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Abstract
The tube-building worm Lanice conchilega is an ecosystem engineer, which affects its
environment by changing the local hydrodynamics and therewith the sediment dy-
namics. The worm occurs in subtidal and intertidal areas and it lives in patches of
hundreds per m2. They form mounds of 10-80 cm height in soft-bottom sediments.
The goal of this study is to determine the effects of a two-way coupling between dy-
namic patches of Lanice conchilega and dynamically active sand waves on the bottom
of the North Sea. The effects of Lanice conchilega onto sand waves are studies as well
as the effects of the sand waves on the tubes. The numerical process-based model
Delft3D has been used to the study the two-way coupling.

The tubes are modeled as thin solid piles that affect drag and turbulence, thereby
they affect the local sediment dynamics. The effects of Lanice conchilega on the local
hydrodynamics and morphodynamics are investigated by modeling static patches
with tubes on a flat bottom. The patches are also modeled in sand waves, to study
the two-way coupling. The bathymetries consisted of a sinusoidal and a self-organi-
zational bottom. The patches were located where the bed shear stress was lower
than the mean tide-averaged bed shear stress for the model domain. The density of
the patch was updated every season by a growth curve and the available suspended
sediment. Furthermore, the patches disappeared every year, every five years, and
never.

The protruding tubes from the sediment cause more bottom roughness, there-
fore, within the patch, the near-bottom flow is decreased and the turbulence is in-
creasing to its maximum value which occurs at the top of the tubes. Due to the
decrease of near bottom flow, sediment was deposited between the tubes and this
forms mounds. At the leading edge (zero cm in front of the patch) erosion holes
were formed due to an increased flow velocity. Because of tidal symmetry, the lead-
ing edge switches and erosion holes are formed at both sides of the patch.

Patches of Lanice conchilega were also implemented in sand waves. After one year
of morphological development, both for the sinusoidal and self-organizational bot-
tom, the bed level was only locally changed at the locations of the patches. The
degradation rates of the mounds were different in troughs, half-way the flanks,
and at local crests (only in self-organizational bottom), because of differences in
bed shear stresses. After 20 years of morphological development the case where
the patches disappeared every year was the most realistic case, because the mound
heights were in agreement with field studies. Furthermore, for the self-organizational
bottom, a smaller sand wave growth was shown for the bottom with patches com-
pared to the bottom without patches.
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CHAPTER 1

Introduction

Shallow coastal seas, such as the North Sea, are of high importance from both an
economical and ecological point of view. They serve for a wide range of human
activities and they form the habitat for a broad variety of organisms. Examples of
human activities are; navigation of ships, offshore constructions, and pipes running
through the sea. A good execution of these activities depend on an adequate un-
derstanding of the sediment dynamics. Shipping lines should have sufficient depth,
constructions should have a proper foundation, and pipes should not become ex-
posed due to migrating sand waves.

A wide range of regular bed patterns is shown in shallow coastal seas, among
which sand waves and sand banks are the largest. Tidal sand waves have wave
lengths of hundreds of meters and heights of tens of meters and they migrate with
several meters a year. Tidal sand banks, however, hardly move. They have heights
up to 30 meters and their length is between 5-10 kilometers (Hulscher, 1996).

Recently there has been an increasing interest in the feedback between organisms
and sediment dynamics, which is also referred to as biogeomorphology (Murray et
al., 2008; Corenblit et al., 2011). It has become clear that organisms can have a large
influence on the sediment dynamics, by acting either as stabilizers or destabilizers
(e.g. Widdows and Brinsley, 2002).

FIGURE 1.1: Bottom topography of a sand wave field in the North Sea
(Besio et al., 2006).
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It is important to study these effects, because they can improve the predictions
of sand wave patterns. Model studies have improved the accuracy of determining
the occurrence of sand waves as well as determining the wave length (Borsje et al.,
2014b). However, model predictions of sand waves still need to be improved, for
example inclusion of biological activity can be used.

This research is part of the SANDBOX program, which aims for unraveling the
mechanisms behind the coupled seawater-seabed system. Within this program the
impacts of offshore activities will be investigated on this system (Damveld et al.,
2015).

1.1 Problem de�nition

Tidal sand waves are rhythmic and dynamic bed features, found in sandy shallow
seas. The interaction between the sandy sea bottom and oscillatory currents gives
rise to the initial formation of sand waves. Tidal sand waves are an important marine
bed pattern, due to the combination of their dimensions, dynamics, and occurrence.

The initial behavior, like the initial growth rate, wave length, orientation, and
migration speed (Besio et al., 2008), can be explained with linear terms in analytical
models. Huthnance (1982) introduced a 2D model which could explain the forma-
tion of sand banks. Later on, Hulscher (1996) used another model in 3D, which
could also explain the formation of sand waves. This model has been improved by
Gerkema (2000) and Komarova and Hulscher (2000). Since then, various physical
processes have been modeled; for example Németh et al. (2002) investigated surface
wind stresses. Besio et al. (2003), Besio et al. (2004), Blondeaux and Vittori (2005a),
and Blondeaux and Vittori (2005b) researched physical processes like currents, mi-
gration, and suspended sediment transport. Also grain sorting has been studied by
van Oyen and Blondeaux (2008) and Roos et al. (2007).

However, non-linear effects become important when the amplitude increases. A
non-linear model was proposed by Németh et al. (2007) and Sterlini et al. (2009), the
sand waves were modeled towards their equilibrium shape in a two dimensional
vertical model (2DV). Later on, Borsje et al. (2013) and Borsje et al. (2014b) modeled
sand wave formation in a numerical shallow water model. In this model (Delft3D,
(Lesser et al., 2004)) the same processes can be included as in the linear sand wave
model. However, in this model non-linear effects can be included as well. This
means that for example the equilibrium height of sand waves can be studied (Van
Gerwen et al., 2016).

Recently, a lot of research has been done in biogeomorphology. Biogeomor-
phology is the interaction between two disciplines, biology and geomorphology. It
became clear that animals have large effects on the sediment dynamics in shallow
coastal seas (Meadows et al., 2012). They can strongly influence the local sediment
composition, by acting as a stabilizer or destabilizer (Widdows and Brinsley, 2002).
The inclusion of these living organisms into the modeling has made significant im-
provements in geomorphology (Corenblit et al., 2011). Originally this biogeomor-
phological research was only done in a one-way fashion. This manner only studied
the effects of organisms on sediment transport and morphological change. How-
ever, it has become clear that sediment transport and morphological change can also
affect biological development. Murray et al. (2008) state that this can just be as im-
portant as the other way around. Instead of a ’one-way’ interaction, a ’two-way’
interaction between biology and geomorphology can improve our understanding of
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the shaping of landscapes (Corenblit et al., 2011). Some examples illustrate that even
the simplest aspects of some systems cannot be understood without considering the
biogeomorphological coupling (Murray et al., 2008). Murray et al. (2008) stated that
the influences of biology on sediment transport and morphological change are rel-
atively easy to recognize and measure. However, the change of organisms to the
evolution of the landscape is less obvious.

In order to make progress into the understanding of the dynamics of landscapes,
it is very important to seek for a two-way coupling in biomorphodynamic feedbacks
according to Murray et al. (2008). Corenblit et al. (2011) suggest some directions for
future investigations. First of all the improvement of biogeomorphological concep-
tual models. Secondly, the identification of engineer species that create landforms.
Thirdly, the organization of field studies to quantify the effects of engineer species.
And finally, the development of numerical models for simulating and analyzing bio-
geomorphological feedbacks.

Up to now, some explorations on the biological activity in sand waves have al-
ready been done. The potential impact of ecosystem engineering species (creates,
maintains or modifies habitats (Jones et al., 1994)) on the migration rate, dimensions,
and occurrence of tidal sand waves is demonstrated by Borsje et al. (2009a), Borsje
et al. (2009b), and Borsje et al. (2009c). Borsje et al. (2009c) proposed a parameter-
ization of three ecosystem engineering species. By including these species into the
model, the occurrence of tidal sand waves was significantly better predicted. Fur-
thermore, Borsje et al. (2008) found out that Lanice conchilega causes the sand wave
length to decrease, due to the reduction of the near-bottom flow. This was in agree-
ment with field studies. The main initiator for the better prediction of occurrence
of sand waves and sand wave length was the sand mason worm Lanice conchilega.
This ecosystem engineering species lives in significant amounts at the bed-water in-
terface of the bottom of the North Sea. Furthermore, a lot of studies have been done
to the species Lanice conchilega, for example field and flume studies, but also model
studies. Therefore, it is possible to compare model results with field observations.

For all of these studies a linear model has been used which only shows the initial
growth and sand wave length. Furthermore, only a one-way coupling was included
in the model, which solely consisted of the effects on the morphodynamics due to the
presence of Lanice conchilega. They did not include the feedback from the morphody-
namics on the distribution of the ecosystem engineering species. Using a non-linear
model, more characteristics of sand waves can be investigated and it is possible to
include a two-way coupling.

Borsje (2012) made a first exploration to include a two-way coupling into a sand
wave model. However, this was only a draft, and it should be extended. In this
study, the model of Borsje (2012) is elaborated. For example the method, of adapt-
ing the density of Lanice conchilega to every season is improved by a growth factor.
With this model, we will show that a two-way coupling is important to give a good
estimation of sand wave growth.
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1.2 Research objective

Based on the problem definition, the main objective of this research is stated as fol-
lows:

To determine the effects of a two-way coupling between dynamic patches of Lanice conchilega
and dynamically active sand waves, by using the process-based model Delft3D.

The research questions follow from the research objective. They are defined as fol-
lows:

1. What is the influence of patches of Lanice conchilega on the sediment transport
rates on a flat bed for varying tube densities, tube lengths and patch sizes?

2. How can the distribution of patches of Lanice conchilega be explained by the
physical conditions along the sand waves crest, trough, and flank?

3. What is the influence of the interaction between dynamic patches of Lanice
conchilega and sand wave dynamics on the growth of sand waves?

1.3 Method

This work is based on the model of Borsje (2012) and later on the work of Van Ger-
wen et al. (2016). The sand mason worm Lanice conchilega is implemented in a 2DV
model in order to determine the influence on the local hydrodynamics and sediment
dynamics, therefor the process-based model Delft3D is used. Three different model
set-ups are applied to investigated the effects of Lanice conchilega. The first model
set-up has a flat bottom and a static tube density. The second model set-up has a
sinusoidal bottom and the density of the tubes differs every season. On this bottom
the two-way coupling of dynamic patches of Lanice conchilega and sand waves are
studied. The third and last model set-up has a self-organizational bottom as well as
a dynamic tube density.

Figure 1.2 consists of a flow chart in which the one-way and two-way coupling
between the community Lanice conchilega and landforms is shown. The Delft3D
model set-up, used for the modulation of the landform by the community, is ex-
plained in detail in chapter 3. How the community is selected by the sand waves
(RQ2) is explained in chapter 2 (sec. 2.3). The inclusion of the biological activity into
the modeling is described in detail in chapter 4. The corresponding chapters and
research questions belonging to the specific parts are mentioned in the figure.

1.4 Outline

Chapter 2 This chapter describes the sand mason worm Lanice conchilega. Its char-
acteristics, life cycle, and habitat are discussed, as well as some field studies. A
physical description of the effects of the tubes on the hydrodynamics and sediment
dynamics is included.

Chapter 3 Delft3D is the model used to investigate the effects of Lanice conchilega
on landforms, the model set-up is explained in this chapter.
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Chapter 4 The implementation of dynamic patches of Lanice conchilega into the
sand wave model is explained as well as the assumptions made for the implementa-
tion.

Chapter 5 This chapter describes the effects of Lanice conchilega on the hydrody-
namics and morphodynamics on a flat bottom.

Chapter 6 The two-way coupling of Lanice conchilega and sinusoidal sand waves
and self-organisational sand waves is discussed here.

Chapter 7 The discussion of the method and the results is presented here.

Chapter 8 This chapter contains the conclusions and recommendations of the re-
search.

Static Lanice con-
chilega patch Flat bottom

modulates (ch.3)

Dynamic Lanice
conchilega patch

Sinusoidal and
self-organisational
sand wave bottom

modulates (ch.3)

selects (ch.4)
/ RQ 2 (ch.2)

Community Landform

RQ 1
(ch.5)

RQ 3
(ch.6)

FIGURE 1.2: Flow chart of the interaction between the community
Lanice conchilega and landforms. The corresponding chapters (ch.)
and research questions (RQ) are mentioned. Adapted after Corenblit

et al. (2011).
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CHAPTER 2

Characteristics of Lanice conchilega

Macrozoobenthics are animals living at the sea bed, which are visible with the naked
eye. Lanice conchilega is one of these animals, which is specifically living at the bed-
water interface. Furthermore, Lanice conchilega can be specified as an ecosystem en-
gineer (Jones et al., 1994). Ecosystem engineers maintain, modify or create habitats
both in a direct and indirect way. The following sections provide an overview of
this animal. Section 2.1 gives a short introduction about Lanice conchilega. Section 2.2
shows its life cycle. Section 2.3 explains the preferred habitat. Section 2.4 describes
some field studies about Lanice conchilega. Finally, section 2.5 describes the effects of
Lanice conchilega on the hydrodynamics and sediment dynamics.

2.1 Introduction

The tube building polychaete Lanice conchilega is a sand mason worm and it consists
of three important parts, the worm itself, the tube, and the fringe (fig. 2.1A). The
length of the worm can be up to 65 cm and its diameter is around 0.5 cm. The
inner thin organic layer of the worm, is attached to a tube of sand or shell breccia
(Ziegelmeier, 1952). The tube protrudes approximately 1 to 4 cm from the sediment
into the water column. It is crowned with a sand fringe, which is used for feeding.
Furthermore, the worm lives in colonies which are called patches (fig. 2.1C). When
Lanice conchilega occurs in low densities in these patches, the worm prefers surface
deposit feeding, however it switches to suspension feeding in case of high densities
(Buhr, 1976). The worms are found on all coasts of Europe and in both the Atlantic
and the Pacific, but it is absent from arctic waters (Holthe, 1978).

Lanice conchilega has a high ecological importance. For example, the sediment
properties (Jones and Jago, 1993) and the oxygen transport (Forster and Graf, 1995)
are affected. Secondly, the composition of the benthic communities is altered (Züh-
lke, 2001). And finally, it is an important food item for fish and birds (Petersen and
Exo, 1999).

2.2 Life cycle

The worm of Lanice conchilega has a complex life cycle, and it consist mainly of three
phases. The larval phase, juvenile phase and adult phase.
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FIGURE 2.1: (A) A schematization of an individual, showing the
worm, tube and fringe. (B) An individual of Lanice conchilega. (C)

A patch of Lanice conchilega.

The larval phase is characterized by the presence of a transparent tube, which
is used as a floating device (Bhaud and Cazaux, 1990). This phase is also termed
’aulophore’ by Kessler (1963). The aulophore larvae looks like a juvenile individual
endowed with larval characteristics, these larval characteristics persist until they set-
tle (Bhaud, 2000). The larvae prefer to settle to an adult tube (Carey, 1987; Heuers
et al., 1998), however other research indicates that larvae also attach to other sub-
stratum (Heuers and Jaklin, 1999; Strasser and Pieloth, 2001). During the settlement,
the tentacles or the aulophore larvae play an important role. The anterior end of the
larval tube is glued to the preferred substratum. The length and width of the tube is
extended by gathering sediment particles (Heimler, 1981).

On average 5-13 juveniles attach to one adult tube. Approximately one month
after settlement at an adult tube, the juveniles detach, and settle in close proximity
to the adults (Callaway, 2003). After detaching the individual grows and stabilizes
itself into the sediment. The capability of re-establishing its tube after being washed
out remains (Nicolaidou, 2003), however it does not always happen. The life-span
of the worm can be 1-2 years (Beukema et al., 1978) or can be up to 3 years (Ropert
and Dauvin, 2000).

The recruitment of Lanice conchilega occurs in three seasons. These periods are
defined based on the occurrence of peaks of aulophore larvae in the water column.
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The three seasons are: spring, summer and autumn; whereas spring shows the high-
est recruitment (Van Hoey, 2006). The recruitment of Lanice conchilega only occurs
within a patch, because the juveniles are directly attached to an adult (Heuers et al.,
1998).

2.3 Habitat

The distribution of macrozoobenthic communities in the North Sea is correlated to
environmental variables. For example, it is highly correlated to characteristics of the
sediment type, such as grain size, mud content and organic content. Other correla-
tions occur with water temperature, water depth and latitude (De Jong et al., 2015).
Depending on these and other parameters, species will settle at a certain location.

An important parameter to predict the occurrence of Lanice conchilega is the %
mud content (Willems et al., 2008). Furthermore, Herman et al. (2001) showed that
the bed shear stress can affect macrozoobenthos. First of all, the biomass of suspen-
sion feeders was highest where the bed shear stress was minimal. They concluded
that muddy situations are present where the bed shear stress is low. Also holds
that where the bed shear stress is low, the sediment is muddy. Moreover, De Jong
et al. (2015) concluded that apart from sediment variables, the bed shear stress can
explain distribution of macrozoobenthos along sand waves. A low mean bed shear
stress causes a higher macrozoobenthic species richness.

Van Dijk et al. (2012) presented the spreading of marine habitats over tidal sand
ridges. At the well-sorted crests, the communities were low in density and diversity.
At the poorly sorted, muddy troughs, the communities were high in density and
diversity. This sorting pattern is present in sand waves as well. Roos et al. (2007)
showed that a general trend is seen of coarser and well-sorted sediments at the sand
wave crests and finer-grained and less well-sorted sediments in the troughs.

These findings suggests that patches of Lanice conchilega will settle at troughs and
lower flanks of sand waves, where bed shear stress is low and mud is available.

Rabaut et al. (2009) classified Lanice conchilega as reefs in the intertidal system.
The classifications of reefs are present in the mounds with Lanice conchilega, namely
elevation, sediment consolidation, spatial extent, patchiness, reef builder density,
biodiversity and community structure are significantly altered. Furthermore, the
reefs should be stable enough to persist for several years. This research suggest
furthermore that subtidal systems are expected to be more stable than intertidal sys-
tems. On the other hand, Strasser and Pieloth (2001) showed that after severe win-
ters high mortality rates are present. The patch fully recovered three years after the
destruction.

2.4 Field studies

The species Lanice conchilega occurs in the intertidal and subtidal zone. Many field
studies have been done in the intertidal zone, less studies have been done in the
subtidal zone. The topic of interest for this study is the subtidal zone, therefore some
subtidal field studies are explained here. Because there is a lot more information
available about the intertidel zone, also some intertidal studies are explained.



10 Chapter 2. Characteristics of Lanice conchilega

Degraer et al. (2008) evaluated Lanice conchilega to be classified as a reef or not.
Therefore very high resolution side-scan sonar mapping has been used. In the subti-
dal area the patches had a varying density between 0 and 1979 ind.m−2. The size of
the patch had a maximum of 15 m2. However the mound height of the patch could
not be determined. In the intertidal area the densities were much higher, on average
it was 2813 ± 880 ind.m−2. The reefs covered about 10% of the area and the mound
height was between 7.5 cm and 11.5 cm.

Van Hoey et al. (2008) evaluated the presence of Lanice conchilega in different
habitats in the North Sea. It has a low habitat specialization, but it mainly occurs
in sandy sediments, from mud to coarse sand. Shallow muddy sands were strongly
preferred. In muddy sands the densities were more than 1000 ind.m−2 compared
to a maximum of 575 ind.m−2 in shallow medium sands. Van Hoey et al. (2006)
mentioned that patches rose between 10 and 40 cm from the sea bed, in both subtidal
and intertidal areas.

De Jong et al. (2015) studied macrozoobenthic distribution patterns in the Dutch
coastal subtidal zone. Lanice conchilega was found where the bed shear stress was
low. The density found was up to 985 ind.m−2.

Table 2.1 shows a summary of the field studies.

2.5 E�ects of tubes on hydrodynamics and sediment
dynamics

The tubes of the Lanice conchilega worm affect the local water currents and change
the sedimentary processes. These processes are described below.

Figure 2.2A shows the water flow over a flat bottom. In this idealized situa-
tion without interruptions, the water flow has few turbulence and therefore low
Reynolds stresses. Due to friction with the bottom, the near-bed flow velocity is
smaller than the flow velocity higher up into the water column.

Figure 2.2B shows the same flat bottom, however in this situation a patch with
tubes of Lanice conchilega is located in the middle of the domain. The water flow
becomes the disturbed and it flows trough and over the patch. First of all, due to the
protruding tubes from the sediment, the bed roughness becomes higher compared
to the surrounding area. The higher roughness causes lower near-bed velocities
compared to the original situation without patch (Friedrichs et al., 2000). The lower
near-bed velocities within the patch, facilitates fine sediment to deposit (Borsje et al.,
2014a). Mounds are formed by the deposition of sediment between the tubes (fig.
2.2C).

Furthermore, Friedrichs et al. (2000) has shown that above the patch, a ’skimming
flow’ arises. In this situation objects protruding from the sediment hinder the water
flow, and the main flow is going over the objects instead of through the objects. In
this case the sediment is not eroded from the bed.

Dependent on the density of the tubes, the patch will form a barrier for the water
flow. For larger densities, less water can flow through the patch, and the barrier
effect will be larger. The height of this barrier is dependent on the length of the
tubes and the mound height.

The sediment transport is largely determined by the hydrodynamic conditions.
Turbulence is able to lift sediment particles and if the lift force is large enough, the
particles are brought into suspension. The suspended sediment is distributed over
the whole water column due to turbulence. This effect is caused by bottom friction
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and differences in velocity between two adjacent horizontal water layers. However,
within a patch the near-bed velocities and and turbulence becomes very low, such
that the sediment deposits between the tubes.

FIGURE 2.2: Schematization of velocity profiles above: (A) an undis-
turbed bottom, (B) a flat bottom with patch, (C) a mound with Lanice
conchilega after sediment has being trapped between the tubes. The

arrows indicate the horizontal velocities.
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CHAPTER 3

Model set-up

This chapter explains the model set-up used for this research. Section 3.1 describes
the hydrodynamic and transport equations used in Delft3D. Section 3.2 shows the
vegetation model used to model the tubes of Lanice conchilega. Section 3.3 shows the
grids used for the three cases.

3.1 Del�3D

The numerical shallow water model Delft3D has been used to model the ecosystem
engineer Lanice conchilega on flat bottoms and sand waves. The equations used in
this model are horizontal momentum equations, a continuity equation, a turbulence
closure model, a sediment transport equation and a sediment continuity equation
(Lesser et al., 2004). Vertical accelerations are assumed to be small compared to
gravitational acceleration, so the vertical momentum equation is reduced to the hy-
drostatic pressure relation. A sigma layering has been applied in the vertical in order
to solve the model equations. The model is run in 2DV mode, which means that the
flow is considered in x and z direction only. In the z direction, zero flow is assumed
and the Coriolis effects are ignored. Coriolis effects have been shown to have negli-
gible effects at the length of sand waves (Hulscher, 1996). Section 3.1.1 describes the
hydrodynamic equations and section 3.1.2 explains the transport equations.

3.1.1 Hydrodynamic equations

The horizontal momentum equations is as follows:

∂u

∂t
+ u

∂u

∂x
+

ω

(H + ζ)

∂u

∂σ
= − 1

ρω
Pu + Fu +

1

(H + ζ)2
∂

∂σ

(
ν
∂v

∂σ

)
. (3.1)

The continuity equation is as follows:

∂ω

∂σ
= −∂ζ

∂t
− ∂[(H + ζ)u]

∂x
, (3.2)

where:

u [ms−1] horizontal velocity in x direction,
ω [s−1] vertical velocity relative to the moving vertical σ − plane,
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H [m] water depth,
ζ [m] free surface elevation,
ρw [kgm−3] water density,
Pu [Nm−2] pressure gradient,
Fu [ms−2] horizontal Reynold’s stresses,
ν [m2s−1] kinematic viscosity.

The k − ε turbulence closure model is used for the vertical eddy viscosity, in
which the turbulent energy k and the dissipation ε are calculated (Burchard et al.,
2008):

ν = cµ
k2

ε
, (3.3)

where:

cµ [-] constant with a recommended value of 0.09 (Rodi, 1984),
k [m2s−2] turbulent kinetic energy,
ε [m2s−3] turbulet energy dissipation.

At the bed (σ = −1), the vertical velocity ω is set to zero and a quadratic friction
law is applied:

τb ≡ ρw
ν

(H + ζ)

∂u

∂σ
= ρwu∗|u∗|, ω = 0, (3.4)

where:

τb [Nm−2] bed shear stress,

u∗ [ms−1]
shear velocity that relates the velocity gradient at the bed to the
velocity u in the lowest computational grid point by assuming a
logarithmic velocity profile.

At the free surface (σ = 0), the vertical velocity ω is set to zero and a no-stress
condition is applied:

ρw
ν

(H + ζ)

∂u

∂σ
= 0, ω = 0. (3.5)

3.1.2 Sediment transport and bed evolution equations

The suspended sediment transport is calculated by solving the advection-diffusion
equation:

∂c

∂t
+
∂(cu)

∂x
+
∂(w − ws)c

∂z
=

∂

∂x

(
εs,x

∂c

∂x

)
+

∂

∂z

(
εs,z

∂c

∂z

)
, (3.6)

where:

c [kgm−3] mass concentration of sediment,
εs,x, εs,z [m2s−1] sediment diffusivity coefficients in x and z direction.

All sediment above the reference height a = 0.01H is included as suspended
sediment. The reference concentration, ca at height a is given by (Van Rijn, 2007):
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ca = 0.015ρs
dT 1.5

a

aD0.3
∗
. (3.7)

Ta is the non-dimensional bed shear stress:

Ta =
ucτb − τcr

τcr
, (3.8)

where:

uc [-]
efficiency factor, ratio between the grain related friction factor and
the total current related friction factor,

τcr [Nm−2] critical bed shear stress for the initiation of motion of sediment,
D∗ [-] non-dimensional particle diameter,
ρs [kgm−3] specific density of the sediment.

The bed load transport is calculated by (Van Rijn et al., 2004):

Sb = 0.006αsρswsdM
0.5M0.7

e , (3.9)

where:

αs [-] correction parameter of the slope effects,
ωs [m s−1] settling velocity of the sediment,
d [m] sediment grain size,
M [-] sediment mobility number,
Me [-] excess sediment mobility number.

M andMe, the sediment mobility number and excess sediment mobility number,
are given by:

M =
u2r

(ρs/ρw − 1)gd
, (3.10)

Me =
(ur − ucr)2

(ρs/ρw − 1)gd
, (3.11)

where:

ur [ms−1]
magnitude of the equivalent depth-averaged velocity computed
from the velocity in the bottom computational layer assuming a
logarithmic velocity profile,

ucr [ms−1]
critical depth-averaged velocity for the initiation of motion of
sediment based on the shields curve.

Bed level gradients affect the bed load transport, this means that sediment is
transported more easily downhill than uphill. The correction parameter αs is is
given by (Bagnold, 1956):

αs = λs, (3.12)
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where:

λs [-]
slope parameter, which is usually taken inversely proportional to the
tangent of the angle of repose of sand (Sekine and Parker, 1992) leading
to λs = 2.5.

The Exner equation is used to calculate the bed evolution:

(1− εp)
∂zb
∂t

+
∂(Sb + Ss)

∂x
= 0, (3.13)

∫ (H+ζ)

a

(
uc− εs,z

∂c

∂x

)
dz, (3.14)

where:

zb [m] upwards positively defined bed level,
εp [-] bed porosity with value 0.4,
Sb [kgm−1s−1] bed load transport (eq. 3.9),
Ss [kgm−1s−1] suspended load transport (eq. 3.14).

3.2 Vegetation model

The tubes of the Lanice conchilega worm are influencing the near-bottom flow, as
explained in section 2.5. The logarithmic velocity profile is deviated due to the pro-
truding tubes (Borsje et al., 2014a). In order to include this effect into the model,
the tube building worms are represented as thin, solid piles on the bottom of the
seabed. These piles are included with the vegetation model of Delft3D, the turbulent
flow over and through the vegetation is calculated with this model (Uittenbogaard,
2003). The input parameters for this model is the plant geometry, such as the diam-
eter, density, height and drag coefficient. The effect of cylinders on the flow velocity
is taken into account by this model (fig. 2.2).

The influence of cylindrical structures on drag is accounted for by an extra source
term of friction force in the momentum equation. The momentum equation is stated
as follows (Uittenbogaard, 2003):

ρw
∂u(z)

∂t
+
∂p

∂x
=

ρw
1−Ap(z)

∂

∂z

{
(1−Ap(z))(ν + νT (z))

∂u(z)

∂(z)

}
− Fr(z)

1−Ap(z)
, (3.15)

Ap(z) =
1

4
πDcyl(z)

2n(z), (3.16)

Fr(z) =
1

2
ρwCDa(z)|u(z)|u(z), (3.17)

a(z) = d(z)n(z), (3.18)
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where:

∂p
∂x

[kgm−2s−2] horizontal pressure gradient,

Ap [-]
solidity of the vegetation measured on a horizontal cross
section at vertical level z,

νT [m2s−1] eddy viscosity,
Fr [Nm−3] resistance force,
Dcyl [m] diameter of the cylindrical structure,
n [m−2] number of cylinders per unit area.

The influence of the cylinders on the turbulence is included by an extra source
term of Total Kinetic Energy (TKE) (Temmerman et al., 2005):

(
∂k

∂t

)
cylinders

=
1

1−Ap(z)
∂

∂z

{
(1−Ap(z))(ν + νT /σk)

∂k

∂z

}
+ T (z), (3.19)

T (z) = Fr(z)u(z)/ρw, (3.20)

where:

k [m2s−2] turbulent kinetic energy,
T [m2s−2] work spent by the fluid.

The influence of the cylinders on the turbulence is also included by an extra
source term of of turbulent energy dissipation (Temmerman et al., 2005):

(
∂k

∂t

)
cylinders

=
1

1−Ap(z)
∂

∂z

{
(1−Ap(z))(ν + νT /σk)

∂k

∂z

}
+ T (z)τ−1ε , (3.21)

where:

ε [m2s−2] turbulent energy disspipation,
τε [-] minimum of τfree or τcylinders,

τfree =
1

c2ε
(
k

ε
), (3.22)

τcylinders =
1

c2ε
√
cµ

(
L2

T

)1/3

, (3.23)

L(z) = Cl

{
1−Ap(z)
n(z)

}1/2

, (3.24)

where:

c2ε [-] coefficient,
cµ [-] coefficient,
Cl [-] coefficient reducing the geometrical length scale.
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3.3 Grid

Two model set-ups are used, one for the flat bottom, and one for the sand wave
bottom. The following subsections describe the grid of these two model set-ups.

3.3.1 Flat bottom

The flat bottom case is run in 2DV. The model domain is 1000 meters. The middle
of the domain consists of 200 cells with a width of 0.5 meter. The width of the grid
cells is increasing to the end of the boundary to 30 meters. In total there are 258
grid cells (fig. 3.1). The vertical orientation is composed of 100 layers, with small
vertical steps near the bed and increasing steps towards the water surface. At the
lateral boundary, a Riemann boundary is imposed, which allows the waves to cross
the open boundaries without being reflected into the computational domain.

3.3.2 Sinusoidal bottom

The sand wave bottom case is also run in 2DV. The model domain is 48 kilometers,
also with a variable horizontal resolution. The middle of the domain has 1000 grid
cells with a width of 2 m with increasing width until approximately 1500 m towards
the boundaries. In total there are 1058 horizontal grid cells (fig. 3.2). The vertical
layering consists of 60 layers, a small width at the bottom and increasing width
towards the water surface. At the boundaries Riemann boundaries are imposed,
which allow the waves to cross the open boundaries without being reflected into the
computational domain.

TABLE 3.1: Grid parameters of two set-ups

Flat bottom Sand wave bottom
Total horizontal domain [km] 1 48
Amount of small grid cells 200 1000
Grid cell width [m] 0.5 2
Amount of vertical layers 100 60
Boundaries Riemann Riemann



3.3. Grid 19

0 50 100 150 200 250 300

j (-)

0

20

40
j (

m
)

N
point

 = 257

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

x (km)

0

10

20

30

40

 (
m

)

x
end

 = 1 km

FIGURE 3.1: Division of horizontal grid cells for the flat bottom set-up
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CHAPTER 4

Inclusion of biological activity

This chapter describes the implementation of Lanice conchilega into the sand wave
model. Section 4.1 explains the growth factors used for tube density and bottom
covering. Section 4.2 explains the assumptions made to implement Lanice conchi-
lega into the sand wave model. And finally, section 4.3 explains the model used to
describe the tube density and bottom covering.

4.1 Growth factors

Growth factors are used for the growth in tube density and bottom covering. Section
4.1.1 explains the factors for the tube density growth and section 4.1.2 explains the
growth in bottom covering.

4.1.1 Tube density growth

The growth in tube density depends on two processes (eq. 4.1). First of all, the
recruitment within a patch, and secondly, the available suspended sediment as food
for the worms. A recruitment factor (R) and a sediment factor (S), respectively, are
used to determine the density of the tubes in the next season.

Tube density growth factor = R(D) ∗ S(〈c〉) (4.1)

These two factors are stated as autonomous factors, however they are correlated
to each other. The density of the previous season is used to calculate the next density,
however the sediment factor is already included in the density of the previous sea-
son. In order to show how these factors are calculated and to find out which of the
two sediment factors is the most realistic one, these factors are dealt with separately.

Recruitment factor

A logistic growth curve, analogous to the method of Crouzy et al. (2016) and Bären-
bold et al. (2016), is used to determine the recruitment factor of Lanice conchilega.
Figure 4.1 shows the logistic growth curve. It can be interpreted as follows, at the
start the density increases slowly, because the amount of individuals is low. At the
end the density increases slowly as well, but now because the patch size is the re-
stricting factor. There is not more space for more tubes. At half of the maximum
density the increase is largest, because all factors are most optimal. The factors are
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the availability of food, the area and the amount of individuals. The Ordinary Dif-
ferential Equation (ODE) which describes the behavior of logistic growth in figure
4.1 is shown in equation 4.2. The solution of this ODE is shown in equation 4.3.

∂D

∂t
= αg ∗D(t) ∗ (Dmax −D(t)), (4.2)

D(t) = D0
Dmax

D0 + e−Dmaxαgt(Dmax −D0)
= D0 ∗R(D), (4.3)

where:

D(t) [ind. m−2] tube density at a specific moment in time,
D0 [ind. m−2] initial density of Lanice conchilega,
Dmax [ind. m−2] maximum density of Lanice conchilega,
αg [m2 ind.−1 seasons−1] growth factor,
t [seasons] time,

R(D) [-]
recruitment factor dependent on density in previous
season.

The recruitment factor is deduced from the derivative (eq. 4.3). It is used in step
two, three and five of the method described in section 4.3.

Figure 4.1 shows the growth in tube density. The first assumption for this graph
is that the patch is full-grown with tubes after one year, without considering if there
is enough food available. The second assumption is that the maximum density is
300 or 800 ind.m−2. These two assumptions lead to the growth factors αg.
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Sediment factor

The growth in tube density is also dependent on the suspended sediment available
in the system. This is a measure for the available food. This factor can be calcu-
lated in two ways. The first option is to divide the tide-averaged suspended sed-
iment concentration at the location of the patch by the maximum suspended sedi-
ment concentration in the whole system (eq. 4.4). The second option is to divide the
tide-averaged suspended concentration at the location of the patch by the mean tide-
averaged suspended sediment concentration in the whole system and this value is
restricted by 0.4 and 1 (eq. 4.5). One of these two sediment factors is used in step
two, three and five of the method described in section 4.3. The difference between
these two factors is tested later on. The two factors are:

S(〈c〉) = 〈c〉
max〈c〉

, (4.4)

S(〈c〉) = 〈c〉
mean〈c〉

for 0, 4 < S < 1, (4.5)

where:

S(〈c〉) [-]
sediment factor dependent on the sediment concentration at
the specific location of the patch,

〈c〉 [kg m−3] tide-averaged suspended sediment concentration,
max〈c〉 [kg m−3] maximum tide-averaged suspended sediment concentration,

mean〈c〉 [kg m−3]
mean tide-averaged suspended sediment concentration in
whole domain.

4.1.2 Bottom covering growth

Also for the growth in bottom covering with patches, a logistic growth curve has
been used (fig. 4.2). The ODE and the solution of the problem are:

∂C

∂t
= βg ∗ C(t) ∗ (Cmax − C(t)), (4.6)

C(t) = C0
Cmax

C0 + e−Cmaxβgt(Cmax − C0)
= C0 ∗B(C), (4.7)

where:

C(t) [%] covering at a specific moment in time,
C0 [%] initial covering of the bottom,
Cmax [%] maximum covering of the bottom,
βg [%−1 years−1] growth factor,
t [years] time,
B(C) [-] seeding factor dependent on covering of previous season.

The solution of the ODE is used as a factor representing the seeding of patches
on the bottom. This factor is used in step five of the method.
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4.2 Assumptions

In order to describe the variation of Lanice conchilega into the sand wave model, the
following assumptions are made concerning chapter 2 and 3.

• Field observations show that there are three recruitment periods (spring, sum-
mer and autumn) (Van Hoey et al., 2006). Therefore in these three seasons the
density will be updated. The recruitment only takes place within a patch.

• Every five years all patches fully disappear (Strasser and Pieloth, 2001). Ev-
ery year only a certain percentage of the tubes within the patch disappears,
because patches can be classified as reefs (Rabaut et al., 2009).

• The recruitment factor is depending on the available suspended sediment con-
centration. Since Lanice conchilega is a filter-feeder, suspended sediment is used
as food (Buhr, 1976).

• Only the tube of the worm which protrudes from the sediment has an influence
on the hydro- and morphodynamics. Therefore, only the tube is modeled.

• The tubes can be represented as upright rigid cylinders. It is assumed that the
worms do not extend their fringe, and that all tubes have the same length and
diameter.

• The horizontal area of the patch is always exactly rectangle.
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• Patches are only seeded where the bed shear stress is smaller than the tide-
averaged bed shear stress. At these locations the seedlings will not be eroded
due to the water motion.

• The patch reaches its maximum density after one year, but only if all factors
to determine the density are most optimal. A maximum tube density has been
chosen, concerning field values. The maximum density is 300 ind.m−2, follow-
ing De Jong et al. (2015).

• Callaway (2003) mentioned that on average 5-13 juveniles were attached to
single adult tubes in spring. However not all of the attached juveniles were
actual detached to live solitary. The maximum growth rate is 10 juveniles per
adult, that means that the recruitment factor should be R ≤ 10.

4.3 Implementation of Lanice conchilega patches

This section describes the method of implementing Lanice conchilega into the sand
wave model. The location of the patches is dependent on the random seeding in
spring. The size of the patch is always at least one grid cell and the amount of
bottom covering is approximately 5% of the area. The tube length has fixed value
(Ltube = 3.5 cm). The density of the patch has an initial value and it is updated
every season. Lanice conchilega has three recruitment periods in, spring, summer,
and autumn (Van Hoey, 2006). A part of the patch will disappear due to low water
temperatures (Strasser and Pieloth, 2001).

Following the method of Borsje (2012) a MORFAC of 182 is used, with this fac-
tor one tidal period (12 hours) corresponds to one season (0.25 year). The method
is based on two main assumptions. Once a year in spring the percentage of cov-
ered bottom is updated. And every season the density of the patch is adapted. The
following steps describes the method.

1. First, the model is run during winter without any patches.

2. After winter the tide-averaged bed shear stress is calculated and the worms
are seeded where the tide-averaged bed shear stress is smaller than the mean
tide-averaged bed shear stress. The calculation of the initial cover in spring is
shown in equation 4.8.

Dtube,spring = Dtube,initial

(
chance = 5% if 〈τ〉 ≤ mean〈τ〉

)
(4.8)

where:

Dtube,initial [ind.m−2] initial tube density
〈τ〉 [N m−2] tide-averaged bed shear stress
max〈τ〉 [N m−2] mean tide-averaged bed shear stress

3. In summer the density of the patch is dependent on the availability of food
and the recruitment factor. A measure for the available food is the depth and
tide-averaged suspended sediment concentration. Furthermore, a recruitment
factor will be used to determine the recruitment of the worms (see equation
4.9).
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R(Dtube,spring) =
Dmax

Dtube,spring + e−Dmax∗ag∗t ∗ (Dmax −Dtube,spring)
(4.9)

where:

R [-] recruitment factor
αg [m2 ind.−1 days−1] growth rate
Dtube,spring [ind.m−2] tube density in spring
Dmax [ind.m−2] maximum tube density

The method of Borsje (2012) assumed that the recruitment factor was always 4,
however in this method a growth-curve is used. The calculation of the recruit-
ment factor is shown in section 4.1.1.

Finally, equation 4.10 shows the equation for the adjustment in density in sum-
mer. The factor S follows from section 4.1.1 in chapter 6 is stated which one of
the two sediment factors is used.

Dtube,summer = Dtube,spring ∗R(Dtube,spring) ∗ S(〈c〉) (4.10)

4. In autumn the same procedure is followed as for summer. Again the density
is dependent on the recruitment factor and the sediment factor. Equation 4.11
and 4.12 are used.

R(Dtube,summer) =
Dmax

Dtube,summer + e−Dmax∗ag∗t ∗ (Dmax −Dtube,summer)
(4.11)

Dtube,autumn = Dtube,summer ∗R(Dtube,summer) ∗ S(〈c〉) (4.12)

5. The method of Borsje (2012) assumed that all tubes disappeared during win-
ter. However other research suggested that patches of Lanice conchilega can be
classified as reefs (Rabaut et al., 2009; Callaway et al., 2010). This indicates
that not all tubes will disappear during winter. In this step, three options are
used. The first option (o1, fig. 4.3) is that the patches never disappear, however
the tube densities will be lowered with 40%. The second option (o2, fig. 4.3)
is that all patches disappear every year. The third method (o3, not explicitly
shown in figure) is that every five years all patches disappear, all other years
the tube densities are lowered with 40%. The model is one time for every op-
tion. Equation 4.13 is used in option one and in option three for four of every
five years.

Dtube,winter = 60% ∗Dtube,autumn (4.13)

6. The next spring, (dependent on option, option 1 goes to step 2) the densities of
the patches are updated and new patches are seeded. Firstly, the densities are
updated following the same procedure as in summer (eq. 4.14 and 4.15).

R(Dtube,winter) =
Dmax

Dtube,winter + e−Dmax∗ag∗t ∗ (Dmax −Dtube,winter)
(4.14)
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Dtube,spring = Dtube,winter ∗R(Dtube,winter) ∗ S(〈c〉) (4.15)

Secondly, new patches are randomly seeded at locations where no patches are
present yet (eq. 4.16 and 4.17). The same procedure is followed as in the first
spring, however the chance of a cell to have a patch is different. It is dependent
on the bottom covering growth as explained in section 4.1.2.

B(Cpreviousyear) =
Cmax

Cpreviousyear + e−Cmaxβgt(Cmax − Cpreviousyear)
(4.16)

Dtube,spring = Dtube,initial

(
chance = B(Cpreviousyear) if〈τ〉 ≤ mean〈τ〉

)
(4.17)

where:

B [-] seeding factor
βg [%−1 days−1] growth factor
Cpreviousyear [%] covering of the bottom in the previous year
Cmax [%] maximum covering of the bottom

7. After spring, the model starts again with step 2.

Figure 4.3 shows a flow chart of the model.
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FIGURE 4.3: Flow chart of model equations. The red rectangles con-
tains the equations for option where the patches never disappear.
The blue rectangles contains the equations for the option where the
patches disappear every year. The third option where all patches dis-
appear every five year is a combination of option one and two, every

fifth year option two is used.
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CHAPTER 5

Static patches on �at bottoms

This chapter describes the flat bottom case. Section 5.1 shows the bathymetry which
is used for this model. Section 5.2 describes the method used. Section 5.3 describes
the results of the model runs and finally section 5.4 gives a conclusion.

5.1 Bathymetry

In this chapter we are only interested in the effects of Lanice conchilega on the hy-
drodynamics and the sediment transport, which is stated as the one-way coupling.
Therefore, the bathymetry of this model consists of a flat bottom. Figure 5.1 shows
the bathymetry with the location of the patch.
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FIGURE 5.1: Bathymetry flat bottom included the location of the
patch

5.2 Method

To determine the effects of Lanice conchilega on a flat bottom, the Delft3D model, as
explained in chapter 3, has been used. The flat bottom set-up has been run for four
cases, two with and two without a Lanice conchilega patch and both cases are run
with and without sediments (tab. 5.1). Case I and case III, both without patch are
used to compare the results to a flat bottom with patch, case II and IV. The values
used for these cases are shown in table 5.2. After investigating the reference cases,
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TABLE 5.1: Four cases used for this bathymetry

Case I II III IV
Patch no yes no yes
Sediment no no yes yes

TABLE 5.2: Parameters settings for reference case and for variable
cases (2DV domain)

Parameter Symbol Reference value Variable values Unit
Pysical parameters
Tidal flow amplitude US2 0.65 0.65 [m s−1]
Water depth H 25 5 [m]
Sediment grain size d 350 350 [µm]
Biological parameters
Tube diameter dtube 0.5 0.5 [cm]
Tube length Ltube 3.5 0.5 - 6 [cm]
Tube density Dtube 300 50 - 6000 [ind.m−2]
Patch length Lpatch 1 1 - 10 [m]

the parameters tube length, tube density and patch length are varied in case II and
IV. Also a second patch has been located on the bottom.

As explained in chapter 3 the tubes of Lanice conchilega are modeled as thin, solid
piles, which are regularly distributed over the patch. The patch is located in the mid-
dle of the domain (fig. 5.1). Borsje et al. (2014a) showed that biological factors are
more important for the creation and degradation rates than physical factors. There-
fore, only biological factors are varied.

5.3 Results

This section describes the results of the model runs. Section 5.3.1 describes the cases
I until IV. Section 5.3.2 describes the variations in case II and IV.

5.3.1 Reference case

The results of case I until IV without variations are described in this section. It is di-
vided into two parts. The hydrodynamic section describes the comparison between
case I and II. The morphodynamic section describes the comparison between case III
and IV.

Hydrodynamics: Case I and II

Above an undisturbed bed a logarithmic velocity profile and a decreasing turbu-
lence profile is shown (fig. 5.2, blue lines). Within the patch, the bed roughness
becomes larger, due to the protruding tubes and therefore the near-bed velocity
becomes smaller. The turbulence becomes close to the bottom a bit smaller, but it
increases until its maximum value at just below the height of the tubes. The turbu-
lence reaches its maximum value just below the tube height, because the roughness
is largest there. The velocity profile and the turbulence profile above a patch are
deviated from the profiles without patches as shown in figure 5.2.
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FIGURE 5.2: Flow velocity (A) and turbulence (B) over a flat bottom
with and without patch.

The flow velocity along the bottom at a snapshot for maximum flood is shown
in figure 5.3. At the leading edge (zero cm in front of the patch, where the water
hits the patch first) near the bed, the flow velocity is reduced, whereas higher up
into the water column the flow velocity is increased. The decreasing flow velocities
near the bed are compensated by the increasing flow velocities higher in the water
column. This can be explained by the continuity of the water flow. Within and above
the patch the flow velocity is reduced, and this is also compensated by an increased
flow velocity above the patch.

FIGURE 5.3: (A) Horizontal velocity for the maximum flood over a
flat bottom with a Lanice conchilega patch. For clarity only the lowest
10 centimeter of vertical domain and ten meter in the horizontal do-
main is shown. The white box represents the Lanice conchilega patch.
(B) Bed shear stress at the same moment in time. (C) Snapshot of the

turbulent kinetic energy.
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The bed shear stress (fig. 5.3B) shows a small increase (almost not visible) and a
decrease. This can be interpreted as a stabilizing and destabilizing effect. In front of
the patch an increase in bed shear stress can be seen because of the accelerated flow
velocity. Within the patch a decrease in bed shear stress is shown because within
the patch the flow velocity is reduced. In the wake zone (behind the patch, where
the water has already flowed through the patch) the bed shear stress is also reduced
over a long distance.

Figure 5.4 shows the tide-averaged flow velocity and bed shear stress. During
the tidal period the leading edge switches from one side to the other. Therefore the
decrease in flow velocity at the leading edge during the first half of the tidal cycle
is compensated by the increase in flow velocity in the wake zone during the second
half of the tidal cycle.

FIGURE 5.4: (A) Tide-averaged horizontal velocity over a flat bottom
without patch (case I). (B) Tide-averaged horizontal velocity over a
flat bottom with patch (case II). (C) Tide-averaged bed shear stress
over a flat bottom without patch (case I). (D) Bed shear stress over a
flat bottom with patch (case II). For clarity only the lowest two meters

of the water column are shown.
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Morphodynamics: Case III and IV

The transport of sediment is largely dependent on the hydrodynamic conditions of
the water flow. The tubes of Lanice conchilega have large effects on the hydrodynam-
ics, and therefore they also change the sediment dynamics. The bed shear stress and
turbulence are important parameters to determine the sediment transport.

The tide-averaged bed load transport within the patch decreases with almost
half of its original value (fig. 5.5A). The decrease in bed load transport can be ex-
pected from the smaller near-bed velocity and the smaller bed shear stress within
the patch. At 20 meters distance of both sides of the patch the bed load transport is
still reduced. In the wake zone of the patch the bed shear stress is still decreased for
several meters. Because of tidal symmetry, at both sides of the patch the bed load
transport is reduced.

The suspended sediment is brought into suspension due to turbulence. As shown
in figure 5.2B, the turbulence is largest just below the height of the tubes. Therefore,
the suspended load transport shows a peak within the patch (fig. 5.5B). The in-
creased suspended load transport holds for two meters distance of both sides of the
patch. So in total there is an increased suspended load transport of five meters along
the bottom. After the increase in suspended load transport there is also a decrease
at both sides of the patch. The reason therefor is the decreased turbulence.

Furthermore, the suspended sediment concentration is important. Along the
bottom with patch (fig. 5.6B), the sediment concentration becomes smaller than
along the bottom without patch (fig. 5.6A). The suspended sediment transport rate
is larger above the patch, that means that more sediment is transported, and the
concentration is less. A patch of one meter width already has a large influence.
The suspended sediment concentration reaches its original value after more than 50
meters of both sides of the patch. Therefore, one patch of one meter width has an
influence of 100 meters along the bottom.
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FIGURE 5.5: The tide-averaged sediment transport rates are shown
for (A) the bed load transport and (B) the suspended load transport.

For parameter settings see table 5.2.
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FIGURE 5.6: (A) Tide-averaged suspended sediment concentration
without patch, (B) Tide-averaged suspended sediment concentration
with patch and (C) Tide- and depth-averaged suspended sediment
concentration with and without patch. For parameter settings see ta-

ble 5.2.
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5.3.2 Variable cases

This section describes the results of the variations in case II and case IV. Most of the
variations are only done for the hydrodynamic case (case II), because the hydrody-
namic parameters are good indicators for the sediment dynamics and this reduces
the computational time. For case II, the tube length, density and patch length has
been varied. The indicator to describe the differences in varying tube length, density
and patch length is the bed shear stress. The bed shear stress is shown in two ways,
the absolute values are shown as well as the relative values which are explained as
a footprint. The absolute values are shown as the average bed shear stress within a
patch (fig. 5.4D).

Footprint

The footprint is defined as the area at both sides of the patch for which the bed
shear stress is influenced by more than 1% compared to the bed shear stress
without patches, divided by the length of the patch.

Furthermore, a second patch has been added to the bottom where the distance
between these two patches has been varied. The indicator to describe the difference
for this case is only the absolute bed shear stress. For case IV two contrasting tube
densities and tube lengths are chosen to compare the mound heights. The indicator
to describe the differences here is the equilibrium mound height.

Case II: Variable tube density

Figure 5.7 shows the decrease in bed shear stress for increasing tube densities. For in-
creasing densities the bottom roughness within the patch becomes larger and there-
fore the near-bed velocity becomes smaller. Subsequently the bed shear stress be-
comes smaller as well. Sediment is not taken into account in this case, however
larger amounts of sediment will be deposited where smaller near-bed velocities and
bed shear stresses occur. Therefore mound heights will grow higher for larger tube
densities.
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For small densities the bed shear stress decreases fast, however for larger densi-
ties the bed shear stress decreases less rapidly. Therefore, a nonlinear relationship is
suggested between the tube density and the bed shear stress. Only a small amount
of individuals per squared meter already has a significant effect on the bed shear
stress. A lot more tubes per squared meter does not give such large effects as the
first tubes. The reason therefor is that a part of the extra tubes are hidden behind
the already present tubes. An extra tube behind another tube does not give the same
effect as only one tube in a free stream. This can be stated as the hiding effect.

The footprint of the patch is shown in figure 5.8. The footprint reaches an equi-
librium after approximately 3000 ind.m−2. As shown in figure 5.8, the bed shear
stress becomes lower for increasing densities, however the opposite effect is shown
for the footprint. For increasing densities the footprint is increasing as well. Also
this relationship is proposed to be nonlinear. The explanation for this opposite effect
is that for larger roughnesses, there is more space needed to regain the original value
of the bed shear stress.

Case II: Variable tube length

Figure 5.9 shows the decrease in bed shear stress for increasing tube lengths. The bed
shear stress does not decrease as fast as for the tube densities. The reason therefore
is that the near-bed flow velocities and near-bed turbulences are approximately the
same for each case. The maximum values are the same as well, however for each case
it differs at what height in the water column the maximum value occurs, because it
occurs at the height of tubes. Furthermore, the variation in tube lengths is much
smaller than the variation in tube densities. However, the relationship between the
tube length and bed shear stress is still nonlinear.

The footprint for the varying tube lengths is shown in figure 5.10. For increasing
tube length the footprint increases as well. This means that larger tubes has a larger
range of influence along the bottom. The reason therefor, is that the bed shear stress
becomes smaller for increasing tube lengths, so there is more influence along the
bottom.
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Case II: Variable patch length

Figure 5.11 shows a decreasing bed shear stress for decreasing patch length. A non-
linear relationship is suggested. After a patch length of approximately four meters
the bed shear stress does not decrease anymore. From a patch length of four meters
or longer, the bed shear stress observed within the patch is not dependent on the
length of the patch.

Figure 5.12 shows the footprint of the variable patch lengths. A remarkable result
is that the footprint first increases, and thereafter decreases. The absolute value of
the bed shear stress increases for increasing patch length. However the relative value
of the bed shear stress (is footprint, divided by the patch length) decreases as shown
in figure 5.12. Every extra meter of patch length does not have such a large effect
anymore on the bed shear stress as the first meter.
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Case II: Multiple patches

Figure 5.13 shows six plots of the tide-averaged bed shear stress with different dis-
tances between the two patches. With a distance of one meter between two patches,
the bed shear stress does not reach its original shape and values in between the
patches. A distance of six meter between the patches shows two graphs of two sep-
arate patches. Figure 5.14 shows the average bed shear stress reached between two
patches. The footprint of a one meter patch is approximately six. This figure shows
that with six meter in between, the original bed shear stress value is reached.

A lower bed shear stress than average means that more sediment will deposit.
Between patches, where the bed shear stress does not reach its original value, it is
possible that this space will be filled with sediment as well.
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Case IV: Mound height for varying tube densities and lengths

The mound height has been modeled for two contrasting tube densities (300 and 800
ind.m−2) and tube lengths (2.25 and 3.75 cm). In the first weeks, large amounts of
sediments were deposited between the tubes. This decreased after a few weeks. The
flow velocities over and through the patch were increasing during the growth of the
mound. Because of continuity of water flow the growth of the mound is attenuated.
As shown in figure 5.15 there is not a real equilibrium reached, and the mounds for
a tube length of 3.75 cm and densities of 300 and 800 ind.m−2 are over predicted
compared to field values. This has one main reason. The tubes always protrude the
modeled length from the sediment and the water depth is relatively large. It means
that there is no restricting value for the mound to stop growing. Furthermore, the
water flow only goes over and through the patch. In reality the water flow goes also
around the patch. The equilibrium mound height with a tube length of 2.5 cm shows
agreement with field studies.

Figure 5.16 shows the mounds for the contrasting tube densities and lengths.
A remarkable result is that at the bottom of the mound, it is much wider than the
original width of the patch. The reason therefor is that in front of the patch, the
velocity slow down, through which the sediment deposits. Furthermore, erosion
holes are formed at both sides of the mound, this is in agreement with field studies.

A tube density of 800 ind.m−2 gives a larger mound height than a tube density of
300 ind.m−2. This also follows from the smaller bed shear stress for a larger density,
found in previously. The same effect is found for different tube lengths. Larger tube
lengths give a larger mound height.
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5.4 Conclusion

The tubes of the Lanice conchilega worm within a patch are able to change the hy-
drodynamics and therewith the sediment dynamics. The protruding tubes from the
sediment cause more bottom roughness, therefore the velocity is decreased within
the patch and the turbulence is increasing to maximum value at the height of the
tubes.

From the model can be concluded that the tubes have significant effects on the
hydrodynamics. Within the patch, the flow velocity and the bed shear stress is de-
creased, and this keeps on for several meters along the bottom. The turbulence is
increasing to its maximum value at the height of the tubes. Higher up into the wa-
ter column the turbulence is decreasing again. These changes in water velocity, bed
shear stress and turbulence cause alterations in the sediment transport. The bed load
transport is largely decreased within a patch, due to the lower near-bed velocities.
The suspended load transport is increased above the patch, due to more turbulence.
At both sides of the patch, the suspended load is decreased, because of lower turbu-
lence.

The hydrodynamics determine for a large part the sediment transport. Therefore,
the variations in tube length, tube densities, patch length, and distance between two
patches is only done for the hydrodynamic case in order to reduce the computational
time. Tube densities were important for the decrease in bed shear stress, as long as
the densities were small. For larger tube densities the bed shear stress reaches an
equilibrium. This suggests that the relationship between the tube densities and bed
shear stress is nonlinear. Tube length was always important, the decrease in bed
shear stress was almost linear. For larger tube lengths the decrease is attenuated,
however these do not occur in the field. The relationship between the bed shear
stress and the patch length, is suggested to be nonlinear. The minimum bed shear
stress within a patch has a minimum value, independent on the length of the patch.
However, patches of two meters or longer are not found in the field, the average
patch size measured in the field was 1.37 m2 (Rabaut, 2009). The bed shear stress be-
tween two patches reaches its original value if the distance is three meter or more. If
patches have less than 3 meter in between, the space can be filled up with sediment.

The second indicator to compare the varying cases was the footprint. The foot-
print shows how many meters along the bottom per meter patch width the bed shear
stress is influenced. The largest footprint values were reached by the tube densities
compared to the tube lengths and patch length. However, only densities of up to
1000 ind.m−2 are frequently measured in the field (De Jong et al., 2015).

Mounds are formed due to the sediment which is deposited between the tubes in
a patch. Larger tube densities and lengths give larger mound heights. The erosion
holes were in agreement with field studies. The mounds with a larger tube length
(3.75 cm) were over predicted compared to field data. The mound with a smaller
tube density (2.5 cm) was equal to field data.
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CHAPTER 6

Dynamic patches in sand waves

This chapter describes the sinusoidal bottom and self-organizational bottom case.
Section 6.1 shows the bathymetries used in this chapter. Section 6.2 explains the
methods used. Section 6.3 compares the two different sediment factors. Section 6.4
shows the results of the morphological development and finally section 6.5 contains
the conclusions.

6.1 Bathymetry

A sinusoidal and self-organizational bottom are used as initial bathymetries for this
chapter. Three different sand wave heights are used: Hwave = 0.5, 2, and 5 m
(fig. 6.1). The sand wave length is Lwave = 309 m, which is the fastest grow-
ing mode in this system (Van Gerwen et al., 2016). The initial bathymetry of the
self-organizational bottom exist of arbitrarily superimposed and sized perturbations
taken from a Gaussian distribution, scaled to a maximum amplitude of 2 meters. The
range of wave lengths is between 50 and 600 meters (fig. 6.2).

21.5 22 22.5 23 23.5 24

location [km]

-28

-27

-26

-25

-24

-23

-22

w
a
te

r 
d

e
p

th
 [
m

]

H
wave

 = 0.5 m

H
wave

 = 2 m

H
wave

 = 5 m

FIGURE 6.1: Initial bathymetry with sand wave heightH = 0.5, 2, 5 m
and wave length L = 309m.
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FIGURE 6.2: Initial bathymetry for the self-organizational sand wave
with maximum sand wave height of 2 meter and sand wave lengths

between 50 and 600 meter.

6.2 Method

Dynamic patches of Lanice conchilega are implemented in the sand wave model fol-
lowing the method explained in detail in section 4.3. The parameter settings are
shown in table 6.1.

Firstly, all three cases (tab. 6.2) are run for one year of morphological develop-
ment. All cases are run both with sediment factor one and with sediment factor two
(tab. 6.3). So, in total six model runs has been done for one year of morphological
development. The three bathymetries are used to investigate the difference of the
two sediment factors. Subsequently, the model runs are used to determine which
sediment factor is the most realistic one. This part is explained in section 6.3.

Secondly, two bathymetries are run for 20 years of morphological development.
The two bathymetries are the sinusoidal bottom with a wave height of two meter
(case II, tab. 6.2) and the self-organisational bottom (fig. 6.2). As explained in section
4.3 at step five, three options are used for how often the patches disappear (tab. 6.4).
These three options are compared in order to say something about which one is the
most realistic. This part is explained in section 6.4.

TABLE 6.1: Parameter settings

Parameter Symbol Reference value Variable values Unit
Physical parameters
Tidal flow amplitude US2 0.65 0.65 [m s−1]
Water depth H 25 25 [m]
Grain size d 350 350 [µm]
Wave height Hwave 2 0.5 ; 2 ; 5 [m]
Wave length Lwave 309 309 [m]
Ecological parameters
Tube diameter dtube 0.5 0.5 [cm]
Tube length Ltube 3.5 3.5 [cm]
Maximum tube density Dmax 300 0 - 300 [ind.m−2]
Patch length Lpatch 2 2 [m]
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TABLE 6.2: Three cases for sinusoidal bottom

Case I II III
Hwave [m] 0.5 2 5
Dmax [ind.m−2] 300 300 300

TABLE 6.3: Sediment factor equations

Sediment factor 1 (eq. 4.4) Sediment factor 2 (eq. 4.5)
S(〈c〉) = 〈c〉

max〈c〉 S(〈c〉) = 〈c〉
mean〈c〉 for 0, 4 < S < 1

TABLE 6.4: Three options for how often patches disappear, used for
20 years of morphological development.

Option 1 Option 2 Option 3

Patches never disappear
All patches disappear
every year

All patches disappear
every 5 years

6.3 Results: Comparison sediment factors

The tube density growth factor (recruitment factor multiplied by sediment factor, eq.
4.1) for sediment factor one and sediment factor two (tab. 6.3) has been compared
in order to study which one is the most realistic. First, the recruitment factor is
shown in figure 6.3. For increasing tube densities the recruitment factor decreases,
this follows from the logistic growth curve.
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FIGURE 6.3: Decreasing recruitment factor for increasing tube densi-
ties until a maximum density of 300ind.m−2.

Secondly, the sediment factor is required for the growth factor (fig. 6.4B for sedi-
ment factor 1 and 6.4C for sediment factor 2). Figure 6.4A shows the tide- and depth-
averaged sediment concentration for a bottom without any patches. If patches are
located, the sediment concentration becomes different. At locations where mounds
arise the sediment concentration becomes larger. Figure 6.4B shows clearly that for
sediment factor one and a wave height of two and five meters, the sediment factor
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becomes smaller than 0.4 in the troughs. The reason that the sediment factor be-
comes this low is because of the range of the sediment concentration for the wave
heights of two and five meter. In the troughs a small value is divided by a large
value (see eq. in tab. 6.3), which give small sediment factors. For the wave height of
0.5 meter, the range is small, so the differences of the sediment factor in the troughs
and crests are small. Sediment factor two never becomes lower than 0.4 due to the
given restriction (tab. 6.3).
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FIGURE 6.4: (A) Tide- and depth-averaged suspended sediment con-
centration along the bottom without patches of Lanice conchilega. (B)

Sediment factor one. (C) Sediment factor two.

Finally, the tube density growth factors are shown in figure 6.5. The green di-
amond is the recruitment factor and the purple circle is the sediment factor. These
two multiplied equals the tube density growth factor represented by the light blue
square. Figures C and E have both very small sediment factors as explained previ-
ously. When densities are small, the recruitment factor becomes large (see fig. 6.3).
The large value of the recruitment factor is trying to compensate for the very low
sediment factor. Figures D and F are the same cases, respectively as C and E (same
wave heights), however in these (D and F) cases the sediment factor does not be-
come lower than 0.4, due to the restrictions. Therefore the recruitment factor does
not become as high as in figures C and E. In figures C and E the total growth factor is
around or below one, whereas the total growth factors in figures D and F are above
zero. As explained previously, this difference is due to the sediment factor. The
growth or decay of the patch is dependent on the growth factor larger or smaller
than one. The most important point from this figure is the difference in values of
the light blue squares between the three figures at the left hand side and the three
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figures at the right hand side. The light blue square indicates whether a patch will
grow or decay.

This is an example for the tube density growth factor from summer to autumn
in the first year. Every season the recruitment factor differs, due to the dependency
on the density of the previous season. The sediment factor differs every season be-
cause the suspended sediment concentration becomes larger where mounds arise.
Therefore the sediment factor becomes larger as well.
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FIGURE 6.5: All growth factors for sediment factor 1 en 2, case I,
II and III. The green diamonds represent the recruitment factor, the
purple circle the sediment factor, and the light blue square represents
the total growth factor, which is the multiplication of the recruitment
and sediment factor. The vertical black line are the locations of the
patches. If the light blue square is above the horizontal black dotted

line, the tube density grows, otherwise it will decay.

The density during the year in all patches is shown in figure 6.6. For both sedi-
ment factors and all cases the maximum density is not reached after one year. An-
other remarkable result is that for sediment factor one and a wave height of two and
five meter (case II and III) the patch density becomes lower than the initial density
in spring. For case II the density varies between 6 and 79 ind.m−2 and for case III
the density varies between 2 and 35 ind.m−2. Because the value of sediment factor
one becomes very low in the troughs, the tube densities within the patches becomes
low. For all other cases the densities stay larger than the initial density.

This model only uses one grain size, therefore the results with sediment factor
one (tab. 6.3) are not accurate enough. In reality the troughs of sand waves consist
of finer-grained and less well-sorted sediment (Roos et al., 2007). This means that
there is more sediment available as food for the worms. Using more grain sizes the
effect of less well-sorted troughs can be addressed in the model. However, due to
computational time this was not possible.
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FIGURE 6.6: Every line represents one patch and shows the varia-
tion in density during the year. The colors indicate in which case the

patches are present.

Determination method used further on

From the comparison of the two sediment factors, it can be concluded that sediment
factor two (tab. 6.3) gives the most realistic values. In spring, summer and autumn
the patch grows and does not decay. Therefore sediment factor two is chosen to use
in the next section.

6.4 Results: Morphological development

Two bathymetries are chosen to run for the morphological development on the long
term. The first is a sand wave with a height of two meter and a sand wave length
of 300 meter (fig. 6.1). The second is a selforganisational bottom with a maximum
wave height of two meter and a variable wave length between 50 and 600 meter (fig.
6.2).

6.4.1 Sinusoidal bottom

The sinusoidal bottom case was run for ten years with a wave height of two meter
and a maximum density of 300 ind.m−2. Three models were run as shown in the
method (tab. 6.4). First of all, for all three options, the results after one year of mor-
phological development are analyzed (fig. 6.7). Mounds are already formed after
one year of morphological development, the maximum observed mound height was
60 cm. The mound heights half-way the flanks were slightly larger than the mound
heights in the troughs. The height of these mounds are comparable with field values
(Degraer et al., 2008; Rabaut, 2009). Erosion holes are formed at both sides of the
mound, which is also in agreement with field studies (Rabaut et al., 2007). It occurs
that patches are next to each other with only one or two grid cells (two meter per
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grid cell) in between. This space without tubes is, however, filled with deposited
sediment as well. The reason therefor is that the bed shear stress between these two
patches stays low as well (sec. 5.3.2; Case II: Multiple patches). Hence, the flat bot-
tom model used a grid cell width of 0.5 meter and this model used a grid cell width
of two meter, which means that the flat bottom model is more accurate with the bed
shear stress between two patches.
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FIGURE 6.7: (A) Bottom depth after one year of morphological de-
velopment. (B) Difference between morphological development with

and without patches. (C) Densities in autumn.

In the troughs the tube densities are up to 80 ind.m−2, and halfway the flanks
the tube densities are up to 150 ind.m−2 after one year (fig. 6.7C). Tube densities
are higher halfway the flank, because more sediment is available as food, through
which the tube densities grow faster (sec. 6.3). This also explains why the mound
heights are slightly larger on the flanks than on the troughs. Mounds become higher
were the densities are larger (sec. 5.3.2). At locations where patches are absent, the
bed levels are equal to the sand waves without patches. This indicates that the bed
levels are only locally changed after one year of morphological development.

The bottom with one year of morphological development with patches, as shown
in figure 6.7, is afterwards run without tubes. Figure 6.8 shows how fast the mounds
disappear. Halfway the flanks it takes less than one year for a mound to disappear
after all tubes have left the mound. Within the troughs it takes approximately two
years for a mound to disappear. The reason for the difference in degradation time
is the relatively higher bed shear stress halfway the flanks and the relatively lower
bed shear stress within the troughs. Because of the higher bed shear stress halfway
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the flanks, the sediment is eroded more easily. This means that the mounds halfway
the flank disappear faster than in the troughs.
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FIGURE 6.8: The tubes are disappeared from all mounds, the degra-
dation in mounds are shown. Three mounds are enlarged to show the

difference between mounds halfway the flank and in a trough.
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Option one a�er ten years

The morphological development after ten years is analyzed separately for the three
options of how often the patches disappear. For the first option (tab. 6.4), the patches
never disappeared (fig. 6.9). After ten years, the mounds were up to seven meters
high (fig. 6.9B). These values are over-predicted compared to field values. The rea-
son that the mounds grow this high is that the tubes always protrude the modeled
length from the sediment. However, in reality the worms have a maximum length,
which means that at some point the worms and therewith the tubes stop growing.
As shown in section 5.3.2 (Case IV: Mound height), there was not an exact equilib-
rium reached, therefore the mounds can grow this high.

Furthermore, in reality the patches will not last for ten years at one spot. More-
over, the tubes are initially located where the bed shear stress is lower than the tide-
averaged. After the growth of the mound, the bed shear stress becomes higher at the
location of the patch, therefore the location is not preferred anymore by the worms.
In reality the worms will disappear or move. However, in this model this effect is
not taken into account. The densities in this case were up to 280 ind.m−2 (fig. 6.9C).
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FIGURE 6.9: Morphological development after ten years, where the
patches never disappear. (A) Shows the development with Lanice con-
chilega (orange line) and without (blue line). The squares show the lo-
cations of the patches. (B) The bed level difference with and without

Lanice conchilega. (C) The densities in autumn for all ten years.
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Option two a�er ten years

For the second option (tab. 6.4), all patches disappear every year (fig. 6.10). After
ten years the maximum mound height is slightly larger, compared to the first year.
The maximum mound height after ten years is one meter. The reason that the maxi-
mum mound height is slightly larger than after one year, is because new patches are
also located on mounds of the previous year. Therefore, the mounds grow higher
than after only one year. These mound heights are in accordance with field values
(Degraer et al., 2008; Rabaut, 2009). Due to the varying locations of the mounds, the
troughs of the sand waves become irregular.

The densities in this case were up to 75 ind.m−2 in the troughs, half-way the
flanks the densities were somewhat larger up to 130 ind.m−2. The differences in
densities are due to the sediment factor which is always smaller in the troughs of the
sand waves.
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FIGURE 6.10: Morphological development after ten years, where the
patches disappear every year. (A) Shows the development with Lanice
conchilega (orange line) and without (blue line). The squares show the
locations of the patches in year ten. (B) The bed level difference with
and without Lanice conchilega. (C) The densities in autumn for all ten

years.
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Option three a�er ten years

For the last option (tab. 6.4), every five years all patches disappear (fig. 6.11). After
ten years most of the mounds have a height of 1.5 meter. However, there are two
outliers, which have heights of more than three meters. Compared to field values,
both of these values are over predicted. The outliers are half-way the flank, where
more sediment is available and densities grow faster. However, the bed shear stress
at these locations is not preferred by the worms anymore.

The other mounds are a bit over predicted as well. The reason therefore is that the
worms does not stop growing, and the tubes protrude always the modeled length
from the sediment.

The tube densities were in this model also dependent on the location. The densi-
ties in the troughs are up to 80 ind.m−2 and half-way the flanks the densities reach
the maximum of 300 ind.m−2.

FIGURE 6.11: Morphological development after ten years, where the
patches disappear every five years. (A) Shows the development with
Lanice conchilega (orange line) and without (blue line). The squares
show the locations of the patches in year ten. (B) The bed level differ-

ence with and without Lanice conchilega.
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6.4.2 Self-organisational bottom

The self-organisational bottom case was run for 20 years with a maximum wave
height of two meter and a variable wave length between 50 and 600 meter. With
this bathymetry, two of the three options (tab. 6.4, option two and three) were run.
As well as for the sinusoidal bottom, first of all, the results after one year of mor-
phological development are analyzed (fig. 6.12). Also in this model, mounds are
already formed after one year of morphological development. The maximum ob-
served mound height is 65 cm, this is comparable with the sinusoidal bottom case
and field values (Degraer et al., 2008; Rabaut, 2009). Also erosion holes are formed,
which is also comparable with the sinusoidal bottom case and field observations
(Rabaut et al., 2007). In this model no patches appeared to be very close to each
other, such that the space between them is filled with sediment.
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FIGURE 6.12: (A) Morphological development after one year with
and without patches. (B) Bed level difference between the bottom
with and without patches. (C) Tube densities at every patch in au-

tumn.

Two main differences are found compared with the sinusoidal bottom. First of
all, tubes can settle on local crests in this model. The reason therefor is that the
bed shear stress at these local crests is still lower than the average bed shear stress
in the whole domain. The second difference is about the tube densities observed
in the troughs. The tube densities in the troughs of the self-organisational bottom
are more variable than in the troughs of the sinusoidal bottom. The troughs of the
self-organisational bottom are not all on the same height (at the y-axis), which is the
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case for the sinusoidal bottom. This means that sediment factors can be higher in
troughs of the self-organisational bottom than in troughs of the sinusoidal bottom.
In the self-organisational bottom case the tube densities are more dependent on the
specific location, than whether it is a trough or not.

Furthermore, at all places where no patches are present, the bed level is equal to
the bed level without patches. This indicates that after one year, the bed levels are
only locally changed. This was also shown for the sinusoidal bottom.

Also for this bathymetry, the model is run after the tubes has disappeared, in
order to show the degradation rates of the mounds (fig. 6.13). In the first season,
a large part of the mound is already disappeared. Subsequently, it is dependent on
the location how long it takes to completely disappear. As well as for the sinusoidal
bottom, it holds that at locations where the bed shear stress is relatively low, the
mounds are more persistent. At local crests and troughs, mounds are more persistent
than at flanks.
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FIGURE 6.13: The degradation of the mounds after all tubes have left
the mound.
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Option two a�er twenty years

The morphological development after 20 years is analyzed separately for the two
model runs for option two and three (tab. 6.4). For option two, the patches did
disappear every year (fig. 6.14). Approximately 28% of the bottom has been covered
with patches during 20 years of morphological development. Most of the troughs
and crests of the bottom with patches are smaller than the troughs and crest of the
bottom without patches. A possible reason therefore is that the tubes prevented the
formation of recirculation cells.

The tube densities does not reach the maximum, because the patches disappear
every year. The tube densities are dependent on the location.

FIGURE 6.14: (A) Morphological development after 20 years where
all patches disappear every year (option two). Only the locations of
the patches of the last year are shown. (B) Bed level difference with
all patches during the 20 years are shown. (C) Densities of all patches

during the 20 years.
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Option three a�er twenty years

For the third option (tab. 6.4), every five year all patches disappear (fig. 6.15). Ap-
proximately 23% of the bottom has been covered with patches. As well as for the
previous model, most of the troughs and crest are smaller than the bottom without
patches. However, in this case the patches last longer at one location. Therefore, the

The maximum density observed in this model was 300 ind.m−2, which also is
the maximum density. Because the patches last longer at one location, it is possible
to grow to the maximum density.

FIGURE 6.15: (A) Morphological development after 20 years where
all patches disappear every five years (option three). Only the loca-
tions of the patches of the last year are shown. (B) Bed level difference
with all patches during the 20 years are shown. (C) Densities of the

patches during the 20 years.
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Frequency domain

The frequency domain of the self-organisational bottom with and without patches
is shown in figure 6.16. For all cases a peak is shown at a wavenumber of 0.003
(wavelength 309 m). The fastest growing mode in this domain is a wavelength of
309 m. Sand waves with a wave length of 309 meter will therefore appear in this
model. The range of wave lengths shown, is for all three cases (two cases with and
one without patches) approximately equal. The new wavelengths are shown due to
the mounds which arise in the domain.

The fastest growing mode of the system, a wave length of 309 meter, is found in
all cases. Furthermore, in the case where all patches disappear every five year, a lot
of smaller wave lengths are seen compared to the other cases. This is because the
mounds are seen as wave lengths.
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FIGURE 6.16: Periodogram of the morphological development after
10 years.
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6.5 Conclusion

After consideration of the two sediment factors, the second was found to be the most
realistic one (tab. 6.3). With this factor the tube density within a patch was increasing
instead of decreasing, what happened for the first sediment factor. Therefore, this
factor has been used for morphological development on the long term. The reason
that for the chosen sediment factor the tube densities did increase, was because two
restrictions were added to the equations. This ensures that the sediment factor does
not become too low.

For one year of morphological development, for both bathymetries, the bed level
was only locally changed at the locations of the patches. The mound heights were
in agreement with field studies. The degradation rates of the mounds were depen-
dent on the location of the mound, degradation rates were different at the troughs,
half-way the flanks and at local crests (only for the self-organizational bottom). The
reason therefor is the difference in bed shear stresses.

For the option two and three, where the patches disappeared every five years
and never, more sand wave lengths were observed in the spectrum. The small sand
wave lengths (large wave numbers) observed were the mounds which were found
in the model. For option one, where the patches disappeared every year, the wave
lengths were approximately equal to the bottom without patches.

The self-organizational bottom showed a smaller sand wave growth for the bot-
tom with patches compared to the bottom without patches.
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CHAPTER 7

Discussion

The effects of a two-way coupling between dynamic patches of Lanice conchilega and
dynamically active sand waves are determined using the numerical, process based
model Delft3D. There are some points of discussion, which are described below.

Grid and bathymetry
The Delft3D model used is run in 2DV. Therefore, the flow can only flow over and
through the patch and not around the patch. However, in reality water can also
flow around the patch. Furthermore, the vertical layering is divided into 60 and 100
steps. The modeled tubes of Lanice conchilega are always the exact length of a certain
amount of cumulative layers. It means that the tube length is not always the exact
length as has been modeled. For example, in the sand wave model the distance be-
tween the layers is different above a trough and a crest. Therefore, the tube lengths
are not equal in different grid cells. Moreover, at one grid cell in different seasons
the tube length becomes different, because after a mound arise, the vertical layering
has another distribution.

Food for the worms
In the model the density is limited by the sediment availability as food for the
worms. This model suggest that in the troughs there is less food available, so the
density is limited. However, the case study of Van Dijk et al. (2012) shows that tidal
ridge troughs are poorly sorted and muddy. This has been shown for sand waves
as well by Roos et al. (2007). This suggests that there is enough food available in the
troughs, but in this model it is not, and especially not in the sand waves with larger
sand wave heights. In this model, there is chosen to set restrictions to the sediment
factor, so that the tube density grows in every season. It is shown that the tube den-
sities in the troughs are lower than half-way the flanks. If the studies of Roos et al.
(2007) and Van Dijk et al. (2012) are taken into account, however, the densities should
be higher in the troughs and lower half-way the flanks.

Density and lasting of patches
Exactly in every season (winter, spring, summer, autumn) the density of the patch
has been updated. However, in real life the patch adapts gradually and not specifi-
cally at some time step. Strasser and Pieloth (2001) studied the recolonization pattern
of a Lanice conchilega patch after a severe winter, in which all tubes died. After three
years the population was fully recovered. However, other researchers (Callaway et
al., 2010; Rabaut et al., 2009) suggested Lanice conchilega patches to be reefs. There-
fore not all worms will disappear during winter. The mortality rate of the worms
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can be dependent on the water temperature and storm factors. This is not taken into
account in this model. The mortality rate in winter used in this model is therefore
not exactly based on field studies.

One option was that all patches disappear every year, where in the other op-
tion all patches disappear every five years. This was based on the field studies of
Strasser and Pieloth (2001), Rabaut et al. (2009), and Callaway et al. (2010). The re-
sults showed that the mounds of patches which were lasting for more than one year
were not in accordance with field values (10-80 cm). However, in reality, recruit-
ment in patches which were destroyed by low water temperatures, was low in the
first two years. After the third year they were fully recovered (Strasser and Pieloth,
2001). These mounds were lasting for more than one year, but they did not reach
larger mounds heights than 80 cm. The reason that the patches grow too high in this
model, is that the tubes do not stop growing, where they do in reality.

Location of patches
The parameter used in the model to determine where patches would settle was only
the bed shear stress. Patches were settled where the tide-averaged bed shear stress
was lower than the tide-averaged bed shear stress averaged over the whole domain.
To determine where the patches would settle, the available mud and sediment sort-
ing was not taken into account. It was not possible to determine the available mud,
because a non-cohesive sediment was used. Furthermore is was not possible to de-
termine the sorting of sediment, because only one grain size has been used. How-
ever, Herman et al. (2001) concluded that both situations are present at the same
location, therefore using only one indicator gives a good representation of the pre-
ferred location of the worms.

Time scale
This model requires a lot of computational time, because the time scale of the biol-
ogy is much smaller than the time scale of the geomorphology. The model has to be
adapted to the biological time scale, because otherwise the dynamic patches of Lan-
ice conchilega could not be implemented into the model. Due to the small biological
time scale, the model requires much computational time.

Realistic settings
The conditions implemented in the Delft3D model are calm, summer conditions.
However, in reality also other conditions are possible. For example waves and
storms, which can cause damage to the Lanice conchilega reefs. These severe con-
ditions are not taken into account in this model. During storms, current velocities
can become larger, and therefore, mounds can be more easily eroded. Furthermore,
waves can possibly also erode sediments from a mound, because larger flow veloci-
ties exists in waves.

Generalisation
This research has only been done for the tube-building species Lanice conchilega.
However, the results can also be valid for other species, which have approximately
the same characteristics as Lanice conchilega. The models are run in the sub tidal
area. It was not possible to run it for inter tidal areas, because the drying and flood-
ing gives numerical errors in Delft3D. These results are especially made for the sub
tidal area, the results for inter tidal areas will be somewhat different. Species which
also forms reefs and mounds are mussels and oysters.
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CHAPTER 8

Conclusion and recommendations

8.1 Conclusion

This section briefly gives an answer on the research questions as stated in section 1.2
The research objective is formulated as follows:

Determine the effects of a two-way coupling between dynamic patches of Lanice conchilega
and dynamically active sand waves, by using the process-based model Delft3D.

The answers are given for each question:

What is the influence of patches of Lanice conchilega on the sediment transport
rates on a flat bed for varying tube densities, tube lengths and patch sizes?

Patches with tubes of Lanice conchilega are able to change the hydrodynamics and
therewith the sediment dynamics. The hydrodynamics determine for a large part the
sediment dynamics, therefore the variations in tube length, density, patch length,
and distance between two patches are only done for the hydrodynamic case. The
rate of influence of a patch on the flow velocity and bed shear stress is dependent on
the tube length, density, patch length and distance between two patches. The tube
density is the most important factor for the bed shear stress to decrease, although the
effect decreases for increasing densities. The reason therefore is the hiding-effect.

Mounds are formed on the flat bottom, this is caused by sediment which is
trapped between the tubes. Within the patch the bed load transport becomes much
lower, through which it settles. The suspended sediment concentration within the
patch decreases because is settled down. The variation of sediment transport is equal
to the variation in hydrodynamics.

In this research, only the tube-building worm Lanice conchilega has been investi-
gated. However, the effects are also valid for other species which protrude from the
sediment.

How can the distribution of patches of Lanice conchilega be explained by the
physical conditions along the sand wave crest, trough and flank?

Two parameters determining the location of patches of Lanice conchilega are bed
shear stress and the % mud content (Herman et al., 2001; Willems et al., 2008).

The spreading of marine habitats over tidal sand ridges is presented by Van Dijk
et al. (2012). The well-sorted crests have communities which are low in density and
diversity. The troughs were poorly sorted and muddy, with communities high in
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density and diversity. These well-sorted crests and less well-sorted troughs are also
found in sand waves (Roos et al., 2007). Furthermore Herman et al. (2001) concludes
that muddy situations and a low bed shear stress are both present at the same loca-
tion.

This suggests that patches of Lanice conchilega will settle at troughs and lower
flanks of sand waves, where bed shear stress is low and mud is available.

This determination of the preferred location to settle could also be used for other
species, considering that the bed shear stress is an indicator for the presence of vari-
ous species (Herman et al., 2001; De Jong et al., 2015).

What is the influence of the interaction between dynamic patches of Lanice con-
chilega and sand wave dynamics on the growth of sand waves?

The sinusoidal and self-organizational bottom were run with three options. The
patches did never disappear, they did disappear every year and they did disap-
pear every five years. The model where all patches disappeared every year was
the most realistic model. The mound heights were comparable to field values. The
wave length after ten years of morphological development with patches was ap-
proximately equal to the wave length without patches.

After one year of morphological development the bed levels were only locally
changed at the locations of the patches. This was shown both for the sinusoidal and
self-organizational bottom. After twenty years of morphological development the
self-organizational bottom showed a smaller sand wave growth for the bottom with
patches compared to the bottom without patches.

8.2 Recommendations

This section gives some recommendations with regard to this research.

Parameterization
Due to the amount of layers and grid cells, this model requires a large computa-
tional time. A different layer distribution could have been used, however, the layers
close to the bottom are important to describe the processes close to the bottom. Fur-
thermore, the length of Lanice conchilega is dependent on the vertical layer width.
Because the average surface area of the patches found in the field is 1.37 m2 (Rabaut,
2009), it is not possible to decrease the grid cell width. The grid cell used in this
model is already a little bit to large, however this decreased the computational time
drastic.

In order to speed up the computational time, a parameterization for Lanice con-
chilega can be used. In stead of modeling the tubes, which required a lot vertical
layers, only the influence on the hydrodynamics can be implemented (Borsje et al.,
2009c).

The two time scales used in this research are very different. The biology changes
on a small time scale in months, whereas the morphodynamics changes on large
time scales in years. It is important to find ways how this can be implemented into
the modeling.

Migration of sand waves
In this model only the effects of living patches with Lanice conchilega on the growth
of sand waves has been studied. However in the field, sand waves also migrate. A
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question what arises here is, do the patches move, or do they end up in the crest of
the sand wave. Initially, patches will not settle at crests, because the bed shear stress
is to large. So there should be investigated what happens when the sand waves mi-
grate. Future research should also focus on the migration of sand waves and how
the patches behave in a migrating sand wave.

Suspended sediment as food
In this model the suspended sediment is used as the available food for the worms.
Two restrictions are used, such that the density increases. However, in the troughs
the density becomes smaller than half-way the flanks. Future research should focus
on a way to implement the sediment as food according to the sorting of sediment
into sand waves. Where troughs are less-sorted and crests are well-sorted.
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