonlinear process-based
model such as Del�3D can be used. Van Gerwen et al. (2018) already demonstrated that
it is possible to model the equilibrium height of sand waves with this modelling so�-
ware. Moreover, Borsje et al. (2014a) showed that the grid-based structure of Del�3D
is well suited for the representation of tube-building worm patches. Hence, combin-
ing these methodologies enables us to model the two-way coupling between tidal sand
waves and the biogenic activities of L. conchilega.

4.3 Model formulation

In this study, the evolution of sand waves and tube-building worms is modelled using
the numerical process-based model Del�3D (Lesser et al., 2004). �e model concern-
ing the evolution of sand waves is comprehensively discussed in Borsje et al. (2013)
and Borsje et al. (2014b) and Van Gerwen et al. (2018). In the following subsections a
summary of the Del�3D sand wave model is given (Sections 4.3.1 and 4.3.2), followed
by a description of the evolution of benthic organisms and the two-way coupling of
the biogeomorphological system (Section 4.3.3). Finally, the model set-up is presented
(Section 4.3.4).

4.3.1 Hydrodynamics

�e hydrodynamics are described by the shallow water equations, a continuity equa-
tion, supplemented with appropriate boundary conditions. Turbulence is represented
by a spatiotemporally varying vertical eddy viscosity. �e model equations are solved
by applying sigma layering in the vertical. Following a 2DV approach we consider
variations in the horizontal G and vertical I direction only, thus ignoring typical 3D-
processes such as the Coriolis e�ect, wind forcing and the interaction with sand banks.
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In terms of f-coordinates, the model equations read

mD

mC
+ D mD

mG
+ l
ℎ

mD

mf
= − 1

dw
%D + �D +

1
ℎ2

m

mf

(
aT
mD

mf

)
, (4.1)

ml

mf
= − mZ

mC
− m (ℎD)

mG
, (4.2)

in which D is the horizontal �ow velocity in G-direction, l the vertical velocity in the
moving f-coordinate system, ℎ the total water depth, Z the free surface elevation, dw

the water density, %D the hydrostatic pressure gradient, �D is the horizontal momentum
exchange due to turbulent �uctuations, and aT the vertical eddy viscosity. �e vertical
eddy viscosity aT is calculated using the : − n turbulence model (e.g. Burchard et al.,
2008).

�e boundary conditions at the bed (f = −1) and at the free surface (f = 0) read

1
dw
gb =

aT
ℎ

mD

mf
=
6Db |Db |
�2 , l = 0 at f = −1, (4.3)

aT
ℎ

mD

mf
= 0, l = 0 at f = 0, (4.4)

respectively. Here, gb is the bed shear stress, 6 the gravitational acceleration, Db the
horizontal velocity in the �rst layer above the bed and � the Chézy coe�cient, related
to the roughness of the bed.

4.3.2 Morphodynamics

Both bed load and suspended load sediment transport are included in the model. Bed
load sediment transport (b

[
kg s−1 m−1] is calculated according to

(b = 0.5Usds3D∗�
−0.3
∗ ), (4.5)

in which Us is a slope correction parameter (based on Bagnold (1966)), calculated by

Us = 1 + Ubs

(
tan (Φ)

cos [tan−1 (3Ib/3G)] [tan (Φ) − 3Ib/3G]
− 1

)
, (4.6)

with Ubs being a user-de�ned tuning parameter, which is set to 3 following Van Ger-
wen et al. (2018), and Φ the internal angle of friction of sand, set to its default value
(30°). Furthermore, ds is the speci�c density of the sediment, 3 the sediment grain size,
D∗ the e�ective bed shear velocity, �∗ the dimensionless particle diameter and ) the
dimensionless bed shear stress.
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�e suspended sediment concentration in the water column is calculated by solving an
advection-di�usion equation

m2

mC
+ m (2D)

mG
+ m (F −Fs) 2

mI
=

m

mG

(
ns,G

m2

mG

)
+ m

mI

(
ns,I

m2

mI

)
, (4.7)

in which 2 is the sediment concentration,F is the vertical velocity (now in a Cartesian
coordinate system, see below) and Fs is the sediment se�ling velocity. Furthermore,
ns,G and ns,I are the sediment di�usivity coe�cients in G and I direction, respectively.
To distinguish bed load from suspended load, a reference height 0 = 0.01ℎ is de�ned,
which marks the transition between the two modes of transport (Van Rijn, 2007). Below
this reference height the concentration is assumed to equal a reference concentration.
Above the reference height, transport of suspended sediment (s

[
kg s−1 m−1] is calcu-

lated by

(s =

∫ Z

Ib+0

(
2D − ns,I

m2

mG

)
3I. (4.8)

For further details on initial and boundary conditions (e.g. pickup and deposition), and
the relation between the vertical velocities F [Equation (4.7)] and l [Equation (4.1)],
we refer the reader to Deltares (2012).

Finally, the evolution of the bed elevation Ib is governed by the sediment continuity
equation (Exner equation), which reads

(
1 − np

)
ds
mIb
mC

= − m ((b + (s)
mG

, (4.9)

in which np = 0.4 is the pore volume fraction in the bed. �is equation states that
a local convergence (divergence) of sediment transport leads to a rising (falling) bed
pro�le.

4.3.3 Biodynamics

Evolution eqation

A�er Damveld et al. (2019), we employ the following general equation for logistic growth
to describe the spatial and temporal evolution of benthic organisms, while ignoring bio-
logical dispersion:

mq

mC
= Ugq

(
qeq (gb) − q

)
. (4.10)

Here, q
[
ind m−2] is the tube-building worm population density (in contrast to Damveld

et al. (2019), where q denoted the biomass density). Furthermore, Ug is the logistic
growth parameter and qeq the carrying capacity, which is a function of the bed shear
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stress gb (see Section 4.3.3).

�e solution to Equation (4.10) can be found analytically and reads

q =
qeq

1 + exp
(
−UgC

) [
qeq
qinit
− 1

] , (4.11)

where qinit denotes the initial patch density (at C = 0). To ensure a smooth intro-
duction of patches in the morphodynamic model, we have set this value to qinit =

10 ind m−2.

Carrying capacity

�e carrying capacity qeq describes the maximum population density an area can sus-
tain without degradation, given the environmental a�ributes of that area. A suitable
way of describing this aspect is by le�ing the carrying capacity be a function of the bed
shear stress (Damveld et al., 2019), as bed shear stress has been shown to be a good pre-
dictor for the distribution of macrobenthos (Herman et al., 2001; De Jong et al., 2015a).
�erefore, the carrying capacity is wri�en as

qeq (gb) = qeq,�at
[ (
gb,�at − 〈|gb |〉tide

)
^eq + 1

]
, (4.12)

where qeq,�at and gb,�at are the �at bed carrying capacity and bed shear stress, respect-
ively. Furthermore, 〈·〉tide denotes tide-averaging and ^eq is a parameter controlling the
e�ect of shear stress variations.

We have set the reference value for the �at bed carrying capacity toqeq,�at = 200 ind m−2,
which is on the order of the densities observed in subtidal areas (Degraer et al., 2008;
De Jong et al., 2015b). Furthermore, the logistic growth rate has been estimated to be
Ug = 0.01 m2 ind−1 d−1, such that a newly seeded patch, without being subjected to
mortality, reaches its carrying capacity density in around two years. �e value of ^eq is
somewhat arbitrary and has been set to 5 m s2 kg−1. A positive value of this parameter
indicates that a higher bed shear stress leads to a lower carrying capacity.

Delft3D rigid vegetation module

Borsje et al. (2014a) combined �ume experiments and �eld observations to validate a
model tool in which the interaction among the hydrodynamics, sediment dynamics
and tube-building worms was quanti�ed. �is model tool is the so-called ‘rigid 3D
vegetation model’ of Del�3D, which explicitly accounts for the in�uence of cylindrical
structures on �ow and turbulence (Temmerman et al., 2005; Dijkstra et al., 2010). �e
in�uence of the tubes upon the �ow is represented by an extra source term of friction
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force �bio in the momentum equation [Equation (4.1)], and is given by

�bio =
1
2dw�d3tubeq |D |D. (4.13)

Here, �d is the cylindrical resistance coe�cient and 3tube is the tube diameter. Further-
more, as �bio is a function of height, also the tube length protruding from the sediment
!tube needs to be de�ned in the model. In the following simulations, the resistant coef-
�cient is set to 1.0 (default value), the tube protruding length is set to 2 cm and the
diameter to 0.5 cm, corresponding to the values used by Borsje et al. (2014a). �e spatial
and temporal variation in tube-building worm density q is based on the variation in bed
shear stress, as described above (see Section 4.3.3).

�e in�uence of the tubes on turbulence is re�ected in an extra source term of total kin-
etic energy)bio and turbulent energy dissipation)biog

−1 in the : − n turbulence closure
model, where the term )bio (= �bioD) represents the power spent by the �uid working
against the tube drag. Furthermore, g is a time scale, which reads

g = min (gfree, gtube) , (4.14)

where gfree is the dissipation time scale of free turbulence and gtube is the dissipation
time scale of eddies in between the tubes. �ese eddies have a typical size which are
limited by the smallest distance in between the tubes

!eddy = �l

√
1 −�tube

q
. (4.15)

Here, �l is a user-de�ned tuning coe�cient, which is set to its default value of 0.8,
and �tube is the horizontal cross sectional tube area. For further information about this
module, we refer the reader to the Del�3D user manual (Deltares, 2012).

Initial seeding and mortality

In order to be actually able to model the evolution of L. conchilega, we need to specify
the initial seeding behaviour, as well as the lifespan of the organisms. Following �eld
observations along the Belgian coast, recruitment occurs in spring, summer and fall
(Van Hoey et al., 2006). During these seasons we let the patches evolve according to the
logistic growth model in Equation (4.10). Conversely, the winter season is characterised
by a high mortality rate (Alves et al., 2017). �erefore, for a single patch we assume a
yearly mortality rate of "1y = 50% with a maximum lifespan of 5 years

(
"5y = 100%

)
.

�is dynamic growth process is illustrated in Figure 4.3, where the full life cycle of a
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Figure 4.3

Full life cycle of a single patch (green bars) given a constant carrying capacity of qeq = 200 ind m−2.
Growth occurs during the �rst three seasons of the year, the last season is characterised by mortality
(indicated by the diamonds). �e dashed lines illustrate the logistic growth pro�le without mortality,
starting every winter season. Parameters according to Table 4.1. Note that this example assumes a
constant carrying capacity, whereas in the simulations the carrying capacity is a function of the local
bed shear stress, and thus varies in time and space.

single patch is presented, given a constant carrying capacity.

Field observations by Rabaut et al. (2009) showed that in areas where tube-building
worms are abundantly present, patches can cover up to 10% of the total area. Given
the maximum lifespan of a patch (set to 5 years), we assume that each year in spring
2%

(
= (y

)
of the model domain is randomly seeded with new patches. As a result, the

average domain area covered with patches equals 10%. Finally, we set the horizontal
length of the seeded patches to !patch = 2 m, which is again in agreement with observed
patch dimensions in the �eld (Rabaut et al., 2009).

4.3.4 Model set-up

�e numerical model set-up generally uses the same se�ings as Borsje et al. (2013) and
Van Gerwen et al. (2018). �e horizontal model domain has a length of around 50 km,
with a variable horizontal distribution. �e central part of the domain is 1 km long
with a uniform grid spacing of 2 m, which gradually increases to 1500 m at the lateral
boundaries. Vertically the grid comprises 60 f-layers, with a resolution of 0.05% of the
local water depth near the bed, gradually decreasing towards the free surface bound-
ary. At the lateral boundaries, so-called Riemann boundary conditions are imposed.
�ese type of boundaries allow outgoing waves to cross the lateral boundary without
re�ecting back into the domain (Verboom et al., 1984). At these boundaries, the system
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is forced by the (2 tidal component with an angular frequency of 1.45 × 10−4s−1 and
a depth-averaged velocity of * = 0.65 m s−1. Following Van Gerwen et al. (2018), the
Chézy roughness coe�cient has been set to � = 75 m1/2/s. �e hydrodynamic time
step of the model is 12 s, and the the computational spin-up time is set to one tidal cycle
during which no bed level changes are allowed.

�e initial bed perturbations are situated in the �ne-spaced central part of the domain
at an average depth of �0 = 25 m, which is representative for a North Sea sand wave
location. �ree bed con�gurations are used in this chapter: a �at bed, a sinusoidal
sand wave pa�ern with an amplitude of �0 = 0.25 m and a random bed pa�ern. For the
sinusoidal bed, the initial wavelength has been set to _0 = 204 m. According to Van Ger-
wen et al. (2018), this corresponds to the fastest growing mode (FGM, i.e. the preferred
wavelength) for the model parameters used in this chapter. Due to the stochastic nature
of the model we have run each (biotic) case 24 times, where each simulation we have
varied the initial bathymetry and patch seeding in a randomised manner. Exceptions
are the abiotic runs, which are run for one (sinusoidal initial bed, so fully deterministic)
and 12 times (random initial bed).

A morphological acceleration factor (MORFAC) is used to speed up the geomorpholo-
gical changes. Van Gerwen et al. (2018) found that a MORFAC of 2000 is still su�cient
to obtain accurate results. However, since we are interested in the seasonal growth of
benthic organisms, the MORFAC is limited by the biological time scale. �erefore we
use a MORFAC of 182.5, such that one tidal cycle equals exactly one season (13 weeks).
Using this MORFAC, one model run of 100 years takes approximately seven days on a
high performance computing facility. Finally, we rerun the model for each single season
using the restart �les generated from the preceding season. �is allows us to calculate
the biological evolution o�ine, i.e. separately from Del�3D.

For an overview of the above parameters and assumptions, we refer the reader to Table 4.1.

4.4 Results

4.4.1 Flat bed

To understand the in�uence of patches of L. conchilega on its direct environment, we
�rst present the results of a �at bed with a single patch of tube-building worms. �e
patch is located in the middle of the domain with a �xed density of q = 100 ind m−2.
Figure 4.4a shows the initial response of the tide-averaged absolute value of the bed
shear stress, as well as the response a�er �ve years. Initially, the bed shear stress shows
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Figure 4.4

In�uence of a single patch on a �at bed, with (a) the tide-averaged bed shear stress and (b) the
morphological development a�er �ve years. �e location (and in (b) also dimensions) of the patch
are indicated by the green bars. �e patch density in (a) is q = 100 ind m−2. Other parameters are as
presented in Table 4.1.

a small but sharp decrease at the location of the patch. In lateral direction the bed
shear stress reaches its �at bed reference value a�er several tens of metres. A�er �ve
years, the combined presence of the patch and the mound leads to variations in bed
shear stress on an even larger spatial scale. �ese �ndings are in line with Borsje et al.
(2014a).

�e mound height a�er �ve years is plo�ed in Figure 4.4 for four di�erent �xed patch
densities. It can be seen that for an increasing patch density, the mound height in-
creases. For a densely populated patch

(
q = 500 ind m−2) , the mound height can be up

to 50 cm. �e trough-to-trough distance is around 70 m for all four patch densities. Fur-
thermore, in case of simulations with multiple consecutive patches in close proximity of
one another (not shown here), one single mound forms eventually where this distance
is even longer.
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4.4.2 Sinusoidal initial bed

Next, for the initially sinusoidal bed topography the two-way coupled model was run for
100 years (400 seasons). Figure 4.5 shows three snapshots (of a single run) for the self-
organisation of both sand waves and population density. To be�er visualise the density
distribution, the maximum occurring density in the di�erent decades is plo�ed. During
the �rst decade (Figure 4.5a), the patches are randomly distributed over the domain
and the maximum density is comparable between the patches. Whereas no distinctive
sand wave pa�ern is visible yet, the local response to the patches clearly stands out,
as several mounds are formed. However, this is not yet re�ected in the coe�cient of
determination

(
'2) , which denotes the relation between bed level and patch density.

Next, Figure 4.5b shows that, while the morphological pa�ern evolves over time, the
distribution of the organisms is altered. Higher densities occur in the troughs, rather
than on the crests, which is now also re�ected in the coe�cient of determination. �is is
even more pronounced a�er 100 years (Figure 4.5c), when almost all patches are situated
in the troughs

(
'2 = 0.85

)
. Furthermore, here the (maximum) population densities are

higher compared to densities on the initial bed.

�e temporal evolution of the bed pro�le is visualised in Figure 4.6abc, where the biotic
(green, including biology) as well as the abiotic (brown, excluding biology) evolution is
shown. �e light-green shade in the �gure denotes the standard deviation of all simu-
lations (grey lines), whereas the dark-green line denotes the average. Initially, for the
biotic case the crests are slightly higher and the troughs are lower than for the abiotic
case. �is is the result of the presence of the mounds, as their dimensions dominate
those of the sand waves. Furthermore, when evolving towards the equilibrium pro�le,
it is visible (Figure 4.6bc) that the average biotic sand wave height is a few decimetres
lower than in the abiotic case.

Figure 4.6d shows the spacing regularity2 (i.e. wavelength distribution) of the sinusoidal
bed case. �e e�ect of the mounds clearly stands out, as the wavelength distribution is
large during the �rst 200 seasons. Moreover, the average wavelength of the biotic runs
is initially smaller than that of the abiotic run. Later, towards the equilibrium stage,
the standard deviation of the biotic simulations decreases and its average wavelength
becomes similar to the abiotic wavelength, which is based on the FGM as explained in
Section 4.3.4.
2�e spacing/wavelength is de�ned as the crest-to-crest distance. �e crests that are considered here are only
those that are higher than 50% of the average wave height of all peaks in the domain at that point in time.
�e wave height is de�ned as the vertical di�erence between the crest and the average of the two adjacent
troughs.

114



4

Figure 4.5

Self-organisation in the sinusoidal reference case
(
qeq,�at = 200 ind m−2) . �e right vertical axis

(brown line) represents the bed level, and the le� (green) the patch density. �e patch density shows
the maximum density which occurs in that particular decade. �e coe�cient of determination '2

presents the relation between the maximum patch density in the given time horizon and bed level.
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Figure 4.6

Crest and trough development (a) and spacing regularity (d) for an initially sinusoidal bed, with a
�at bed carrying capacity qeq,�at of 200 ind m−2. Panels (b) and (c) are zooms of the crest and trough
development in equilibrium, respectively. �e spacing regularity (i.e. wavelength) is de�ned as the
distance between subsequent crests.
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Figure 4.7

Similar to Figure 4.6, but here for a �at bed carrying capacity qeq,�at of 400 ind m−2.
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For larger values of the �at bed carrying capacity
(
qeq,�at = 400 ind m−2) , it can be seen

that the same observations hold as for the previous case, albeit more pronounced (Fig-
ure 4.7). In general, the standard deviation of the crest and trough development is larger
than in the previous case. Also, the average equilibrium sand wave height is again lower
(∼ 50 cm) when taking into account the e�ects of the tube-building worm patches. Fi-
nally, the di�erence in average wavelength between the biotic runs and the abiotic run
is larger than the previous case, while this occurs over an even longer time period here,
as well.

4.4.3 Random initial bed

�is case considers the evolution of an initially random bed pro�le over 150 years (600
seasons). Here, the morphodynamic and population evolution are presented in Fig-
ure 4.8. Again, roughly each 50 years a snapshot is presented for a single run. Note
that due to the di�erent initial bathymetry, this case has a generally slower time-to-
equilibrium compared to the sinusoidal bed case. Similar to the sinusoidal bed case,
initially the randomly distributed patches lead to small mounds, whereas patch densit-
ies are even throughout the domain. A�er 50 years (Figure 4.8b) the mounds become
higher and they evolve in morphological pa�erns on a spatial scale larger than that of
the patches itself. �ese morphological features eventually evolve to distinct sand wave
pa�erns (Figure 4.8cd). Here also the e�ect on the population distribution is clearly
visible, with higher densities in the troughs, compared to the crests. Similar to the si-
nusoidal bed case, the coe�cient of determination

(
'2) clearly shows the increasingly

strong relation of bed level and patch density.

To further analyse the bed development of this case, we present a timestack of the evol-
ution of the random bed (Figure 4.9). For the biotic case (panel a), the results show that a
large number of mounds develop randomly throughout the domain. Remarkably, it can
be seen that the mounds trigger the growth of sand waves with a smaller wavelength
than that in the abiotic case. �e total number of sand waves in the domain around
C = 400 seasons (emphasised by the dashed white line) is seven for the biotic case, and
5 for the abiotic case. Moreover, the biotic sand waves feature a faster growth than
the abiotic ones. Over time, when the sand waves evolve towards their equilibrium in
the biotic run, several crests merge and, hence, the number of sand waves decreases
again (see also Figure 4.8cd). Eventually, the equilibrium wavelengths are in agreement
with those of the abiotic run (Figure 4.9b). Finally, the eventual wavelengths in both
simulations are in good agreement with the FGM as used in the sinusoidal case (Fig-
ure 4.5).
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Figure 4.8

Self-organisation in the random initial bed case
(
qeq,�at = 200 ind m−2) . �e right vertical axis (brown

line) represents the bed level, and the le� (green) the patch density. �e patch density shows the max-
imum density which occurs in that particular decade. �e coe�cient of determination '2 presents
the relation between the maximum patch density in the given time horizon and bed level.
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Figure 4.9

Timestack of the bed evolution of an initially random bed, with in (a) a biotic run and in (b) an
abiotic run. �e white dashed line is for reference in the text. Note that shading has been applied to
emphasise the smaller bed level di�erences.

Since the above results only represent a single run, we present in Figures 4.10 and 4.11
the crest and trough development, and the spacing regularity of all simulations in the
random bed case, respectively. Figure 4.10 now clearly shows that the growth rates of
the biotic runs are larger than the abiotic runs. Also, initially the spread of the biotic
crest and trough development is higher, as expressed trough the standard deviations.
However, towards the equilibrium, both the crest and trough levels, and the standard
deviations of both cases become comparable. �e average bed levels at the equilibrium
stage fall in the same range as observed in the sinusoidal case.

Also the spacing regularity shows clear di�erences between the runs with and without
tube-building worm patches. Figure 4.11 shows that the average wavelength of the
biotic runs is signi�cantly smaller than that of the biotic runs, in particular in the initial
growth stage. Albeit less distinct, also during the secondary growth stage this di�erence
is still present. While evolving towards the equilibrium, this e�ect vanishes and both
average wavelengths become similar again.

Finally, due to the self-organisational properties of the random bed, towards the equilib-
rium sand waves of di�erent wave heights and wavelengths can be observed, as already
shown by Campmans et al. (2018). �is is re�ected in the increased standard deviation
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Figure 4.10

Crest and trough development for (a) the biotic runs and (b) the abiotic runs, staring with an initially
random bed pa�ern. For clarity, the mean of the biotic (abiotic) runs has been plo�ed on top of the
abiotic (biotic) results.
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Figure 4.11

Similar to Figure 4.11, but here for the spacing regularity.
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for the abiotic as well as the biotic runs (Figures 4.10 and 4.11), compared to the si-
nusoidal bed case, where the wavelength distribution decreased signi�cantly over time.
Notably, the average wavelengths tend to that of the FGM (∼ 204 m) only in the �-
nal stages over the morphological development, suggesting that the system has not yet
reached a full equilibrium a�er 600 seasons. Moreover, one of the properties of this
dynamic system is the merging of crests towards the end of the simulations (as shown
in Figure 4.9). �e result is a sudden increase in bed levels and wavelengths, which is
visible in some of the single runs in Figures 4.10 and 4.11. �e spike in crest level is of
temporary nature, as the crest level quickly stabilises again in these situations.

4.5 Discussion

4.5.1 The spatial distribution of L. conchilega

In this study we developed a process-based model, able to describe the two-way coup-
ling between the morphology of �nite-amplitude sand waves and tube-building worm
patches of L. conchilega. �e model results related the sand wave troughs to the areas
most densely populated with tube-building worms. �ese results qualitatively agree
with �eld observations on general community distribution pa�erns, as Baptist et al.
(2006) and Damveld et al. (2018b) showed that benthos prefer to se�le in sand wave
troughs rather than on the crests. However, since these studies focussed on community
assemblages in general, it is questionable to what extent these observations may be
translated to the distribution pa�ern of a single species. Yet, for bed forms of larger
scale, such as shoreface-connected ridges (Markert et al., 2015) and sand banks (Van
der Reijden et al., 2019), it has been shown that tube-building worms are signi�cantly
more abundant in the troughs than on the crests, although it should be noted that the
study by Van der Reijden et al. (2019) focussed on the tube-building worm Sabellaria

spinulosa. Furthermore, preliminary results from a recent �eld campaign suggest that
also for sand waves L. conchilega is more likely to be found in the trough region than
on the crests (Cheng et al., 2020a). Still, insight in the distribution of benthic organ-
isms in subtidal areas, particularly in relation to marine bed forms, is scarce. �erefore,
we encourage future monitoring campaigns to focus on the population distribution of
benthic species on the spatial scale of sand waves.
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4.5.2 The effects on sand wave morphology

�e fastest growing mode (FGM) is assumed to represent the wavelength as observed
in the �eld (Dodd et al., 2003). To bypass the initial growth stage – and shorten calcu-
lation time – we used the FGM as calculated by Van Gerwen et al. (2018) for the initial
sinusoidal bathymetry. However, as pointed out by Damveld et al. (2019), the inclusion
of biological processes may a�ect properties of the FGM. Using a linear stability ana-
lysis, they demonstrated that benthic activity can result in a change of the preferred
wavelength over time. Also, the growth rate of the bedforms can be signi�cantly af-
fected by the presence of biota. Indeed, our results lead to similar �ndings. We showed
that the wavelengths of the emerging bedforms were signi�cantly smaller than that of
the supposed FGM (up to several tens of metres), which was particularly true for the
random initial bed topography. Moreover, the growth rate of these smaller bedforms
was higher than that of the FGM, resulting in a much shorter time-to-equilibrium. Here,
we illustrate that it is in fact the spatiotemporal interaction between small- and large-
scale morphology that leads to these results. Revisiting Figure 4.4b, we saw that mound
evolution occurs on a much shorter time scale (years) than sand wave evolution (dec-
ades). However, their wavelengths act on an almost similar spatial scale. Hence, it is
the formation of biogenic mounds that initially triggers the growth of sand waves with
smaller wavelengths than that of the FGM. Yet, in the biotic cases the abiotic FGM did
eventually prevail, implying that these processes mainly a�ect the formation stage and
to a lesser extent the equilibrium stage.

�e driving mechanism in sand wave formation are tide-averaged circulation cells in
the water column (Hulscher, 1996). �ey display near-bed �ow velocities directed to-
wards the crests, supporting a tide-averaged sediment transport in that same direc-
tion. Conversely, the biogenic mounds are formed due to a local decrease in bed shear
stress, which leads to sedimentation in the area around the patch (Figure 4.4), as already
demonstrated by Borsje et al. (2014b). Moreover, here we have shown that the major-
ity of the benthic population eventually se�les in the sand wave troughs. As a con-
sequence, the crest-directed sediment transport is decreased and so, sand wave heights
are lowered. However, this e�ect was only small, with equilibrium sand wave height
di�erences on the order of a few decimetres. Moreover, it was only visible for the sinus-
oidal initial bed pro�le, as the standard deviation of the bed level in the random case
was larger than the actual wave height decrease. Nonetheless, we demonstrated that in-
cluding biological processes potentially leads to a decrease in sand wave height.
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4.5.3 Assumptions and limitations

In this study we let the bed shear stress in�uence the biological carrying capacity. �is
resulted in signi�cantly higher population densities in the sand wave troughs, compared
to the crests. Although these results generally agree with �eld observations on benthic
community pa�erns, other indicators for benthic life are available and might perform
be�er (Reiss et al., 2010). In particular, Willems et al. (2008) showed that sediment
type and size are good predictors for the presence of L. conchilega. Also organic ma�er
concentration in the water column might be important, as L. conchilega is a suspension-
feeder (Buhr, 1976). Besides, in contrast to bed shear stress, these other predictors are
easier to measure in the �eld. However, the majority of these indicators are not incor-
porated in biogeomorphological models, making bed shear stress the most suitable as
of yet. Further development of such models should thus focus on the inclusion of other
predictors for the occurrence of benthic organisms.

�e combination of di�erent model parts resulted in a rather comprehensive parameter
space, which inherently leads to uncertainties in the model results. We were able to
provide evidence for most parameters based on �eld observations and other modelling
studies. However, information regarding the value of the parameters is particularly
scarce for those concerning the biological evolution [Equation (4.10)]. In fact, according
to Strasser et al. (2001), population densities reported in �eld surveys do not necessarily
have to correspond to the actual carrying capacities of these areas. Hence, this illustrates
the di�culties in translating �eld observations to model parameters. In order to gain
more insight in the robustness of the results, we ran some additional simulations where
we varied the logistic growth rate (not shown here). As already reported by Damveld et
al. (2019), varying the logistic growth rate signi�cantly in�uences the initial growth rate
of bedforms. Indeed, our simulations revealed that a higher logistic growth rate results
in faster mound formation and as such, a shorter time-to-equilibrium of sand waves as
well. Moreover, this slightly increased the dominance of the smaller wavelengths during
the initial growth stage, similar to the e�ect of increasing the �at bed carrying capacity
(see Figure 4.7). Although our simulations showed that some results may change due to
varying input parameters, they all showed qualitatively the same outcome. Especially
the time-to-equilibrium turns out to be sensitive, but in all simulations the biotic bed
development was signi�cantly faster than in abiotic ones.

Additional uncertainties originate from the chosen numerical set-up, as shown by Van
Gerwen (2016) and Krabbendam et al. (2019). In particular the horizontal grid spacing,
number of vertical layers and boundary conditions may lead to sand waves of di�erent
shapes and sizes. In this chapter we identi�ed another model aspect that a�ects the
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results. In contrast to sand waves, biogenic mounds are three-dimensional pa�erns.
In other words, their length and width are of the same order. Consequently, �ow is
not only diverted over the mounds and patches, but also around. Flow velocities are
thus likely to be overpredicted due to the adopted 2DV approach, and with that also
the growth rate of the mounds. However, the validation study by Borsje et al. (2014a)
showed that the �ow de�ection around the patch is ten times smaller than over the
patch and, hence, focussing on two-dimensional �ow only is justi�ed. Nevertheless, the
uncertainties originating from these numerical choices and assumptions indicate that
the results presented here should indeed be interpreted in a qualitative fashion.

4.5.4 Practical implications

Previous biogeomorphological sand wave models could only be applied to the initial
stage of formation (Borsje et al., 2009c; Damveld et al., 2019). �e model presented in
this chapter extends these studies by also focussing on the �nite-amplitude stage. Con-
sequently, the model can serve as a tool to assess the biological and morphological re-
sponse to engineering interventions in a sand wave environment. As the model results
indicated a clear di�erence in wavelength distribution and growth rate between biotic
and abiotic situations, including biophysical processes would be highly relevant for, for
instance, predicting the regeneration of sand waves a�er dredging activities. Moreover,
sand extraction policies aim at a quick recovery of the biological environment (Rijks et
al., 2014). �e model can help to gain more insight in species composition in sand wave
areas by using the tube-worm distribution as an indicator, and thereby the formulation
of sustainable engineering strategies. It should be noted that, although the model is able
to represent the general patchy distribution of the mounds, it is not suitable to provide
their exact location due to its statistical components. It should rather be interpreted as
an overall population density. Hence, we would like to stress that biogeomorphological
modelling and �eld monitoring should always be complementary. Still, future planning
of o�shore engineering projects and marine management directives could seriously be-
ne�t from the predictive capacities of two-way coupled biogeomorphological models
such as the one presented in this chapter.

4.6 Conclusions

In this chapter we studied a two-way coupled model of patches of the tube-building
polychaete worm Lanice conchilega and �nite-amplitude sand waves, using the process-
based numerical model Del�3D. We related spatial variations in sand wave morphology
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to the population distribution of the organisms. It turns out that sand wave troughs are
characterised by a higher population density, compared to the crests. At the same time,
the presence of the tube-building worm patches alters sedimentary processes in such a
way that small-scale sandy mounds are formed on the seabed. In turn, the model results
have shown that, compared to a situation without biota, the combined presence of the
worm patches and sandy mounds lead to sand waves with both smaller wavelengths
and faster growth rates during the initial growth stages. However, near the equilibrium
stage the wavelengths tend towards their abiotic counterparts again. Finally, the equi-
librium wave height of sand waves turns out to be a few decimetres lower (∼ 5%) in a
biotic situation. However, this is only visible if the initial bed topography consists of
sinusoidal sand waves, since the equilibrium wave height di�erences in a randomly per-
turbed bed situation are larger than the actual decrease due to benthic activity.
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CHAPTER 5

Horizontal and vertical
sediment sorting in tidal
sand waves: modelling the
finite-amplitude stage



5

Abstract �e bed of coastal seas
displays a large number of rhythmic bed
features, of which sand waves are relev-
ant to study from an engineering per-
spective. Sediments tend to be well-
sorted over these bed forms, which is so
far poorly understood in terms of model-
ling of �nite-amplitude sand waves. Us-
ing Del�3D, we employ bed stratigraphy
and consider four di�erent grain size
classes, which are normally distributed
on the phi-scale. �e standard deviation
(sortedness) is then varied, whereas the
geometric mean grain size is kept con-
stant. �e results show that typically the
crests of sand waves are coarser than the
troughs. Residual �ow causes net sed-
imentation on the lee side of the crest
and, consequently, the general sorting
pa�ern is distorted. Since larger grains
experience a larger se�ling velocity they

are deposited on the upper lee slope,
whereas the smaller grains are found on
the lower lee slope. Due to sand wave
migration, also the internal structure of
the sand wave is revealed, which follows
the same sedimentation pa�ern as the
lee slope surface. �ese results qualit-
atively agree with sorting pa�erns ob-
served o�shore. �e sorting processes
lead to longer wavelengths and lower
wave heights, as a function of standard
deviation. �is relates to the dampen-
ing e�ect of suspended sediment trans-
port for �ne grains. Finally, it appears
that the modelled wave heights fall in
the same range as observations in the
North Sea. �ese results are valuable
for e.g. predicting the morphological re-
sponse a�er engineering activities and
determining suitable aggregates for sand
extraction.

�is chapter is published as: Damveld, J. H., Borsje, B. W., Roos,
P. C. and Hulscher, S. J. M. H. (2020). Horizontal and ver-
tical sediment sorting in tidal sand waves: modeling the �nite-
amplitude stage. Journal of Geophysical Research: Earth Surface.
doi: 10.1029/2019JF005430.
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5.1 Introduction

Tidal sand waves are wavy bed pa�erns found on the bo�om of coastal shelf seas, such
as the South China Sea (Luan et al., 2010; Zhou et al., 2018), Mediterranean Sea (Santoro
et al., 2004), San Francisco Bay (Barnard et al., 2006) and the North Sea (Damveld et al.,
2018b). �ese bed forms have a typical crest-to-crest distance of hundreds of metres
and may grow up to several metres in height (Van Dijk et al., 2005; Damen et al., 2018a).
Sand waves are also mobile, as they display migration rates on the order of 10 metres per
year in the direction of the dominant tidal current (Besio et al., 2004; Van Santen et al.,
2011). �ey are o�en superimposed by (mega)ripples, which have heights on the order
of centimetres to decimetres (Van Dijk et al., 2008), and are of practical interest since
they in�uence sand transport (Charru et al., 2013). Sediment sorting pa�erns along sand
waves are an o�en observed phenomenon. Usually, sand wave crests are reported to be
coarser and be�er sorted compared to the troughs (Terwindt, 1971; Van Lancker et al.,
2000; Stolk, 2000; Passchier et al., 2005; Svenson et al., 2009), although at some �eld sites
the opposite is observed as well (Anthony et al., 2002; Roos et al., 2007a). Some mon-
itoring campaigns have also recorded the sediment characteristics on the slopes, and
they revealed that the lee slopes are generally comprised of �ner sediments with re-
spect to the stoss slopes (Cheng et al., 2020b). Moreover, �eld observations have shown
that sand wave morphology is strongly related to the characteristics of the sediment, as
sand wave heights increase for increasing grain size (Flemming, 2000; Ernstsen et al.,
2005; Damen et al., 2018a).

�e combination of dimensions and dynamic behaviour of sand waves explains they
may interfere with various o�shore human activities, such as navigation (Dorst et al.,
2011), and the construction of pipelines (Németh et al., 2003) and wind farm cables (Ro-
etert et al., 2017). Additionally, the well-sorted crests of sand waves provide a valuable
resource for nature-based coastal protection measures (e.g. sand nourishments). �ere-
fore, knowledge on the processes governing sand waves dynamics and dimensions, in-
cluding its sedimentary structure, is crucial for both the safety of shipping and o�shore
civil engineering constructions, and the formulation of sustainable coastal management
strategies.

�e initial formation of tidal sand waves has been extensively studied in the past dec-
ades by means of linear stability analysis (e.g. Hulscher, 1996; Blondeaux et al., 2005a;
Damveld et al., 2019). �ese studies demonstrate how the interaction of an oscillat-
ing tidal current with small bed undulations induces a tide-averaged net circulation
with near-bed velocities in the direction of the crests of the bed topography and, con-
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sequently, sediment transport in the same direction. �is mechanism is opposed by
gravity, which favours a down-slope sediment transport. �e competition between
these two forces ultimately determines the appearance of the bed forms. Among vari-
ous extensions of the model by Hulscher (1996), Van der Veen et al. (2006) showed that
correcting for grain size diameters improves the prediction of sand wave occurrence
in the North Sea. Later, Van Oyen et al. (2009a) extended the model with a bimodal
sediment mixture (i.e. two grain size classes) to account for sediment sorting processes.
�ey showed that sediments are indeed redistributed over sand waves, leading to either
coarser or �ner crests. �is mainly depends on two physical mechanisms. First, the
balance between hiding/exposure and reduced mobility e�ects results in coarser (�ner)
crests for strong (weak) tidal currents. Second, the di�erent sediment fractions exhibit
distinct excursion lengths and can thus be transported over a di�erent number of sand
waves, counteracting the sorting process. Additionally, Van Oyen et al. (2009b) showed
that the preferred wavelength decreases (increases) due to the presence of a coarser
(�ner) sediment mixture, which was particularly related to suspended sediment trans-
port. A model-�eld comparison by Van Oyen et al. (2013) revealed that the sorting
processes were fairly well captured by the model.

However, a basic limitation of the above mentioned modelling studies is that they only
investigated the initial formation stage, since they are restricted to small-amplitude per-
turbations. To investigate the nonlinear processes which determine the (equilibrium)
dimensions and dynamics, recently several numerical process-based models have been
formulated (Németh et al., 2007; Van den Berg et al., 2012; Campmans et al., 2018; Van
Gerwen et al., 2018; Damveld et al., 2020). Despite that these models are able to simu-
late the �nite-amplitude stage from a �at bed towards an equilibrium, the modelled sand
wave heights are overestimated by several metres. Moreover, nearly all these models
neglect sediment sorting processes as they employ a uniform sediment composition. In
fact, as of yet there is only one modelling study that investigated the e�ects of a sedi-
ment mixture in the nonlinear sand wave regime (Roos et al., 2007a), which considered
a bimodal mixture similar to Van Oyen et al. (2009a) and Van Oyen et al. (2009b). Roos
et al. (2007a) showed that coarser sediments tend to accumulate at the crests, whereas
the troughs stay well-mixed. Moreover, contrasting the results from previous studies,
Roos et al. (2007a) did not �nd a change in wavelength due to sorting processes. How-
ever, this model ignored a few essential processes (e.g. suspended sediment transport,
advanced turbulence description) which have shown to be important in modelling the
�nite-amplitude stage of sand waves (Van Gerwen et al., 2018). Notably, also this study
signi�cantly overestimated the equilibrium wave height (up to a factor two), which
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could very well be the consequence of the simpli�ed model formulation.

We thus conclude that, despite sediment sorting processes over sand waves have been
well-studied for the initial stage of formation, knowledge on these processes related
to �nite-amplitude behaviour is limited. Furthermore, it is likely that the currently
available �nite-amplitude models are lacking one or more important processes, as they
generally overestimate the equilibrium sand wave height. Since it has been shown that
suspended sediment transport has a decreasing e�ect on the equilibrium height (Ster-
lini et al., 2009; Van Gerwen et al., 2018), and that sediment concentrations in the water
column are be�er approximated by including a mixed sediment composition (Van Oyen
et al., 2009b), we expect that combining a grain size mixture, suspended sediment trans-
port and an advanced turbulence formulation in a numerical model shall lead to a more
accurate estimation of sand wave dimensions and dynamics. In addition, representing
the bed composition by merely a bimodal mixture seems rather crude, as the bed is much
more heterogeneous (e.g. Cheng et al., 2018). �erefore, sand wave models are likely
to bene�t from a more accurate description of the sediment composition. Altogether,
addressing these limitations enables us to expand our understanding of the nonlinear
processes governing sediment sorting in relation to �nite-amplitude sand waves.

Hence, the goal of this chapter is twofold: we aim (i) to understand the e�ects of a multi-
fractional sediment composition on the nonlinear morphological behaviour (wavelength,
migration, equilibrium height) of �nite-amplitude sand waves, and (ii) to reveal how
sediment sorting characteristics (mean grain size, sortedness) di�er between the �nite-
amplitude stage and the (initial) small-amplitude stage of sand wave development. To
this end, the modelling approach proposed by Borsje et al. (2013) and Borsje et al. (2014b)
and Van Gerwen et al. (2018) – based on the numerical process-based model Del�3D
(Lesser et al., 2004) – is used and extended to incorporate multiple sediment fractions
and vertical bed stratigraphy. In addition, in this study we investigate symmetrical and
asymmetrical forcing conditions, with the la�er leading to migrating and asymmetrical
sand waves.

5.2 Model formulation

Since we extend earlier work by Borsje et al. (2013) and Borsje et al. (2014b) and Van
Gerwen et al. (2018), we restrict ourselves to presenting the details regarding mixed
sediment transport and bed evolution. Note that the method described below is readily
available in Del�3D (see Deltares (2012)) and that we present the main components
which are relevant for this work. For further information about the hydrodynamics we
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refer the interested reader to one of the above mentioned references, or to Appendix
5.A for a short summary.

5.2.1 Active layer and bed stratification

Let us consider a shallow sea of average depth �0, with a sandy seabed consisting of
cohesionless sediments on top of an unerodible bedrock layer (Figure 5.1). Following
a 2DV approach, we de�ne a Cartesian coordinate system (G, I) with the G-coordinate
pointing horizontally and the I-coordinate pointing upward, corresponding to the ve-
locity components D and F , respectively. �e exchange of sediments between the bed
and water column is modelled by means of an extended version of the classical active
layer approach (Hirano, 1971; Ribberink, 1987). In the classical approach, it is assumed
that the seabed consists of two layers: the active layer (formally the dynamical active
layer (Church et al., 2017)) with constant thickness !a and the substrate underneath the
active layer. �e total available sediment thickness !tot may vary in space and time,
but is initially spatially uniform. All layers are assumed to be well-mixed and only the
sediments in the active layer are instantaneously available for transport.

While the active layer approach is suitable for the initial formation of sand waves, as
shown by Van Oyen et al. (2009a) and Van Oyen et al. (2009b), the method is unable to
describe the vertical sedimentary structure (e.g. the internal history) of a sand wave in
the �nite-amplitude stage. �is is in particular important for migrating sand waves, as
the internal structure then gets exposed over time. �erefore we also apply a layered
approach to the passive substrate in order to allow for bed strati�cation (Deltares, 2012).
�e substrate is divided into a number # of (well-mixed) underlayers of thickness ! (=)u

and maximum thickness !u,max, and a (well-mixed) baselayer. �e thickness of the ba-
selayer !b follows from the total sediment thickness !tot minus the combined thickness
of the active layer and underlayers.

Figure 5.1 illustrates the procedure of deposition and erosion within the layered bed.
Deposition leads to a �ux of sediments from the active layer towards the underlayers.
If the top underlayer reaches its maximum thickness !u,max, a new (top) underlayer is
created and the bo�om underlayer merges with the base layer. Conversely, in case of
erosion, the active layer will be replenished from the top underlayer. Depending on the
amount of erosion, the top underlayer may disappear and the process will continue with
the next underlayer. Note that in case of deposition this implementation neglects the
contribution of the bed load to the sediment �ux towards the substrate, which would
physically more realistic (Parker, 1991; Hoey et al., 1994). Nonetheless, this approach
has been successfully applied in modelling studies in the riverine (Williams et al., 2016),
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Figure 5.1

Top: Side view of the water column and strati�ed bed, illustrating the coordinate system (G, I) with
corresponding velocity components (D, F) , bed level Ib, free surface level Z and average depth �0.
Within each layer (=) the grain size class ( 9 ) is characterised by a grain size 3 and mass sediment
fraction F. �e thickness of the layers is indicated by !, where the subscripts a, u, b, tot refer to the
active, under-, base- and total layer, respectively. �e grey area below denotes the unerodible bedrock
layer.
Bottom: Deposition and erosion process for a total number of underlayers # = 2. Note that in the
deposition example the layers are rearranged due to the new top underlayer (u1 → u2) , the lowest
one being absorbed by the baselayer.
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estuarine (Van der Wegen et al., 2011; Guerin et al., 2016) and coastal (Reniers et al.,
2013; Huisman et al., 2018) environment.

5.2.2 Heterogeneous sediment transport and bed evolu-

tion

�e seabed is assumed to consist of heterogeneous cohesionless sediments. �e bed
composition is modelled by introducing a �nite number � of sediment fractions with
grain size 3 ( 9) and mass fraction F ( 9) . Note that these fractions are allowed to vary in
time and space, constrained by

∑�

9=1 F ( 9) = 1. �e grain sizes in the sediment mixture
can be described by the logarithmic phi-scale (Krumbein, 1934)

q ( 9) = − log2

(
3 ( 9)

3ref

)
, (5.1)

with 3ref = 1 mm. �e arithmetic and geometric mean grain size (subscript m denotes
the mean) are then de�ned as

qm =

�∑
9=1

q ( 9)F ( 9) , 3m =

�∏
9=1

3 ( 9) F
( 9 )

(
= 3ref2−qm

)
, (5.2)

respectively. �e standard deviation fd is a measure for the sortedness of the sediment,
where fd = 0 denotes a perfectly homogeneous bed composition. It is given by

f2
d =

�∑
9=1

(
q ( 9) − qm

)2
F ( 9) . (5.3)

Following Van Rijn et al. (2001) and Lesser et al. (2004), bed load sediment transport per
fraction ( ( 9)bed

[
kg s−1 m−1] is calculated according to

(
( 9)
bed = 0.5Us[ds3

( 9)D∗�
( 9)−0.3
∗ ) ( 9) , (5.4)

in which Us is a slope correction parameter, calculated by

Us = 1 + Ubs

(
tan (Φ)

cos [tan−1 (3Ib/3G)] [tan (Φ) − 3Ib/3G]
− 1

)
, (5.5)

with Ubs being a user-de�ned tuning parameter, which is set to 3 following Van Gerwen
et al. (2018), and Φ the internal angle of friction of sand (30°). Furthermore, [ is the
relative availability of the grain size fraction at the bed, ds the speci�c density of the
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sediment, which is equal for all fractions andD∗ the e�ective bed shear velocity. Finally,
�
( 9)
∗ and) ( 9) are the nondimensional bed shear stress and the nondimensional particle

diameter, respectively, given by

�
( 9)
∗ = 3 ( 9)

[
(ds/dw − 1) 6

a2
w

] 1
3
, ) ( 9) =

g ′b − g
( 9)
b,cr

g
( 9)
b,cr

, (5.6)

where aw denotes the kinematic viscosity of water, dw the density of water, 6 the gravit-
ational acceleration, g ′b the grain-related bed shear stress and g ( 9)b,cr the critical bed shear
stress based on a parametrization of the classical Shields curve. No bed load transport
occurs if gb 6 g

( 9)
b,cr.

Next, the suspended sediment concentration per fraction 2 ( 9) in the water column is
calculated by solving an advection-di�usion equation

m2 ( 9)

mC
+
m
(
D2 ( 9)

)
mG

+
m

( [
F −F ( 9)s

]
2 ( 9)

)
mI

=
m

mG

(
ns,G

m2 ( 9)

mG

)
+ m

mI

(
ns,I

m2 ( 9)

mI

)
, (5.7)

in which F ( 9)s is the friction-dependent sediment se�ling velocity (see below), and ns,G

and ns,I are the sediment di�usivity coe�cients in G and I direction, respectively. �ese
di�usivity coe�cients are taken equal to the horizontal and vertical eddy viscosity, re-
spectively, and are thus independent of the grain size fraction.

Due to the presence of other particles, the se�ling velocity F ( 9)s is potentially reduced.
�is hindered se�ling e�ect (discussed in Van Rijn (2007)) is included as a function of
the non-hindered se�ling velocityF ( 9)s,0 and the sediment concentration

F
( 9)
s =

(
1 − 2

tot

�ref

)5
F
( 9)
s,0 . (5.8)

Here,�ref
(
= 1600 kg m−3) is the reference density and 2 tot =

∑�

9=1 2
( 9) is the sum of the

mass sediment concentration 2 ( 9) of all fractions. �e non-hindered se�ling velocity
F
( 9)
s,0 is calculated according to Van Rijn (1993), and reads (valid for3 ( 9) = 100−1000 µm)

F
( 9)
s,0 =

10aw

3 ( 9)
©«
√

1 + 0.01 (ds/dw − 1) 63 ( 9)3
a2

w
− 1ª®¬ . (5.9)

As boundary condition at the water surface (I = Z ), the vertical di�usive �ux is set to
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zero, i.e.

−F ( 9)s 2 ( 9) − ns,I
m2 ( 9)

mI
= 0. (5.10)

�e boundary condition at the bed (I = Ib) is given by

−F ( 9)s 2 ( 9) − ns,I
m2 ( 9)

mI
= � ( 9) − � ( 9) . (5.11)

Here, � ( 9) and � ( 9) are the deposition and erosion rate of the particular sediment frac-
tion, evaluated at the bo�om of the lowest computational layer which is completely
above a reference height 0 above the bed. �e reference height 0 equals 0.01ℎ, with ℎ
as the total water depth, and is imposed to mark the transition between bed load and
sediment load transport (Van Rijn, 2007). Below the reference height the concentration
is assumed to be equal to the reference concentration, i.e. 2 ( 9) = 2 ( 9)0 for I 6 Ib +0. �is
reference concentration reads

2
( 9)
0 = 0.015[ds

3 ( 9)) ( 9)1.5

0�
( 9)0.3
∗

, (5.12)

Further details regarding the bed boundary condition and calculation of the concentra-
tion pro�le can be found in the Del�3D user manual (Deltares, 2012). �e transport of
suspended sediment per fraction ( ( 9)sus

[
kg s−1 m−1] is calculated by

(
( 9)
sus =

∫ Z

Ib+0

(
D2 ( 9) − ns,I

m2 ( 9)

mG

)
3I. (5.13)

Finally, the sediment continuity equation relates local bed level changes to the diver-
gence of sediment �uxes for each sediment grain class individually, and reads

(1 − ?) ds

[
F ( 9)int

mIb
mC
+ !a

mF ( 9)a
mC

]
= −

m

(
(
( 9)
bed + (

( 9)
sus

)
mG

, (5.14)

in which ? is the bed porosity. Furthermore, F ( 9)int denotes the the mass sediment fraction
either in the active layer F ( 9)a (during deposition) or in the top underlayer F (1, 9)u (during
erosion), i.e.

F ( 9)int =

{
F ( 9)a

F (1, 9)u
if

mIb
mC
> 0

mIb
mC

< 0
(5.15)

Summed over all grain size classes, and using
∑�

9=1 F ( 9) = 1, Equation (5.14) reduces to
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(1 − ?) ds
mIb
mC

= −
m

(∑�

9=1 (
( 9)
bed +

∑�

9=1 (
( 9)
sus

)
mG

. (5.16)

5.2.3 Spatial model set-up, parameter choices and tech-

nical details

�e length of the model domain is around 50 km, with a variable grid spacing (Van
Gerwen et al., 2018). �e central part of the domain comprises 750 evenly distributed
grid cells of width ΔG = 2 m, which gradually increases to ΔG = 1500 m at the lateral
boundaries (see Figure 5.2a). �e �ner part of the grid is extended in the direction of
the net �ow in case of a residual current. In the vertical the model has 60 f-layers, with
a high resolution near the bed (0.05 % of the local water depth), gradually decreasing
towards the surface. Riemann boundary conditions are imposed at the lateral bound-
aries to allow outgoing waves to cross the boundary without re�ecting back into the
domain (Verboom et al., 1984). Moreover, the extension of the grid from the area of in-
terest towards the lateral boundaries is su�ciently long to neglect any other boundary-
related in�uences, both for hydrodynamics and morphodynamics. �e hydrodynamic
time step ΔC is 12 s and a spin-up time of one tidal cycle is performed during which no
bed level changes are allowed. To speed up calculations, a morphological acceleration
factor (MORFAC, see Ranasinghe et al. (2011) for a discussion) can be used. We have
found a MORFAC of 500 to be suitable, since additional runs with a lower MORFAC
(250 and 100, presented in Figure 5.9 in Appendix 5.B) did not a�ect the results in a sig-
ni�cant way. As a consequence, one tidal cycle approximates 0.7 yr of morphological
development. With this MORFAC, simulating 100 years of morphological development
takes �ve days on a HPC (high performance computing) facility. A sensitivity analysis
regarding the numerical model set-up can be found in Van Gerwen (2016).

Furthermore, the thickness of the active layer !a is set to 0.5 m (see also Section 5.4.2),
and a total of 60 underlayers are de�ned with each a maximum thickness of !u,max =

0.15 m. �e thickness of the baselayer !b is then de�ned such that, together with all
other layers, the (initial) total thickness of the mobile bed !tot adds up to 20 m.

As explained by Van Gerwen et al. (2018) and Damveld et al. (2020), small variations in
model se�ings may shi� the preferred wavelength of the emerging sand wave (fastest
growing mode, i.e. FGM). �erefore, we �rst study the e�ects of a sediment mixture on
the FGM during one tidal cycle, by analysing the growth and migration rates of a set
of small-amplitude sand waves with varying wavelengths, which is further explained
in Section 5.3.1. Note that we use MORFAC = 1 in the calculations for the FGM. Sub-
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Figure 5.2

In (a) the initial bed topography with wavelength _0 = 216 m and amplitude �0 = 0.5 m, based on
the symmetrical result (with fd = 0) in Section 5.3.1. �e dots also indicate the G-coordinates of the
grid and the resulting grid spacing, and the shading denotes the �ne-spaced part (ΔG = 2 m) of the
grid.
In (b) the probability density function ?0 of a sediment mixture with qm = 1.51 (3m = 0.35 mm) and
fd = 0.5. �e grey columns denote the four grain size classes used in the numerical experiments.
Note that the standard deviation of these four classes is slightly lower due the discrete representation
of the PDF.

sequently we use the FGM as a starting point for the �nite-amplitude stage, such that
we may bypass the initial growth stage – and save valuable computational resources.
An example of such an initial bed topography is given in Figure 5.2a.

�e system is forced by the (2 tidal constituent
(
angular frequency fS2 = 1.45 × 10−4 s−1)

in such a way that at the lateral Riemann boundaries a depth-averaged velocity amp-
litude of *S2 = 0.65 m s−1 is a�ained. Furthermore, in some simulations a residual cur-
rent of *S0 = 0.05 m s−1 is superimposed to the tidal forcing. �e mean water depth
(�0 = 25 m) is equal for all simulations. �e roughness of the bed is described by the

139



Chézy coe�cient � , which can be calculated by

� = 18 log10

(
12�0
:B

)
, (5.17)

with the roughness height :B as proposed by Soulsby et al. (2005a) and Soulsby et al.
(2005b). For details on the calculation of this ripple predictor, see e.g. Cherlet et al. (2007)
and Van Gerwen et al. (2018). Given the se�ings used in this work, Equation (5.17)
leads to a Chézy coe�cient of � = 75 m1/2 s−1. Note that we use the mean water depth
�0 to calculate the Chézy coe�cient, whereas this should formally be the (space- and
time-dependent) total water depth ℎ. However, for the cases considered in this chapter,
correcting for the total water depth leads to variations in� of only a few percent.

Finally, following Van Oyen et al. (2013) we assume that the sediment composition is
normally distributed on the phi-scale. As a consequence, we de�ne a probability density
function (PDF) according to

?0 =
1

fd
√

2c
exp

(
−1

2

[
q − qm
fd

]2
)
. (5.18)

For each of the following cases we consider a total of four di�erent grain size classes
(� = 4) with a �xed geometric mean grain size and a varying standard deviation. �e
mass fractions F ( 9) then follow from the PDF, illustrated in Figure 5.2b for a standard
deviation of fd = 0.5 and geometric mean grain size of 3m = 350 µm. �e bin size (Δq)
of each class is set equal to the standard deviation, such that the grey columns denote
the discrete PDF of the modelled sediment mixture.

Parameter values regarding the model set-up and sediment composition are summarised
in Table 5.1, based on a typical North Sea se�ing (see e.g. Borsje et al. (2009b) and Van
Gerwen et al. (2018)).

5.3 Results

5.3.1 Initial small-amplitude stage

First we analyse the initial morphodynamic response in terms of the growth and migra-
tion rate as a function of the topographic wave number : = 2c/_, with wavelength _.
�is is done for a number of sediment mixtures with varying standard deviation. �ere-
fore, the initial wave number : is varied in ten equal steps from 0.008 m−1 (_ = 800 m)
to 0.063 m−1 (_ = 100 m), a�er which a 4th order polynomial is ��ed to the resulting
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Table 5.1: Overview of the model parameters.

Description Symbol Values Unit

Tidal velocity amplitude *S2 0.65 m s−1

Residual current strength *S0 0.05 m s−1

Geometric mean grain size 3m 0.20 – 0.45 mm
Sortedness (standard deviation) fd 0 – 0.75 -
Average water depth �0 25 m
Chézy roughness � 75 m1/2 s−1

Initial sand wave amplitude �0 0.5 m
Initial sand wave wavelength _FGM 216; 226 m
Hydrodynamic time step ΔC 12 s
Grid spacing (�ner part) ΔG 2 m
Morphological acceleration factor MORFAC 1; 500 -
Slope e�ect tuning parameter Ubs 3 -
Active layer thickness !a 0.5 m
Total (initial) layer thickness !tot 20 m
Maximum underlayer thickness !u,max 0.15 m

Symbol Sediment mixtures† Unit

fd 0 0.1 0.2 0.3 0.4 0.5 0.75 −

3 (1) 0.35 0.32 0.28 0.26 0.23 0.21 0.16 mm
F (1) 100 13 13 13 13 13 13 %
3 (2) 0.34 0.33 0.32 0.30 0.29 0.27 mm
F (2) 37 37 37 37 37 37 %
3 (3) 0.36 0.38 0.39 0.40 0.42 0.45 mm
F (3) 37 37 37 37 37 37 %
3 (4) 0.39 0.43 0.48 0.53 0.59 0.76 mm
F (4) 13 13 13 13 13 13 %
†�e sediment mixtures display grain sizes 3 ( 9 ) and mass fractions F ( 9 )

given an increasing standard deviationfd. �e geometric mean grain size
3m for each mixture is 0.35 mm. Note that the additional mixtures used in
Figure 5.8 (based on a di�erent mean grain size) are not included in this
overview, but that these can easily be calculated following the procedure
at the end of Section 5.2.3.
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growth rates (see below).

Using a complex notation, we write the bed level as follows:

Ib = <{� exp (8:G)} , (5.19)

where< denotes the real part and � a complex bed amplitude. As a result – and given
that small-amplitude perturbations display exponential growth – the growth W and mi-
gration rate 2mig are calculated following Borsje et al. (2014b), and read

W =
1
)
<

[
log

(
�1
�0

)]
, 2mig =

−1
:)
=

[
log

(
�1
�0

)]
. (5.20)

Here, ) is the (tidal) period, �0 and �1 are the initial and calculated bed amplitude,
respectively, and = is the imaginary part. �e calculated bed amplitude is determined
a�er one tidal cycle by means of a Fast Fourier Transform of the most central sand wave
in the domain. Positive (negative) growth rates indicate sand wave growth (decay),
whereas positive migration rates indicate migration in the positive G-direction.

Figure 5.3 presents the growth and migration rates for an increasing standard deviation
fd. For both a symmetrical (panel (a)) and an asymmetrical forcing (panel (b)), it appears
that the wavelength of the fastest growing mode (FGM) increases with an increase in
standard deviation. Moreover, the associated growth rates decrease. In the symmet-
rical case the wavelength of the FGM ranges from 216 m (fd = 0, see Figure 5.2) to
236 m (fd = 0.5), whereas this is 226 m to 249 m in the asymmetrical case. �is relation
between sortedness and preferred wavelength qualitatively agrees to the relation found
by Van Oyen et al. (2009b).

By considering the superposition of an (2 signal and a residual current
(
*S0 = 0.05 m s−1) ,

the sand waves display migration. �e results show that also the migration rate is af-
fected by the presence of a mixed sediment composition (Figure 5.3c). Apart from a
steady increase in migration with an increasing wave number, the migration rate in-
creases for an increasing standard deviation, as well. �e migration rate of the FGM
ranges from about 5 m yr−1 for a perfectly homogeneous sediment composition (fd = 0),
to 5.5 m yr−1 for a mixture with standard deviation fd = 0.5. As one might expect, the
symmetrical forcing case displays no migration at all (and thus not shown here).

Next, we analyse the initial sediment sorting processes in the small-amplitude regime.
To illustrate this, we present the case with the largest range in grain size (fd = 0.5),
and focus on the response in terms of the mean grain size and sortedness (i.e. standard
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Figure 5.3

Growth (W ) and migration
(
2mig

)
rates in the small-amplitude sand wave regime for an increasing

standard deviation fd. In (a) the results for a symmetrical forcing and in (b, c) those for an asymmet-
rical forcing. �e marker denotes the FGM for the run under consideration.
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Figure 5.4

Morphological development a�er one tidal cycle (i.e. 0.7 yr because MORFAC = 500), for the case
with a standard deviation of fd = 0.5. In (a, c) the results for a symmetrical forcing and in (b, d)
those for an asymmetrical forcing

(
*S0 = 0.05 m s−1) , where the arrows indicate the direction of the

residual current. �e top row presents the geometric mean grain size 3m, and the bo�om row the
sortedness (de�ned as the standard deviation fd), where a lighter (darker) shade denotes a higher
(lower) degree of sorting. Note that the colormap for panels (a, b) denote a di�erent parameter than
the colormap for panels (c, d).

deviation). Figure 5.4 shows the sorting results a�er one tidal cycle (with MORFAC =

500) for a symmetrical (a, c) and an asymmetrical forcing (b, d). In general the results
show coarser crests and �ner troughs, while simultaneously the crests tend to be be�er
sorted (lower fd) than the troughs, which is qualitatively similar to what was found by
Roos et al. (2007a). For the other sediment mixtures these observations hold as well,
albeit less pronounced. Furthermore, the case with a residual current in the positive G-
direction displays a small phase shi� between the sand wave and mean grain size. Here
the coarser sediments tend to accumulate just in front of the crests on the stoss slope of
the sand wave. Interestingly, this phase shi� is hardly visible for the sortedness, with
the highest standard deviation occurring in the troughs, similar to the symmetrical case.
�is situation arises if the ratios between the coarse and �ne fractions are roughly each
other’s inverse, which indeed results in a similar sortedness, but di�erent mean grain
size.
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5.3.2 Development towards the eqilibrium stage

Here we �rst shi� our a�ention to the sorting process of �nite-amplitude sand waves,
a�er 20 years (Figure 5.5) and 100 years (Figure 5.6) of morphological development. Note
that, as an addition to the results shown below, a continuous video of the considered
run (0 to 100 years) is available in the Supporting Information.

A�er 20 years we see that for the symmetrical case the sur�cial sorting process contin-
ues with the same upward coarsening trend as a�er one tidal cycle. In addition, in the
crests region also a vertical sorting is visible, with an increasing upward coarsening.
Moreover, the slopes are now be�er sorted than the crests, whereas the troughs remain
well-mixed. Figure 5.5e presents the cumulative sediment fractions in the active layer
as de�ned in Table 5.1, where the spatial variation is clearly illustrated. In particular
the �nest and coarsest grain size fractions are a�ected at this stage. Interestingly, the
wavelength of the coarsest fraction is half the wavelength of the �nest fraction (and
that of the sand wave). �is is caused by the fact that in the trough the largest grains
are partly immobile. Hence, the crest-directed transport of coarse grains is lower in the
trough than on the slopes and the coarsest fraction becomes trapped in the trough. Note
that this mechanism becomes even more apparent in the equilibrium stage presented
further below.

In contrast to the symmetrical case, the sorting process in the asymmetrical case shows
some remarkable changes a�er 20 years, compared to a�er one tidal cycle. Here we see
that the coarsest grain sizes occur on the upper lee side of the crests, but that the �nest
grain sizes occur on the lower lee slope. In other words, the gradient in grain size is
much stronger on the lee slope than on the stoss slope. �e sortedness displays a strong
gradient in the troughs, with a be�er sorting on the lower lee slope. Moreover, due to
the migration (just over 100 m, note the shi�ed G-axis) the internal structure is partly
revealed now and the previously described process consequently creates a vertical sort-
ing as well. �e cumulative fractions in the active layer (Figure 5.5f) con�rm these
observations, and show that particularly the coarsest fraction is much smaller on the
lower lee side. Moreover, both the coarse and medium-coarse fraction show a gradual
increase in the crest in the positive G-direction, with its peak just on the lee side of the
crest.

For the symmetrical case a�er 100 years (Figure 5.6ace) the results show the highest
grain size diameter in the sand wave troughs. �e vertical sorting structure of the crest
reveals a sequential sorting of a relatively coarser, �ner and again a coarser region in up-
ward direction. At the same time, the sortedness still indicates a high degree of sorting
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Figure 5.5

Panels (a, b, c, d) are similar to Figure 5.4, but here for a morphological development a�er 20 yr. In (e,
f) the cumulative grain size fractions F ( 9 )a in the transport (active/top) layer, as well as the bed level
pro�le (white line). �e shi�ed G-axis w.r.t. G = 0 in (b, d, f) indicates the horizontal displacement of
the sand wave.
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on the crests with respect to the troughs.

In the asymmetrical case a�er 100 years (Figure 5.6bdf) roughly three distinct regions
with regard to sorting can be observed. Again, also here the troughs display a coarse
mean fraction and are well-mixed. Conversely, the crests are be�er sorted, but have a
relatively coarse mean grain size. In addition, the transport (top) layer on the crests dis-
play a slightly lower mean grain size than the interior. �e third region consist of both
slopes and the adjacent internal structure, and is characterised by a low mean grain size
and high degree of sorting. Remarkably, as a result of the horizontal displacement of the
sand wave (∼ 550 m) the internal sorting structure of the sand wave shows hardly any
variation in horizontal direction any more, as opposed to the vertical structure.

�e large gradients in grain size fractions on the lee side are the result of the steepness
combined with the transition from a mobile to an immobile transport regime in the
trough region, which potentially leads to local numerical inaccuracies. Moreover, the
absence of lee-face sorting mechanisms may further a�ect the observed sorting pa�ern
on the lee slope. However, since the observed redistribution process was already visible
a�er 20 years (see the peaks in Figure 5.5f), and that these gradients gradually increased
over time (model output not shown here), we are con�dent that these numerical aspects
do not a�ect the qualitative process of redistribution.

�ese observations are further illustrated in Figure 5.7ab, where the sorting character-
istics on the crest and in the trough (top layer only) are plo�ed over time. It is clearly
visible that initially the crests (troughs) become coarser (�ner). Once in the troughs the
threshold of motion is not exceeded any more for the largest fractions, this process re-
verses and a quick increase of both the mean grain size and sortedness occurs (around
30− 40 years). Moreover, towards the equilibrium stage this distribution process stabil-
ises and results in �ner, well-sorted crests and vice-versa. It turns out that during this
relatively short period of time the general sorting pa�erns is formed. Consequently, the
sorting time scale is shorter than that of sand wave evolution (see results below).

Next, to show the wave height evolution of di�erent mixtures (3m = 0.35 mm), we
present in Figure 5.7cd the wave height (on a logarithmic scale) as a function of time. In
order to isolate the e�ect of di�erent grain size mixtures, we �x the initial wavelength
of all cases to the FGM of the uniform sediment sample (fd = 0), see also Figure 5.3
and Table 5.1. It appears that for both the symmetrical and asymmetrical case the mix-
ture only slightly in�uences the wave height; a�er 100 years of development the dif-
ference between the uniform sample and the one with the highest standard deviation
is on the order of decimetres. �e �nal sand wave height is 8.3 − 8.8 m and 7.0 − 7.4 m
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Figure 5.6

Similar to Figure 5.5, but here for a morphological development a�er 100 yr.
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Figure 5.7

Panels (a) and (b) show the sorting characteristics over time on the crest and in the trough. �e le�
axis presents the mean grain size, the right axis the sortedness. �ese results are presented for the
active layer only, and for a standard deviation of fd = 0.5 (same as Figures 5.4 to 5.6). Note that
the actual standard deviation is slightly lower, as illustrated in Figure 5.2b. In panels (c) and (d) the
wave height development over time for a range of di�erent standard deviations with 3m = 0.35 mm.
�e vertical axis is plo�ed on a logarithmic scale to emphasise the linear behaviour during the early
growth stage.
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for the symmetrical and asymmetrical case, respectively. It should be noted that, due to
the decrease in growth rate, the cases with the highest standard deviation still showed
an increase in wave height of a few millimetres per year a�er 100 years. In addition,
Figure 5.7cd also illustrates the exponential growth during the initial small-amplitude
stage, as we assumed for the analysis in Section 5.3.1. In fact, this linear behaviour
continues until a sand wave height of around 4.5 m is reached, a�er which nonlin-
ear e�ects become increasingly dominant and the exponential growth is eventually
damped.

From the initial formation process it is known that in the currently employed shallow
water model a uniform grain size of around 200 − 250 µm leads to negative growth
rates, and thus inherently a �at bed (Borsje et al., 2014b). �is motivates us to study the
sensitivity of the equilibrium wave height to the geometric mean grain size. Again, we
�x the initial wavelength to that of the FGM for a uniform mixture, and we consider
three di�erent standard deviations, namely fd = 0, 0.5 and 0.75.

Figure 5.8a shows a substantial decrease in sand wave height with decreasing mean
grain size. In the case with a standard deviation of fd = 0.5 the range in wave height
a�er 125 years is 4.6− 7.4 m for a geometric mean grain size of 0.25− 0.40 mm, respect-
ively. In particular for the smallest grain sizes the decrease in wave height is strongest.
As expected, due to the increasingly larger dampening e�ect of the (�ne) sediment frac-
tions in suspension (Borsje et al., 2014b) (to be discussed further below), the sand wave
for the mean grain size case of 0.20 mm decays towards a �at bed. �e deformations
which are visible between 75 and 100 years of development for the coarsest grain size
cases are the result of mobility e�ects, as at this approximate (trough) depth the crit-
ical shear stress is not exceeded any more for the largest fractions. Hence, the troughs
are not eroding any more and the overall growth rate initially decreases, a�er which
the crest growth increases slightly to compensate for this e�ect. Note that the di�er-
ent depths at which these deformations occur is due the di�erences in critical shear
stress between the fractions. Finally, similar to the results from Figure 5.7, an increas-
ing standard deviation leads to a further decrease of the sand wave height (Figure 5.8b),
which is further discussed in Section 5.4.1.

5.4 Discussion

We extended the nonlinear sand wave model of Van Gerwen et al. (2018) by including
multiple heterogeneous sediment mixtures and bed strati�cation, which allowed us to
investigate sediment sorting processes over �nite-amplitude sand waves. We showed
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Figure 5.8

In (a) the sand wave height development for di�erent mean grain sizes, all with a standard deviation
of fd = 0.5, given an asymmetrical forcing. In (b) a model-�eld comparison between the modelled
equilibrium sand wave height and �eld data (small grey dots) presented by Damen et al. (2018a). �e
coloured dots represent the cases from (a), other markers denote cases with standard deviation of
fd = 0 (diamonds) and fd = 0.75 (squares). �e black line in (b) is a least-square regression line,
separately calculated for3m < 0.35 mm and3m > 0.35 mm. Note that the vertical axis is now plo�ed
on a linear scale, in contrast to Figure 5.7. Field data available through Damen et al. (2018b).
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that during the earlier growth stages the troughs of sand waves tend to be �ner than the
crests, whereas the opposite holds in the equilibrium stage. Next, increasing the degree
of sorting leads to an increasing reduction of the modelled sand wave height. Below we
discuss �eld observations, the physical interpretation of the results and the limitations
of this chapter.

5.4.1 Field observations and physical mechanisms

Sand wave height

Damen et al. (2018a) presents a large-scale analysis of aggregated data sets on the rela-
tion between various environmental parameters and characteristics of sand waves. �e
data consists of almost 10,000 samples from the Dutch Continental Shelf and has a resol-
ution of one data point per square kilometre. For a model-�eld comparison we use data
on the observed wave height and sediment diameter, which are plo�ed in Figure 5.8b. A
least-square regression line is plo�ed through the data to indicate the relation between
the two variables. As already pointed out by Damen et al. (2018a), the (positive) slope
between sand wave height and grain size is steeper for smaller grain sizes. To emphasise
this, we divided the data in two bins, namely 3m < 0.35 mm and 3m > 0.35 mm.

In Figure 5.8b also the modelled wave heights a�er 125 years (from Figure 5.8a) are
shown. Although close to the upper limit of the �eld data, the trend of the model results
agree well with the �eld observations. Particularly the increasing wave height with
respect to an increasing grain size is well captured by the model. Moreover, the other
large black markers in Figure 5.8b clearly indicate a decrease in wave height for an
increasing sortedness. �is e�ect is strongest for the most �ne and coarse mean grain
sizes. Similar to the deformations in Figure 5.8a, the seemingly deviant result from the
case with 3m = 0.4 mm and fd = 0.75 is due to the transition from a mobile to an
immobile bed.

One should note that each data point represents a di�erent set of �eld conditions,
whereas the model set-up only distinguishes in sediment characteristics. Previous re-
search has revealed that tidal asymmetry and waves also lead to signi�cantly lower sand
waves (Sterlini et al., 2009; Van Gerwen et al., 2018; Campmans et al., 2018). Moreover,
other environmental parameters, such as water depth, current velocity, and the Chézy
coe�cient (which is in turn a function of depth and sediment diameter), are likely to
a�ect the wave height, too, while these parameters were kept constant here.

In general, the model results showed a reduction in wave height as a result of the pres-
ence of a sediment mixture. In particular the smaller fractions in the mixture are re-
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sponsible for this reduction, as smaller sediment grain sizes generally lead to lower
wave heights (e.g. Figure 5.8a). �is is caused by the dampening mechanism of sus-
pended sediment transport, which is the result of the highest suspended sediment con-
centrations occurring downstream of the sand wave crest (Borsje et al., 2014b). As this
phase di�erence is present both during �ood and ebb, the net sediment �ux is away
from the crests. Moreover, Borsje et al. (2014b) showed that this e�ect is inherently lar-
ger for smaller grains, ultimately leading to sand wave decay for small-sized sediment
mixtures. �e distribution of the di�erent grain size fractions in the active layer (Fig-
ure 5.5ef and Figure 5.6ef) corroborate this, since they clearly show the accumulation of
the �nest fraction in the trough region of the sand waves, highlighting the dampening
mechanism of �ne grains.

As already shown by Van Gerwen et al. (2018), tidal asymmetry leads to a further re-
duction in wave height. Due to the presence of a residual current the tide-averaged
circulation is distorted and, hence, convergence of sediments does not occur exactly
above the crests. Here, this observation is con�rmed by the modelled sorting pa�ern.
In the symmetrical case, the coarse sediments clearly accumulate on the crests of the
sand wave (Figure 5.5a), whereas this accumulation is on the lee side slope of the crests
in the asymmetrical case (Figure 5.5b).

Sediment sorting

Here it is not our aim to perform a site-by-site comparison of �eld data and the mod-
elled sorting results. From the �eld sites where extensive grain size measurements are
available, other environmental data are generally not detailed enough to provide a well
estimate for e.g. the local hydrodynamic conditions. Hence, calibrating the model to
a speci�c site may lead to large uncertainties in the magnitude of the modelled grain
sizes. Instead, we look for �eld evidence that are able to con�rm the general sorting
pa�erns presented in this work.

Roos et al. (2007a) and Van Oyen et al. (2013) present a comprehensive overview of sur-
face sorting pa�erns over sand waves in the North Sea. Seven out of the ten reported
�eld sites in these studies are characterised by a coarser crest, compared to the troughs.
Although our model results show a coarsening of the trough in the equilibrium stage
(due to the in�uence of the critical shear stress, see further below), the sorting process
during the earlier growth stages agrees well with these observations. Both in the sym-
metrical and asymmetrical case, the overall trend in the model is a coarser crest with
respect to the troughs. Moreover, the rate of sorting in the �eld indicates a high sor-
tedness (low standard deviation) on the crests, which again agrees well with the model
results. However, the eventual mismatch between the model and the �eld observations
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suggests that some processes are missing or not adequately included.

Of the three reported �eld sites with �ner sediments at the crests, two were located su-
perimposed on larger sand banks (Roos et al., 2007a), whereas the other was in�uenced
by a strong, episodically ocean current (Anthony et al., 2002). �ese background e�ects
hinder the assessment of the responsible mechanism for this observed crest �ning, as
they are likely to in�uence sediment transport pa�erns in these areas to a signi�cant
extent. Despite, our model also showed that �ner crests with respect to the troughs
could occur, which is the result of the coarsest fraction becoming immobile. It turns
out that, when the trough depth increases, the critical shear stress in the troughs is no
longer exceeded for increasingly longer periods of the tidal cycle. �is is clearly visible
in Figure 5.6e, where the coarsest fraction makes up more than 60 % of the sediments in
the trough, whereas the medium-coarse fraction (which is still mobile) is almost fully
eroded. Note that the �nest fractions are still present in the troughs due to the dampen-
ing contribution of suspended sediment transport. Nonetheless, based on the available
data from these �eld surveys it is unclear whether the observed trough coarsening was
the result of mobility e�ects or other processes. In this respect, we recommend to fur-
ther study the role of the threshold of motion in this ma�er by comparing alternative
transport formulations which do not consider this particular process (e.g. Wilcock et al.,
2003).

In the model by Van Oyen et al. (2009b) and Van Oyen et al. (2013) �ner crests were the
result of weak tidal currents which favour the transport of �ne materials. Indeed, this is
similar to what our results suggest, as either weaker currents or coarser sediments lead
to lower transport rates for these coarsest fractions. In fact, our model also revealed
(not shown here) that the initial redistribution of bed materials – instead of the showed
equilibrium situation – may lead to �ner crests if initially the coarsest fraction is (partly)
immobile. Strictly speaking this is even be�er comparable to the results of Van Oyen
et al. (2009b) and Van Oyen et al. (2013) since they only studied the initial formation
process.

However, it is questionable if this particular case of crest �ning is the explaining mech-
anism for the mentioned �eld observations, because of the large uncertainties involved
in the data as discussed above. Moreover, the coarsening of the trough found in the
model is more likely to be analogous to the presence of unerodible (armoured) layers
in the bed, as for instance observed in the English Channel (Le Bot et al., 2004) and
modelled by Porcile et al. (2017).

Other than crest/trough sorting, observations on sorting pa�erns over the slopes are
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more scarce. Cheng et al. (2020b) present a detailed �eld campaign where they found
that the stoss slopes of sand waves are coarser than the lee side slopes. In case of a super-
imposed residual current our model shows comparable results, but only for the initial
response (Figure 5.4b). During the later stages, the peak of mean grain size occurs on the
upper lee slopes, whereas the lower lee slope has a �ner mean grain size (Figure 5.5b).
Since the study by Cheng et al. (2020b) did not report on hydrodynamic conditions, it is
unknown what caused this contradiction. However, an explanation for the model result
might be found in the �uvial environment. �e governing mechanisms for dune form-
ation in rivers and tidal sand waves show quite some similarities (Hulscher et al., 2005).
In case of a superimposed residual current, both sorting mechanisms show an insight-
ful resemblance (e.g. Kleinhans, 2004, and references therein). Grains with the largest
diameter experience the highest se�ling velocity [see Equation (5.9)]. �erefore, these
larger grains are the �rst to be deposited when the �ow velocity decreases, which is on
the upper lee slope. Conversely, the �nest grains are deposited on the lower lee slopes.
Note that if the lee slope angle is high enough, possible other mechanisms which are
excluded in the model (e.g. avalanching) may also a�ect the sorting process. Moreover,
it is recommended to further study the role of the slope correction parameter Us [Equa-
tion (5.4)] on the sorting processes in the slope region, similar to what was done by
Wang et al. (2019) for wavelength and migration in the initial formation stage.

Finally, as a result of migration the model results also reveal the internal structure of the
sand waves. �is structure follows the sedimentation pa�ern described above, where
the coarsest grains accumulate in the upper part of the sand waves, and the �ner grains
in the base of the sand wave. In the equilibrium stage (Figure 5.6b), the active layer at the
stoss slope displays a �ner mean grain size pa�ern than a�er 20 years of development
(Figure 5.5b). Due to the horizontal displacement of the sand wave, the �ner grains
originating from earlier deposits become mixed in the top layer, leading to a �ning of
the stoss slope. In contrast to the lack of �eld evidence for sand waves, a study by Koop
et al. (2019) into migrating mega ripples did reveal a similar sorting pa�ern where both
the lee and stoss side are �ner than the crest and trough. However, all these �eld data
were obtained by box- and multicorers which only describe the upper part (∼ 20 cm)
of the bed, so that the internal structure cannot be assessed. Hence, there is a need
for �eld evidence of deeper sediment layers (using e.g. vibrocorers) that uncovers the
internal structure of sand waves in terms of mean grain size. Alternatively, ancient dune
deposits in terrestrial environments (e.g. the Belgian Brussels Sands (Houthuys, 2011))
can also provide insight regarding the internal sorting of sand waves.
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5.4.2 Assumptions and limitations

�e majority of modelling studies into grain size sorting over marine bed forms con-
sidered the hiding-exposure mechanism (Foti et al., 1995; Walgreen et al., 2004; Roos
et al., 2007a; Roos et al., 2007b; Van Oyen et al., 2009a; Van Oyen et al., 2011). It assumes
that the transport of �ner grains is hindered as they are protected by movement from the
surrounding larger grains. Conversely, larger grains are more exposed, and therefore
transported more easily. Our model did not include this mechanism, so that theoret-
ically the transport rate of �ne grains is overestimated and that of the coarse grains
underestimated. Roos et al. (2007a) pointed out that excluding the hiding-exposure for-
mulation does lead to comparable results for the initial stage of sand wave formation,
and that only the rate of the initial sorting process was enhanced. Moreover, we showed
that our model, by only taking into account sediment mobility e�ects, is able to repres-
ent the observed sorting pa�erns in sand wave areas, so that the hiding-exposure for-
mulation is thus not essential here. �erefore, it is likely that including such a correction
to the sediment transport will lead to di�erences in both the sorting rate and quantit-
ative grain sizes, but that qualitatively the observed sorting pa�erns will not change.
Nevertheless, future e�orts focusing on sorting processes in the �nite-amplitude stage
should include further study on the quantitative e�ects of the hiding-exposure mech-
anism.

Under certain conditions the active layer model may become ill-posed (Ribberink, 1987;
Stecca et al., 2014; Chavarrı́as et al., 2018). In these ill-posed situations, short-wavelength
perturbations may be triggered (by for instance numerical noise) and grow until a point
where the mathematical problem becomes well-posed again. In a practical sense, these
oscillations lead to changes of the strati�ed bed which are physically not valid. Accord-
ing to Chavarrı́as et al. (2018), it is typical for ill-posed problems that �ner grids result
in larger errors since the erroneous perturbations have more space to grow, whereas
solutions of well-posed problems converge with decreasing grid size. For the current
model, it turns out that both the bed level and the sorting properties are not a�ected
by a decreasing grid size (and time step), such that we are con�dent that the presented
results are physically correct. As an alternative to our employed method, recent ad-
vancements have resulted in approaches (e.g. the SILKE model (Chavarrı́as et al., 2019))
that ensure the well-posedness of the active layer concept.

�e thickness of the active layer is assumed to be in the range between a few grain size
diameters (Roos et al., 2007a) and the height of the superimposed bed forms (Van Oyen
et al., 2009b). Here we have set this thickness to a spatially uniform value of 0.5 m,
which is generally larger than the bed forms over sand waves, although megaripples
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on sand wave crests can have wave heights of several tens of centimetres. Still, since
in sand wave troughs ripples are usually much smaller or even absent (Damveld et al.,
2018b), it is likely that the modelled active layer thickness is overestimated in the model.
Importantly, this thickness is related to the time scale of the sorting process (Roos et
al., 2007a), where a larger thickness increases the time scale. Here, the results show
that the sorting time scale is already much shorter than the time scale of sand wave
evolution. An even shorter sorting time scale may lead to a faster coarsening of the
trough and, consequently, hinder sand wave development. �erefore we performed
additional model runs (presented in Figure 5.10 in Appendix 5.B) with an active layer
thickness of 0.25 m and 0.1 m. It turns out that the sorting pa�ern is una�ected by this
decrease of the active layer thickness.

To determine the e�ect of sorting processes on the wave height, we started each simula-
tion with a �xed initial wavelength. However, our results also showed that the preferred
wavelength (FGM) is a�ected by changing sediment characteristics (see also Van Oyen
et al. (2013) and Wang et al. (2019)). Particularly, the wavelength increases for increas-
ing standard deviation (lower sortedness) and for decreasing mean grain size. Since the
equilibrium height is potentially a�ected by a changing wavelength (Blondeaux et al.,
2016; Van Gerwen et al., 2018; Damveld et al., 2020), one should realise that the presen-
ted results for the wave heights are of a particular mode, rather than that of the FGM
of that case. Moreover, Section 5.4.1 already discussed many other variables that a�ect
the wave height. �is complexity strengthens our choice for a �xed mode, which con-
veniently allows to isolate the relation between sediment sorting and �nite-amplitude
behaviour.

We assumed uniform conditions for the initial sediment composition, i.e. a well-mixed
cohesionless sandy bed. However, in reality the bed consists of a wide range of sed-
iments including mud fractions (Cheng et al., 2018), and displays a large spatial vari-
ation, such as the above mentioned bed armouring (Le Bot et al., 2004) and incidental
clay layers (Allen, 1982). Besides, these spatial variations are also expressed through the
nonuniform distribution of benthic organisms over sand waves (Damveld et al., 2018b;
Damveld et al., 2020), and these organisms are able to in�uence sediment transport pro-
cesses to a large extent (Widdows et al., 2002; Malarkey et al., 2015). Furthermore, also
the Chézy roughness coe�cient [Equation (5.17)] was assumed spatially uniform in this
study, whereas it is known that seabed roughness varies over sand waves (Damveld et
al., 2018b). Moreover, as follows from the results, skin roughness is also nonuniform
over sand waves. In turn, these spatial variabilities in seabed roughness may signi�c-
antly a�ect sediment transport processes. Hence, including these nonuniformities in
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the present numerical model may even further explain local variations in the observed
sorting pa�erns.

Finally, the Del�3D model (Lesser et al., 2004) is based on the shallow water assumption,
i.e. the horizontal length scale (wavelength of sand waves) is much larger than the ver-
tical length scale (water depth), such that vertical momentum equation can be reduced
to an expression of hydrostatic pressure. �us, vertical accelerations are assumed to be
small compared to the gravitational acceleration and can therefore be neglected. How-
ever, it is questionable whether these vertical accelerations remain small for equilibrium
sand waves, and in particular near the steep (lee) slope. Hence, it is recommended to
study the di�erences between nonhydrostatic and hydrostatic �ow over equilibrium
sand waves, by, for instance, adopting a similar approach as used by Lefebvre et al.
(2014).

5.4.3 Practical implications

�e current model can be applied for predicting site-speci�c characteristics of sand
waves and, ultimately, determining the morphological e�ect of human-induced disturb-
ances in the marine (sand wave) environment. Additionally, including other known
processes that in�uence nonlinear sand wave morphology (e.g. wind e�ects (Idier et al.,
2002)) would even further increase the predictive capacity. Next, this model can sup-
port benthic habitat mapping, as sediment characteristics are a good indicator for the
presence of benthic organisms (Reiss et al., 2014), thereby providing be�er knowledge
for sustainable ecosystem management. Finally, this model can be used for determin-
ing suitable aggregates for extraction, information which is valuable in a marine spatial
planning context.

5.5 Conclusions

We presented a morphodynamic model which is able to describe sediment sorting pat-
terns in �nite-amplitude sand waves in a more sophisticated way than previously ap-
plied in literature. In particular, we used a multi-fractional approach to describe the
sediment composition, and applied bed stratigraphy to uncover the internal sorting
structure of the sand waves.

�e model results showed that, in general, the troughs of the sand wave hold �ner
sediments than the crests, which corresponds well to �eld observations on sediment
sorting. �is general pa�ern is distorted due to tidal asymmetry, which leads to an
accumulation of coarser sediments on the upper lee slope, and �ner sediments on the
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lower lee slope. Due to sand wave migration this sedimentation pa�ern consequently
also determines the internal structure of the sand wave. Furthermore, since the coarsest
fractions are the ones to �rst experience immobility by not exceeding the critical shear
stress, the sand wave troughs eventually become coarser towards the equilibrium stage,
and an unerodible layer is formed.

�e morphological response to an increasingly less sorted sediment mixture results
in longer wavelengths and lower wave heights. Moreover, by varying the geometric
mean grain size of several heterogeneous sediment mixtures, the model provides estim-
ates of wave heights that are in the range of observed sand wave heights in the North
Sea.
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Appendix

5.A Hydrodynamics

�e hydrodynamics are described by the shallow water equations, a continuity equa-
tion, supplemented with appropriate boundary conditions. Turbulence is represented
by a spatiotemporally varying vertical eddy viscosity. �e model equations are solved
by applying sigma layering in the vertical. Following a 2DV approach we consider �ow
and variation in the horizontal G and vertical I direction only, thus ignoring the Cori-
olis e�ect, which has been shown to be negligible on the length scale of sand waves
(Hulscher, 1996). In terms of f-coordinates, the model equations read

mD

mC
+ D mD

mG
+ l
ℎ

mD

mf
= − 1

dw
%D + �D +

1
ℎ2

m

mf

(
aT
mD

mf

)
, (5.21)
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mC
− m (ℎD)

mG
, (5.22)

in which D is the horizontal �ow velocity in G-direction, l is the vertical velocity in
the moving f-coordinate system, ℎ is the water depth, Z is the free surface elevation,
dw is the water density, %D is the hydrostatic pressure gradient, �D is the horizontal
Reynold’s stress, and aT is the vertical eddy viscosity. �e vertical eddy viscosity aT

is calculated using the : − n turbulence model (Rodi, 1980). �e relation between the
vertical velocitiesF [Equation (5.7)] and l is given by
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+
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+ mZ
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)
. (5.23)

�e boundary conditions at the bed (f = −1) and free surface (f = 0) read

dw
aT
ℎ

mD

mf
= gb, l = 0 at f = −1, (5.24)

dw
aT
ℎ

mD

mf
= 0, l = 0 at f = 0, (5.25)

respectively, with the bed shear stress gb.
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5.B Sensitivity analysis

Figure 5.9

Morphological development a�er 20 yr, here for a decreasing MORFAC. Panels (a, d) are similar to
Figure 5.5bd.

Figure 5.10

Morphological development a�er 20 yr, here for a decreasing active layer thickness. Panels (a, d) are
similar to Figure 5.5bd.
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CHAPTER 6

Discussion



6

�e aim of this thesis has been formulated as follows (see Section 1.5): to determine and

understand the feedbacks among tidal sand waves, benthic organisms and sediment sorting

processes. To achieve this, a combination of �eld observations and di�erent process-
based modelling techniques was used. Before presenting the overall conclusions and
recommendations of this thesis in Chapter 7, �rst the implications of the results and
methods are discussed below.

6.1 Understanding biogeomorphological inter-

actions in the marine environment

Biogeomorphological processes are known to shape a wide range of landscapes, includ-
ing intertidal �ats (Weerman et al., 2010), mangroves (Friess et al., 2012) and coastal
dunes (Baas, 2002). Also in subtidal areas these processes can leave distinct marks in
the landscape (Degraer et al., 2008; Rabaut et al., 2009). Conversely, bed pa�erns of dif-
ferent spatial scales drive the community distribution of these organisms (Baptist et al.,
2006; Van Dijk et al., 2012; Van der Wal et al., 2017; Van Lancker, 2017). Hence, insights
into the two-way coupled feedbacks are crucial for understanding both geomorpholo-
gical and biological evolution.

6.1.1 Thefeedbacksbetweenorganisms and sandwaves

In a sand wave context �eld observations of biogeomorphological interactions are scarce.
Chapter 2 deals with this, by presenting the results of a �eld survey where the relation
between habitat selection and sand wave morphology is studied. Here it was shown
for the �rst time that both epi- and endobenthic organisms have a preference for sand
wave troughs, compared to the crests. It was hypothesised that the higher epi- and
endobenthos densities in sand wave troughs could be explained by di�erences in abi-
otic conditions, such as hydrodynamic stress and sediment characteristics. �e model-
ling results in Chapter 5 explain that mean grain size is generally lower in the troughs
of sand waves, as also o�en observed in the �eld (Van Lancker et al., 2000; Baptist
et al., 2006). Similarly, it is likely that organic ma�er accumulates in the troughs too,
which serves as a food source for benthic species (Lessin et al., 2019), and, consequently,
leads to more favourable habitat conditions. Also in Chapter 2, it was found that sand
ripple pa�erns in sand wave troughs are less abundant than on sand wave crests, and if
present, they have a less regularly-shaped pa�ern. Although di�cult to quantify, these
observations on ripples and biota are potentially related as it is known that the pres-
ence and activity of organisms may a�ect ripple formation (Featherstone et al., 1977;
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Friedrichs et al., 2009). However, from merely a camera feed it is impossible to de-
termine the species type, and with that its potential e�ect on morphological processes.
Moreover, grain size diameter is an important variable controlling ripple occurrence
(Foti et al., 1995), such that the variations in grain size distribution over sand waves
are undoubtedly related to the ripple observations as well. Besides, other than these
di�erences between crest and trough, even more subtle di�erences can be expected,
since boxcorer samples from the same �eld site revealed strong variations in sediment
characteristics over the slopes (Cheng et al., 2020b), which was also visible in the mod-
elling results in Chapter 5. Altogether, the �eld observations in Chapter 2 have clearly
established the relation between sand wave morphology and the spatial distribution of
benthic organisms and sand ripples.

However, it remains di�cult to determine the driving mechanisms behind the spatial
distribution of organisms and ripples over sand waves from �eld observations alone.
�erefore, in Chapters 3 and 4 process-based biogeomorphological models have been
developed and applied to determine the coupled feedbacks between sand waves and
benthic organisms. For the initial process of formation (Chapter 3) emerging sand wave
pa�erns are found to be able to drive the spatial distribution of organisms, as benthic
biomass tends to accumulate in the troughs. Moreover, this relationship is also visible
for the �nite-amplitude stage, as the model results in Chapter 4 showed that the tube-
building polychaete worm Lanice conchilega occurs in higher numbers in sand wave
troughs. In both modelling approaches a similar procedure was adopted to describe
biological evolution, i.e. a general growth law constrained by a variable carrying ca-
pacity. �is carrying capacity was linearly related to spatial variations in bed shear
stress, with a higher potential for growth in case of lower shear stress. However, these
proposed parametrisations are highly idealised and it is unlikely that the linear rela-
tion is an accurate representation of the biological behaviour in the �eld (Austen et al.,
1999; Friedrichs et al., 2000). Even so, previous research (e.g. Herman et al., 2001; De
Jong et al., 2015a) has shown that species distribution is correlated to, amongst other
variables, bed shear stress, which is evidently assumed by the modelling results in this
thesis.

Also the e�ect of the organisms on morphological evolution has been studied using
these biogeomorphological models. �e linear model in Chapter 3 showed that growth
rate and the preferred wavelength (fastest growing mode, FGM) may change due to
the presence of benthic organisms. Moreover, in case of a �at bed, spatial variations
of benthic organisms may trigger sand wave pa�erns. In the �nite-amplitude model
(Chapter 4), tube-building worms were able to in�uence wavelength and growth rate as
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well, whereas the equilibrium height was only weakly a�ected. An important di�erence
between the two models is the implementation of the organisms’ e�ect on morphology.
In the former, an implicit coupling between the bo�om roughness and the biomass
density was applied, whereas in the la�er the biological e�ect on hydrodynamics was
implemented in an explicit manner. In particular, the large-scale morphological e�ects
in this la�er model were the indirect result of the autogenic activities of L. conchilega,
where small mounds triggered the growth of sand waves with smaller wavelengths than
in an abiotic situation. �e insight that biotic activities may in�uence the initial form-
ation process of sand waves, by either increasing or decreasing the FGM, was already
recognised by Borsje et al. (2009a) and Borsje et al. (2009c). �ey showed that di�er-
ent species types have di�erent e�ects on sand wave morphology, inherently related
to the organisms being either stabilisers or destabilisers (Widdows et al., 2002). In the
end, whether, and to what extent, a particular organism is able to in�uence sand wave
morphology depends on several variables, where density, distribution and, above all,
species behaviour are the most important factors.

6.1.2 Relevance to other bed form types

Marine environments display a number of di�erent bed form types (see Figure 1.1), of
which sand waves are identi�ed as the most relevant to study from a practical point
of view. �e results in this thesis can help to understand and predict the interactions
between organisms, sediment transport processes and sand waves. �ese insights are
also relevant for other bed forms which are encountered in these areas, although the
spatial and temporal scales may di�er signi�cantly.

�e relation between spatial habitat distribution and bed forms of di�erent dimensions
is clearly established, for instance for (mega) ripples (Barros et al., 2004; Van der Wal
et al., 2017) and shoreface-connected ridges (Van Dijk et al., 2012; Markert et al., 2015).
Analogous to the here employed methodologies, biogeomorphological interactions can
also be included in process-based models describing the evolution of these other bed
form types. However, scale di�erences are likely to lead to di�erent results. Large-
scale bed forms (ridges) evolve over much longer time scales than sand waves. It may
therefore be expected that the e�ect of biological activity on morphodynamic evolution
is only of minor importance, as the results for sand waves indicated that in particular
the early growth stages were a�ected, and to a lesser extent the long-term behaviour
(Chapter 4). On longer time scales, the coupling turns out to be merely a one-way in-
teraction, with the morphological structure driving the distribution of organisms. Con-
versely, smaller bed form types (ripples) evolve over much shorter time scales, such
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that biophysical processes are much more likely to interact in both feedback directions.
In particular in areas close to shore, where the number of species and their biomass is
higher, these coupled interactions can signi�cantly determine the shape of the environ-
ment (e.g. Van de Vijsel et al., 2019).

6.2 Modelling techniqes

�e applied models in this thesis are of the process-based type, i.e. models that are
based on a mathematical representation of the fundamental laws of physics. Although
the models generally rely on the same physical processes (e.g. shallow water equations),
a number of physical details di�er, whereas also the solution method is di�erent. �ese
di�erences make the model outcomes di�cult to compare in a qualitative way and that
the intended application di�ers too.

Amongst various other physical di�erences, the main physical contrast between the
models is re�ected in the turbulence formulation and sediment transport formulations.
�e small-amplitude model based on a linear stability approach (LSA) in Chapter 3 uses
a constant eddy viscosity, whereas the �nite-amplitude Del�3D model in Chapters 4
and 5 uses the spatially and temporally varying : − n turbulence model. �ese di�er-
ences in the turbulence formulation may have signi�cant implications for the predicted
model outcomes, as previously shown by Borsje et al., 2013. �ey demonstrated that,
when using a constant eddy viscosity, the near-bed velocity was almost twice as high
compared to a situation where the : − n model was used, inherently leading to signi-
�cant di�erences in sediment transport. Although a more complex solution method is
required, also the LSA model can be extended with a more re�ned turbulence model,
as demonstrated by Blondeaux et al. (2005b) and Besio et al. (2006). Furthermore, in the
LSA model only bed load sediment transport was included, whereas the Del�3D model
also accounted for suspended sediment transport. �e inclusion of suspended sedi-
ment has been shown to be an important mechanism in the description of sand wave
evolution, as sediments in suspension dampen sand wave formation, and lead to lower
sand wave heights (Sterlini et al., 2009; Borsje et al., 2014b; Van Gerwen et al., 2018).
Moreover, Chapter 5 showed that the inclusion of suspended sediment is also important
in case of multiple sediment fractions, since the smallest fractions have a much larger
contribution due to the ability to be entrained into the water column.

Furthermore, an important di�erence between the models is the solution method. �e
Del�3D model (see Chapters 4 and 5) is solved fully numerically, using �nite-di�erence
techniques. For the computational domain a staggered grid is used in the horizontal
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plane, whereas f-layering is applied in the vertical. Conversely, the LSA model (see
Chapter 3) is based on a linearisation of the model equations, which allows to describe
the horizontal spatial structure of the �ow using Fourier components. As a consequence,
the three-dimensional system of partial di�erential equations reduces to a one dimen-
sional system of ordinary di�erential equations per temporal component. �ese are
solved analytically for the basic state and using standard numerical techniques for the
perturbed state. Importantly, these di�erences in solution method are clearly expressed
in the required computational time: minutes (LSA) in contrast to days (Del�3D).

A straightforward method to decrease computational time in the Del�3D model is the
application of a MORFAC (as in Chapters 4 and 5). However, numerical inaccuracies,
which are inherently present, are also ampli�ed while introducing a MORFAC. Moreover,
it can be expected that the MORFAC should be considerably smaller when dealing with
complex morphology and highly nonlinear forcing conditions. �erefore, it is always
necessary conduct a sensitivity analysis to determine whether the model results are
independent of the MORFAC (Ranasinghe et al., 2011).

An important constraint of LSA is that the method is assumed to be only valid for small-
amplitude sand waves

(
n =

amplitude
water depth � 1

)
, such that exponential growth or decay

applies. As from the method itself it is impossible to determine until what value of n
this exponential behaviour remains valid, studying the temporal evolution of an initial
topography (e.g. as done in Chapter 3) should be regarded as a theoretical exploration.
However, the results from the Del�3D model (see Figure 5.7) showed that exponential
growth of sand waves occurs until a much higher sand wave amplitude than generally
assumed. Hence, also LSA models can be applied to study the temporal evolution of si-
nusoidal bed pa�erns in a more qualitative way, although the simpli�ed physics should
be considered here as well.

Also other numerical sand wave models exist in literature that are able to describe the
evolution of �nite-amplitude sand waves (Van den Berg et al., 2012; Campmans et al.,
2018). One aspect that these models su�er from is that the modelled sand waves keep
increasing in wavelength until they are equal to the domain length. As a consequence,
the domain length in these models is o�en chosen to be restricted to the length of the
fastest growing mode. As this is likely a model artefact according to Campmans (2018),
one or more physical processes are potentially missing or misinterpreted. In contrast,
in the Del�3D model these issues are not present and a morphodynamic equilibrium
is reached (see Chapters 4 and 5 and Van Gerwen et al. (2018)). Borsje et al. (2013)
demonstrated that the : − n turbulence model suppresses the growth of very long sand
waves, which indeed suggests that the use of a more advanced turbulence formulation
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is a solution to this problem.

Finally, both the LSA and Del�3D model can be used for studying natural dynamics, as
well as assessing o�shore interventions (to be discussed in Section 6.5), yet their spe-
ci�c applicability di�ers. �e highly idealised LSA model is best suited for analysing
the initial (morpho- and biodynamic) response and large-scale sensitivity analysis of
the model parameters. Conversely, the Del�3D model should be used for studying the
(equilibrium) dimensions and dynamics of sand waves. Furthermore, the complexity of
its model formulation is ideal for detailed predictions of the response a�er interventions,
given that the local variabilities (e.g. sediments, biota) are carefully mapped. However, it
should be noted that due to increased computational abilities nowadays, including High
Performance Computing facilities, these type of complex numerical models can be more
and more applied for systematic research and not only for site-speci�c engineering ap-
plications. Moreover, also other methodologies exist that can signi�cantly decrease the
computational demand of these numerical models, such as multi�delity models (Ber-
ends et al., 2019). �eir downside is that they o�en involve grid coarsening, such that
small-scale processes – which are here found to be important for sand wave modelling
– can not be resolved. Nevertheless, using both process-based modelling approaches in
a complementary manner is still essential in understanding the complex and fascinating
bed features that the marine environment has to o�er us.

6.3 The complex natural variability of the sea-

bed

Coastal shelf seas display high spatial variabilities in environmental properties, among
which depth is perhaps the most apparent example. Depth is also an important variable
controlling the occurrence of sand waves, as sand waves in, for instance, the North
Sea are commonly observed in a semi-shallow areas of 20 to 40 m water depth, which
comprises only a small part of the continental shelf. All sand waves share a resemblance
in rhythmic appearance and orientation, but have distinct appearances when taking
into account other properties. Wave height, for instance, ranges from 2 to 10 m (see
Chapter 5). Moreover, they o�en display a high variability in terms of longitudinal
and transverse length, steepness and asymmetry (Damen et al., 2018a). On a more local
scale, Chapter 2 highlighted several seabed properties (presence of biota and ripples, see
Figure 6.1) that vary considerably over sand waves. O�en these local variabilities are
neglected in morphodynamic models, such that their e�ects on sand wave morphology
are unknown. Discrepancies between model predictions and �eld observations could
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Figure 6.1

Video still from a sand wave crest (le�) and trough (right), highlighting the natural variability of the
marine environment. Green laser dots indicate a distance of 30 cm. Stills available from Damveld
et al. (2018a).

thus be the result of excluding these processes. Below several of these natural seabed
variations are discussed.

• A potentially important environmental variable that shows a high spatial variab-
ility is the roughness of the seabed, which is considered to be spatially uniform
in the current sand wave models. Seabed roughness originates from, amongst
others, sediment grain size and superimposed sand ripples (Soulsby, 1983). �eir
observed spatial variability thus clearly indicates that seabed roughness varies
over sand waves. Recent advances in roughness predictors (e.g. Soulsby et al.,
2012) provide the opportunity to study these processes and to assess their ef-
fect on the morphological behaviour of sand waves. However, it should be noted
that also ripple predictors in some cases fail to provide correct estimates of ripple
conditions in the �eld, as they have been calibrated under laboratory conditions
(Krämer et al., 2016; Brakenho� et al., 2020). Moreover, Krämer et al. (2016) found
that even detection methods for ripple dimensions are not consistent in their out-
comes, underlining the uncertainty in roughness predictions. Nonetheless, ad-
dressing the large variability in seabed roughness can contribute to our under-
standing of observed di�erences in sand wave morphology.

• Furthermore, Figure 6.1 shows large aggregates of shells in the trough of a sand
wave, which have a much higher threshold for the initiation of motion than sand.
Similarly, also gravel layers (Le Bot et al., 2004) and clay layers (Allen, 1982) are
observed in sand wave areas. Potentially, this leads to lower sediment transport
rates than in purely sandy environments and, as a possible consequence, lower
sand waves and lower migration rates. However, most sediment transport for-
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mulations in morphodynamic models do not account for the e�ect of these het-
erogeneities in the seabed. For noncohesive sediment (sand) only, Chapter 5, and
earlier Roos et al. (2007a) and Van Oyen et al. (2009b), accounted for spatial vari-
ations in bed composition. Moreover, in the small-amplitude regime Porcile et
al. (2017) studied the e�ect of gravel layers on sand wave formation, but how
these nonerodible layers, made up out of bed material other than sand, a�ect the
morphodynamics of �nite-amplitude sand waves yet remains an open question.

• In case of tidal asymmetry or residual �ow, sand waves migrate in the direc-
tion of the residual sediment transport and become more skewed in that same
direction. �e lee (steep) side of these asymmetrical sand waves is for many pro-
cesses a highly dynamic region. Chapter 3 showed that benthic biomass accu-
mulates on the lower lee slope, and Chapter 5 showed that the highest gradients
in grain size are found in this region as well. In addition, Cheng et al. (2018)
found that also permeability, porosity and organic ma�er content is highest on
the lee slopes of sand waves, environmental a�ributes that are o�en statistically
correlated to the presence of organisms (Van Hoey et al., 2004; Reiss et al., 2010).
Moreover, some benthic organisms (the burrows Corophium volutator and Nereis

diversicolor) have shown to locally a�ect the angle of repose of slopes (Shaikh et
al., 1998), thereby complicating sediment transport processes in the slope region.
Hence, this stresses the importance of including these biological processes for a
full understanding of the natural system.

• Estuarine environments are under the in�uence of a (strong) unidirectional river
discharge, leading to even steeper and more asymmetrical sand waves than in
tide-only environments. In this case, �ow separation on the lee side might occur
during large parts of the tidal cycle, which can signi�cantly a�ect hydro- and sedi-
ment dynamics in those areas (Lefebvre et al., 2014; Van der Sande et al., 2019) and,
consequently, also bed roughness (Lefebvre et al., 2016). Besides, if the lee slope
angle is high enough also other �uvial-related processes, such as avalanching
(Paarlberg et al., 2005), may also become important. However, it is questionable
whether �ow separation is a relevant process for sand waves in�uenced by tides
only, as these sand waves are much less asymmetrical than estuarine sand waves.
As it is currently unknown if this phenomenon occurs in marine environments,
such as the North Sea, detailed hydrodynamic measurements over asymmetrical
sand waves are needed to provide evidence for this.

• Apart from the spatial variability, temporal variations are observed in sand wave
areas too. Baptist et al., 2006 found �eld evidence that benthic assemblages in
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sand waves di�er on a seasonal scale, as also observed in many other coastal areas
(Coma et al., 2000; Reiss et al., 2004). �is seasonal variability is usually related
to, amongst other causes, temperature, daylight and weather conditions. During
winter periods coastal waters experience less daylight and lower temperatures
than during summer periods, leading to hibernation of several species (Reiss et
al., 2004). Moreover, storms are more frequent in these seasons as well, which res-
ults in higher hydrodynamic stresses near the bed, causing less favourable habitat
conditions. Borsje et al. (2009a) showed that seasonal variations in sand wave mi-
gration and wavelength can be explained by seasonal variations in species density
and water temperature. Besides, storminess has also shown to signi�cantly im-
pact sand wave morphology directly (Campmans et al., 2018), through which the
temporal variability in these areas is even more ampli�ed. Given this temporal ef-
fect in benthic organism distribution and activity, together with its overall patchy
nature (see Chapter 4), including species evolution in biogeomorphological mod-
els is recommended, instead of merely considering it constant over time, as o�en
done in the past (e.g. Borsje et al., 2009b).

In this thesis we acknowledged part of these small-scale variabilities in the natural sys-
tem by focussing on benthic organism distribution (Chapters 3 and 4) and grain size
sorting processes (Chapter 5). �e model-�eld comparison in Chapter 5 revealed that
by a more detailed description of sediment composition the wave height estimates of
the �nite-amplitude sand wave model are relatively close to �eld observations. In this
comparison all other model variables were kept constant, whereas the �eld data rep-
resented all sand waves in the Dutch part of North Sea, each having a di�erent set
of environmental variables. By correctly calibrating the local environmental variables
(�nite-amplitude) models can eventually be applied to obtain site-speci�c predictions
of sand wave dimensions and dynamics, as well as habitat suitability modelling.

6.4 Modellingoffshorebiogeomorphological in-

teractions: the next steps

�e biogeomorphological models developed in this thesis provide a general understand-
ing of processes behind the spatial distribution of benthic organisms. In Chapters 3
and 4 it was shown that the organisms particularly favour the sand wave troughs, com-
pared to the crests. Despite the general agreement with �eld observations (Chapter 2),
the employed coupling processes are still highly idealised. Consequently, the presented
results in this thesis should be interpreted in a qualitative manner. Hence, the applied
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methodologies need further development in order to provide a complete mechanistic
understanding of biodynamics in o�shore marine environments.

To model biological evolution we used the bed shear stress to determine the carrying
capacity of the organisms. However, in reality habitat selection is much more complex,
since many other abiotic variables relate to this process, such as sediment type, grain
size, temperature and porosity (Heip et al., 1992; Künitzer et al., 1992; Reiss et al., 2010).
As several of these environmental a�ributes are available through the output of mor-
phological models, it is possible to apply a more statistical approach, similar to that of
Willems et al. (2008). In Willems et al. (2008), it was found that the highest success
rate for predicting the actual habitats was through the use sediment characteristics (e.g.
grain size and % coarse fraction), information which is provided by, for instance, the
�nite-amplitude model in Chapter 5.

While organisms are o�en categorised by their e�ect on morphological processes, they
can also be classi�ed according to their feeding habits. �ree feeder types are usually
distinguished: deposit feeders and active and passive suspension feeders (Lessin et al.,
2019). Some organisms can even alternate between more than one feeding type, de-
pending on the environmental conditions or circumstances. Focussing on the feeding
process allows for an even more re�ned method which focusses directly on the supply
of organic ma�er in the sediment and water column, as organic ma�er is a key element
in the benthic food web (Lessin et al., 2019). A suitable methodology in this respect
would be that of Soetaert et al. (2016), which describes the surface production, sinking
and decay of organic ma�er. Combined with the hydrodynamics of the models in this
thesis, this coupling would then provide a full description of the organic ma�er con-
centration in the water column. �en, including an erosion and deposition formulation
for organic ma�er would also give insight in the exchange of organic ma�er with the
water column and the seabed. By using the information generated from such an organic
ma�er module, benthic organism distribution can then be explained in a mechanistic
way, rather than being based on merely environmental correlations.

�e parametrisations used in this thesis are generally based on �eld observations from
intertidal areas. Previous studies have shown that the use of these parametrisations
leads to a be�er understanding of the in�uence of biology on sand wave dynamics (Bor-
sje et al., 2009c). �e distinction in stabilisers or destabilisers (Widdows et al., 2002) is
certainly useful in this respect, but since these relations are based on intertidal observa-
tions, one should be cautious to use them in a subtidal environment. For instance, it has
been shown that the relations between species density and the e�ect of their activities
on hydro- and sediment dynamics is by no means a linear one (Friedrichs et al., 2000),
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such that up- and downscaling of these relations is prone to large uncertainties. �ere-
fore, it is important that the actual species composition and densities in these areas are
studied in a controlled �ume environment (e.g. Widdows et al., 1998; Cozzoli, 2016),
leading to empirical relations for speci�c target organisms. At the same time, �eld cam-
paigns, which are employed to collect these samples, such as the SANDBOX expedition
(Chapter 2), also provide the essential datasets which could be used for validating the
results of the biogeomorphological models.

�e presented models in this thesis were restricted to a single species type, whereas the
natural environment displays numerous di�erent organisms on top of and within the
seabed (Callaway et al., 2002). �e organism considered in Chapter 3 (L. conchilega) was
assumed to in�uence the bo�om roughness through its allogenic and autogenic activit-
ies. �erefore, a coupling coe�cient was de�ned that controls the in�uence of biomass
on the bo�om slip parameter (which describes the roughness of the bed). Other types
of organisms that, for instance, are encountered in large numbers in sand wave areas
are the sea urchin (Echinocardium cordatum, see Figure 1.2) and the marine bivalve Tel-
lina fabula. �e former reworks the top sediment layer, such that the sediment fraction
(and critical shear stress) of this layer increases (Lohrer et al., 2005). Conversely, the
burrowing activities of the la�er organism may lead to signi�cant disturbances of sed-
iment surface, thereby decreasing the critical shear stress (Austen et al., 1999). �ese
e�ects can readily be included in the small-amplitude model by introducing a coupling
coe�cient which controls the threshold of motion. In a similar manner, many other
species could be introduced to the model, each having their own e�ect on hydro- and
sediment dynamics. Moreover, this also allows to include possible interspeci�c interac-
tions (i.e. species competition) (e.g. Holomuzki et al., 2010). On the downside, this would
lead to an even larger parameter space and would require an evolutionary equation for
each individual species. In turn, this leads to an even more complex eigenvalue prob-
lem than encountered in Chapter 3 and, hence, also to a more di�cult interpretation
and validation.

6.5 Practical implicationsandapplicability

Coastal shelf seas are subject to an increasing pressure by anthropogenic activities. Sand
extraction, development of wind farms, shipping, oil and gas production, �sheries and
recreation are pu�ing an increasing pressure on the marine environment (Halpern et
al., 2008; Eigaard et al., 2017). Sustainable use of the available resources thus requires
knowledge on the impact of these activities, both in the physical and biological environ-
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ment. A quick recovery of the natural system a�er a human-induced disturbance may
stimulate societal and political acceptance of future o�shore activities, resulting in faster
licensing procedures and project realisation. �e concept of ecological landscaping (e.g.
Van Bohemen, 2005) in the marine environment can stimulate this recovery by creat-
ing suitable habitats for target organisms, such as arti�cial reefs (Langhamer, 2012). To
assess both the short- and long-term e�ectiveness of these interventions, biogeomor-
phological models – such as the ones developed in this thesis – can be applied.

As an example, Figure 6.2 presents a model simulation of the morpho- and biodynamic
response a�er dredging the crest of a sand wave. �e model result is based on the
sediment sorting methodology (all panels) in Chapter 5, and the coupling with the tube-
building worm L. conchilega (right column only) in Chapter 4. �e results show that in
both cases the sand wave initially recovers, but a�er a while its crest height starts to
decrease again. Moreover, the migration rate of the dredged sand wave is lower than
that of the surrounding bed forms, eventually causing them to merge. Remarkably, the
overall migration rate in the biodynamic example is lower than in the ‘morphodynamics
only’ case. Furthermore, the presence of the worm patches results in a more smooth
transition from a coarse (internal) crest to a �ner base, but at the same time, enhances
the spatial variability of the internal sorting structure. By applying this modelling tool
to di�erent dredging strategies (e.g. volume and frequency of dredging), a quantitative
assessment can be made of the long-term impact of such interventions in the natural
system.

Also the small-amplitude model, presented in Chapter 3, can be applied to assess the
impact of o�shore interventions, similar to the e�orts by Roos et al. (2003) for sand
mining pits. In particular the coupling to biological processes is highly relevant in this
respect, given the signi�cant e�ects of sand mining on the benthic environment. For
shallow sand extractions the estimated recovery time of the disturbed habitat is up to
over a decade (Wan Hussin et al., 2012). Moreover, an arti�cially created sand wave on
the bo�om of a deep sand extraction pit in the North Sea has shown promising results
regarding habitat restoration (De Jong et al., 2014; De Jong et al., 2015b). In these type
of projects the linear model can be applied to quickly provide a �rst estimate of the
initial e�ects of the intervention, and its sensitivity to a wide range of environmental
parameters.

Another, more theoretical, application of the small-amplitude model could be the ana-
lysis of bifurcations in sand wave �elds, analogous to Van Veelen et al. (2018) for sand
banks. Sand waves typically have their crests perpendicular to the principal tidal �ow
direction, but also other modes exist with a more oblique orientation. Blondeaux et
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Figure 6.2

Evolution of a dredged sand wave following the methodologies in Chapters 4 and 5. �e le� column
(b, d, f, h) denotes the ‘morphodynamic only’ response and the right column (c, e, g, i) the combined
morpho- and biodynamic response. �e hashed area in panel (a) indicates the dredged area, using
the equilibrium result presented in Figure 5.6b as an initial pro�le. Parameters Ib, q and 3m denote
bed level, tube-building worm density and geometric mean grain size, respectively. �e densities
(right vertical axis) represent the maximum occurring patch density in the preceding �ve year.
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al. (2009b) performed a weakly nonlinear stability analysis where they showed that a
three-dimensional sand wave pa�ern can emerge from the interaction among di�erent
resonant harmonic components. Combined with the earlier mentioned natural variab-
ilities, and the di�erent spatial and temporal scales on which they act, such an approach
(two-way coupled to e.g. biological patchiness) could explain the presence of bifurca-
tions. Although the current linear model has been applied in a 2DV se�ing, it is readily
available in 3D since it was based on the 3D-model by Campmans et al. (2017).

Finally, the transition towards cleaner sources of energy has recently triggered a tre-
mendous shi� of wind energy exploitation to the coastal seas (Halpern et al., 2015),
already ranking second amongst the most important activities on the Dutch North Sea
(De Vrees, 2019). Currently, less than 1 % of the North Sea is designated for the exploit-
ation of wind energy, but this might rise to over 20 % by 2050. In the few examples
that are available, it has been shown that monopile structures are able to alter the nat-
ural bo�om topography (Rees, 2006; Van der Veen, 2008). In a wind farm located on
the Scroby Sands sand bank in the North Sea o� the coast of England, deep scour pits
were observed in the direct vicinity of a monopile. Additionally, a scour wake of a
few hundred metres long was observed, consisting of bed features much larger than
observed in the surrounding seabed (Harris et al., 2014). Combined with the hazards
posed by (migrating) sand waves, there is a need for morphodynamic models that are
able to describe the interaction of �nite-amplitude sand waves and engineering struc-
tures. �erefore, the �nite-amplitude model from Chapters 4 and 5 should be extended
in the three-dimensional domain. To describe the complex hydrodynamics (e.g. turbu-
lence) around engineering structures, the model might also bene�t from the transition
towards an unstructured grid (e.g. Bomers et al., 2019), allowing for a local re�nement
of the model domain.
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CHAPTER 7

Conclusions and
recommendations



7

7.1 Conclusions

Q1 What is the spatial distribution of benthic organisms and sand ripple features

over sand waves?

Chapter 2 presents two video transects that were performed in a sand wave �eld o�
the coast of Texel, �e Netherlands to determine the distribution pa�erns of benthic
organisms and sand ripples. A distinction was made between the number of visible
epibenthic species and endobenthic species, of which the la�er were determined by
counting the seabed holes. Both types of organisms were found to show signi�cantly
higher abundance in the troughs of sand waves compared to the crests. Amongst the
visible species, the common star �sh (Asterias rubens), sand stars (Ophiura spp.), the
hermit crab (Pagurus bernhardus) and the sand mason worm (Lanice conchilega) were
most frequently observed. However, due to the use of seabed holes as proxies, the types
of epibenthic species living inside the seabed could not be determined. Nevertheless,
the observations in Chapter 2 show that sand waves signi�cantly a�ect the distribution
of benthic communities.

Furthermore, the video transects also revealed that sand ripple pa�erns are much more
irregular and shorter (in terms of crest-to-crest length) in sand wave troughs than those
on sand wave crests. �e average length of the sand ripples was found to be 50 % longer
on the sand wave crests, than in the troughs. Moreover, in some through areas sand
ripple pa�erns were shown to be totally absent. Although the causality could not be de-
termined from the methodology in Chapter 2, it is likely that the milder hydrodynamic
conditions in the troughs are (partly) responsible for the di�erence in crest and trough
observations for both benthic organisms and ripple pa�erns.

Q2 By using a linear two-way coupled biogeomorphological model describing the

small-amplitude sand wave stage, how does the spatiotemporal evolution of

benthic organisms a�ect the initial stage of sand wave formation, and vice

versa?

For the initial stage of sand wave formation, the observations in Chapter 2 (Q1) were
tested in a fully two-way coupled process-based model, presented in Chapter 3. �is
model allows to systematically investigate the processes that are leading to the forma-
tion of sand waves and the spatial and temporal distribution of benthos over these bed
forms. �e two-way coupling was achieved by le�ing the benthic biomass in�uence
seabed roughness, and hence hydrodynamics, and le�ing the bed shear stress determ-
ine the carrying capacity of the organisms.

179



�e model showed that, starting with a �at bed and spatially uniform biomass, a local
biomass disturbance leads to the growth of sand waves, and vice versa. Furthermore,
it turns out that phase shi�s may occur between sand waves crests and biomass accu-
mulations. For a symmetrical (2 tide, they are in anti-phase, similar to the �eld obser-
vations (e.g. from Chapter 2). Furthermore, disturbance of the tidal symmetry due to
the presence of a residual current leads to a phase shi� where the biomass maxima are
concentrated on the lee slopes of the sand waves.

Further investigation of the model results revealed that this phase shi� changes as a
result of the autonomously evolving benthic biomass. Moreover, if the benthic biomass
is less than 50 % of its carrying capacity, even in-phase pa�erns between biomass and
sand waves may develop. �e la�er is particularly relevant in case of slow biological
growth, i.e. a long biological time scale, as it can take a long time to reach this threshold
level. Finally, an important observation is that the biological time scale signi�cantly
in�uences the morphological evolution. For slow autonomous biological growth, sand
waves also tend to develop at a slower rate. In contrast, a shorter biological time scale
also implies faster sand wave growth, which highlights the importance of taking into
account the two-way coupled feedbacks of organisms and sand waves.

Q3 By using a nonlinear two-way coupled biogeomorphological model describing

the �nite-amplitude sand wave stage, how does the spatiotemporal evolution

of the tube-buildingworm L. conchilega a�ect �nite-amplitude sandwave char-

acteristics, and vice versa?

�e interactions between the tube-building polychaete worm Lanice conchilega and tidal
sand waves were studied in Chapter 4 using the process-based numerical model Del�3D.
Similar to the small-amplitude model in Chapter 3, the results from �nite-amplitude
model showed that spatial variations in sand wave morphology drive the population
distribution of benthic organisms. In particular, the troughs of the fully developed
sand waves were characterised by a much higher worm density, compared to the crests.
Moreover, this e�ect becomes increasingly apparent with increasing sand wave growth.

�e morphological response to the presence of the tube-building worms is visible on
two di�erent spatial scales in the model results. First, local aggregate patches of worms
decrease the near-bed �ow velocity by protruding their tubes into the water column, and
therefore act as sediment traps. As a consequence, small sedimentary structures (tens
of metres in width and tens of centimetres in height) are formed on the seabed. Second,
these sandy mounds are able to trigger certain modes that act on the spatial scale of
sand waves (hundreds of metres). �e results showed that these particular modes ex-
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perience a faster growth rate and have smaller wavelengths than the fastest growing
mode in a situation without the tube-building worms present, which is generally in line
with the results from the small-amplitude model in Chapter 3. However, towards the
equilibrium, the wavelengths in the biodynamic simulations increased towards the abi-
otic fastest growing mode again. In addition, the equilibrium height of the sand waves
was shown to be a�ected only in a minor way, with a tendency to a decrease in wave
height. However, this e�ect was too small to be signi�cant.

Q4 How do grain sizes sort over and in sand waves, and how do they a�ect �nite-

amplitude sand wave characteristics?

�e process-based morphodynamic model Del�3D was applied in Chapter 5 to describe
sediment sorting pa�erns in �nite-amplitude sand waves. To this end, a multitude of
grain size fractions were included to describe the sediment composition, and bed strati-
graphy was applied to allow for sorting processes in the vertical direction. In particular,
the vertical sorting highlights the novelty of this work, since it is the �rst modelling
study that reveals the internal sand wave structure.

�e model results revealed that, generally, �ner sediments can be found in the sand wave
troughs, compared to the crests. �ese results correspond well to �eld observations on
sediment sorting. In case of a superimposed residual current, this general pa�ern is
distorted and an accumulation of coarser sediments on the upper lee (i.e. steep) slope
occurs, whereas �ner sediments are deposited on the lower lee slope. Moreover, the tidal
asymmetry leads to a horizontal displacement in the residual current direction, and as a
consequence, the described sedimentation process also determines the internal sorting
pa�ern of the sand wave. Furthermore, when the troughs become deeper towards the
equilibrium stage, the coarsest fractions are the ones to �rst experience immobility by
not exceeding the threshold of motion. As a result, the sand wave troughs eventually
become coarser and an unerodible layer is formed.

Next, it was found that the morphological response can change signi�cantly due the
presence of a heterogeneous sediment composition. For an increasingly less sorted sed-
iment mixture the preferred wavelength becomes increasingly longer. At the same time,
increasingly lower wave heights are found. �is is in particular the case for sediment
mixtures with a lower geometric mean grain size, as the �ner grain size fractions en-
hance the dampening e�ect of sediments in suspension. Finally, by combining a hetero-
geneous sediment mixture with a varying mean grain size, the results showed that the
model is able to provide wave height estimates that are in the range of observed sand
wave heights in the North Sea.
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7.2 Recommendations

Chapter 6 discussed the assumptions and limitations of the research presented in this
thesis. In addition, also some possible application examples and their implications were
discussed. Based on these considerations, the main recommendations which follow
from this thesis are summarised below.

Further investigate natural seabed variations

• �e �eld observations in Chapter 2 showed clear variations in ripple dimensions
over sand waves, which are an important source of seabed roughness. As mor-
phological sand wave models consider roughness to be spatially uniform, it is re-
commended to study this process in order to gain a be�er understanding of its
e�ect.

• In addition to the described grain size variations over and in sand waves (Chapter 5),
the substrate is characterised by a large variability in sediment types (e.g. clay de-
posits, gravel beds). Unerodible layers may interact with (�nite-amplitude) sand
wave evolution to an extent which is yet unknown. Hence, including these uner-
odible layers in the strati�ed bed approach of Chapter 5 may lead to new insights
regarding spatial variations in sand wave morphology.

Extend into the three-dimensional domain

• �e current �nite-amplitude sand wave model (Chapters 4 and 5) is based on a
2DV approach. Although sand waves are predominantly two-dimensional pat-
terns, variations in other horizontal dimensions should not be ignored. In order to
study typical 3D-related processes (i.e. bifurcations, interaction with sand banks),
it is recommended to further develop the Del�3D sand wave model to include
a second horizontal dimension. Moreover, it is also advised to apply the small-
amplitude model (which is readily available in 3D) in a complementary manner
here, as it is highly suited for process analysis.

• A second extension in the 3D domain is related to the potential e�ect of engin-
eering structures on morphology. As these structures signi�cantly in�uence �ow
dynamics, but only to a limited spatial extent, it is necessary to re�ne the grid
locally to account for these �uctuations. To avoid that the local grid re�nement
would extend in all horizontal directions (which requires substantially more com-
putational resources), it is advised to adapt the model to an unstructured grid. An
example of such a model is the Del�3D Flexible Mesh (FM) modelling package.
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Improve formulations describing the feedbacks between

organisms and (sand wave) morphology

• �e predictive capabilities of the models regarding habitat selection (Chapters 3
and 4) could be improved when multiple environmental variables would be used
– which are available in the models – rather than merely the bed shear stress. A
statistical approach (e.g. Willems et al., 2008) can then be applied to relate the par-
ticular environmental variable to the involved biological variables. Furthermore,
these relations would need to be validated for the target species.

• A further improvement would be the inclusion of an organic ma�er module (e.g.
Soetaert et al., 2016), describing the physical processes of organic ma�er in the
water column, and its exchange with the seabed. �en, by focussing on the or-
ganisms’ feeding habits, the habitat selection process would be described using a
robust mechanistic method.

• Finally, the available parametrisations describing the e�ect of biological activity
on morphological processes focus primarily on subtidal areas. As such, it is un-
clear to what extent these parametrisations are applicable to o�shore sand wave
areas. �erefore, empirical relations should be established in a controlled �ume
environment with typical species found in a sand wave environment.

Applytooffshoreengineeringandhabitatprediction

• Both the small-amplitude (Chapter 3) and the �nite-amplitude (Chapters 4 and 5)
sand wave models can be applied to assess the morphodynamic e�ects of vari-
ous anthropogenic activities, such as the development of wind farms (e.g. cables,
monopiles). �e small-amplitude model is ideally used for an extensive parameter
assessment and qualitative long-term analysis, whereas the �nite-amplitude model
is best applied for detailed morphological predictions over shorter time periods.
Extending the models into the 3D domain, as pointed out above, would further
increase the applicability of these models.

• In the current form, both biogeomorphological models (Chapters 3 and 4) are
merely applicable for gaining a �rst qualitative indication of the global biological
response a�er o�shore interventions. Given a number of improvements (see above
recommendations and the general discussion, Section 6.4), the models can be used
as supportive tools in an ecosystem-based management approach which �ts in the
framework of the Marine Strategy Framework Directive.
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Sand waves are rhythmic features on the bottom of shallow seas. Their 
shape drives the habitat selection of benthic organisms and contributes 
to the redistribution of sediments. In turn, benthic activity and the 
sorting of sediments affect the dimensions and dynamics of sand waves. 
These complex interactions among sand waves, benthic organisms and 
sediment sorting processes are investigated in this thesis.
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