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Abstract

We study how organism traits and population densities of ecosystem engineering species, in combination with
environmental factors, affect the formation and erosion rates of biogeomorphological structures, and focus on the
widely distributed marine tube-building polychaete Lanice conchilega, which lives in patches that form mounds up
to 80 cm high in soft-bottom sediments. We modeled the tube-building worms as thin solid piles that affect drag
and turbulence, and thereby the local sediment dynamics and thus mound dynamics. Hydrodynamic model
predictions showed good agreement with flume experiments for flow-velocity adaptations both within and in
front of a patch of tube-building worms. The modeled equilibrium mound height increased with the organism
trait “tube length,” and with population density, but was only little affected by the strength of the tidal current,
water depth, and grain size. In all cases, the modeled mound heights were within the range of the mound heights
observed in the field. The effect of the tube-building worm L. conchilega reached beyond the spatial scale of their

biogenic structures, and persisted longer than the lifetime of the engineering organism itself.

There is a growing recognition of the importance of
feedbacks between organisms and physical forces in
landscape formation, which is generally referred to as
biogeomorphology (Murray et al. 2008; Reinhardt et al.
2010; Corenblit et al. 2011). Biogeomorphological process-
es shape a broad range of landscapes, ranging from acolian
dunes (Baas and Nield 2007) and alluvial floodplain rivers
(Murray and Paola 2003; Tal and Paola 2007) to tidal
marshes (D’Alpaos et al. 2007; Kirwan and Murray 2007;
Temmerman et al. 2007). Biogeomorphological processes
typically involve so-called ecosystem engineering species,
i.e., organisms that modify the abiotic environment via
their physical structures or activity and thereby create,
modify, and maintain habitats (Jones et al. 1994). Since the
introduction of the concept a broad range of aspects that
are affected by ecosystem engineering species has been
studied (Jones et al. 1997, 2010). However, only recently the
importance of the persistence of structures created by
ecosystem engineering species has been recognized (Hast-
ings et al. 2007; Jones et al. 2010; Jones 2012). In addition
to that, little attention has been given in the field of
biogeomorphology on how organism traits (Bouma et al.
2005, 2010; Peralta et al. 2008) and population density
(Bouma et al. 2007; Van Hulzen et al. 2007; Widdows and
Brinsley 2002) of ecosystem engineering species affect
biogeomorphological landscape formation. As a result,
there is currently a general lack of knowledge on how
organism traits of ecosystem engineering species in
combination with population density and environmental
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factors affect the formation and erosion rates of biogeo-
morphological structures and landscapes.

Coastal ecosystems are ideal to study how the dynamics
of biogeomorphological structures are affected by organism
traits of ecosystem engineering species. Not only do a broad
range of ecosystem engineering species interact with
hydrodynamics and sediment dynamics within these systems
(Widdows and Brinsley 2002), but also the range of
environmental factors that these organisms may encounter
is wide (Herman et al. 2001; Degraer et al. 2003). Moreover,
the recent progress made in modeling biogeomorphological
interactions using process-based models (Le Hir et al. 2007;
Borsje et al. 2008; Orvain et al. 2012) allows in-depth study
of these systems. The main biogeomorphological interac-
tions in these ecosystems involve stabilization or destabili-
zation of the sediment by biological activity, which can
modify sediment transport rates by a factor of 2 and more,
compared with the purely physical case (Graf and Rosen-
berg 1997; Widdows and Brinsley 2002).

In our study we focus on the widely distributed tube-
building worm, Lanice conchilega, as a model species. L.
conchilega is an ecosystem engineering species that lives in
patches and creates rigid tubes that protrude several
centimeters from the sediment into the water column,
whereas most of the tube remains hidden in the seabed
(Van Hoey 2006). The protruding tubes directly influence
the near-bed water flow and thereby the sediment dynamics
(Eckman et al. 1981). Coverage density of these tube-
building worms is defined as the ratio of surface arca
occupied by the tubes to the total patch area. Coverage
densities up to 40% have been recorded in the field
(Nicolaidou 2003). Flume experiments (Friedrichs et al.
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Fig. 1.

Aerial picture of intertidal area with Lanice conchilega reefs. Total area is approximately 100 X 100 m. Picture taken with

camera Canon D10 attached to a kite. Intertidal area of Boulogne-sur-Mer during spring low tide; 14 October 2011. Picture courtesy of

Klaas Pauly and Marijn Rabaut, Ghent University.

2000, 2009; Friedrichs and Graf 2009) have shown that
coverage densities > 5% cause sediment stabilization by
skimming flow, whereas at lower coverage densities erosion
may be enhanced through turbulence. Field studies have
shown that patches of L. conchilega indeed raise the seabed
by sediment trapping in between the protruding tubes
(Fig. 1). By extending the tubes after sedimentation, L.
conchilega mounds can reach a height of 7.5 to 80 cm above
the surrounding seabed (Carey 1987; Degraer et al. 2008;
Rabaut et al. 2009). The growth rates of the tubes
themselves are up to 1.5 mm h—! (Rabaut 2009). In
contrast to the flume experiments, field observations
showed sediment stabilization and hence mound formation
for coverage densities as low as 1% (Rabaut et al. 2009).

Recently, the effect of tube-building worms has been
included in large-scale geomorphological models, showing
that the local stabilizing effect of dense patches of tube-
building worms can affect the large-scale sediment trans-
port (Bobertz et al. 2009; Borsje et al. 2009a,b). However,
because these studies only used simplified empirical
relations between the population density of tube-building
worms and their effect on bed roughness, they cannot
reproduce the trapping of sediment by the protruding tubes
and consequently mound formation by L. conchilega.

In this study, we aim to provide a mechanistic
understanding of the formation and erosion rates of the
L. conchilega mounds. Specifically, we focus on how the
formation and erosion rates of these mounds depend on
protruding tube length (an organism trait), population
density, and environmental factors. Therefore, we used a
numerical shallow water model (Delft3D) extended with a
module that accounts for the influence of rigid cylindrical
structures on drag and turbulence (Dijkstra and Uittenbo-
gaard 2010). This model enabled us to explicitly account
for the interactions among the tubes, the hydrodynamics,
and the sediment dynamics.

Methods

Model description—The formation and erosion of
mounds were modeled using the numerical shallow water
model Delft3D (Lesser et al. 2004). The system of equations
consists of the horizontal momentum equations, a conti-
nuity equation, a turbulence closure model, a sediment
transport equation, and a sediment continuity equation
(Borsje et al. 2013). The vertical momentum equation is
reduced to the hydrostatic pressure relation as vertical
accelerations are assumed to be small compared with
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gravitational acceleration. The model equations are solved
by applying vertical sigma layering (Deltares 2014).

In terms of the sigma coordinates, the hydrostatic
shallow water equations are described by:
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Here, u is the horizontal velocity in x direction, v is the
horizontal velocity in y direction, w is vertical velocity
relative to the moving vertical sigma plane, p,, is the water
density, H is total water depth, P is the pressure gradient, F'
is the horizontal Reynolds stress, and v is the vertical eddy
viscosity. The vertical eddy viscosity v is calculated by
means of the k-¢ turbulence closure model in which both
the turbulent energy k and the dissipation ¢ are computed.
The Delft3D model contains a module that explicitly
accounts for the influence of cylindrical structures on drag
and turbulence by an extra source term of friction force in
the momentum equation and an extra source term of total
kinetic energy and turbulent energy dissipation in the
turbulence closure model. Details on the equations and the
calibration tests of this module are given by Temmerman
et al. (2005) and Dijkstra and Uittenbogaard (2010).
After the flow field is calculated, the total sediment
transport rates are computed. In the model, the sediment
transport is split into two components: bedload transport
and suspended load transport. The bedload transport in x
direction S, , is calculated by (Van Rijn et al. 2004):

Spx=0.006p,w,d MO.SMSJ (4)

where p; is the density of the sediment, wy is the settling
velocity of the sediment, and d the sediment grain size. The
sediment mobility number M and the excess sediment
mobility number M, are given by:
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where u, is computed from the velocity profile in the
bottom computational layers and S, is the critical velocity
for the initiation of motion of sediment based on the
Shields curve. If u, < S, the bedload transport in x
direction is set to zero. The bedload transport in y direction

(6)
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S,y 1s calculated with the same equations (Eqs. 4-6), only
based on v, computed from the velocity profile in y
direction.

The suspended sediment concentration is calculated by
solving the advection—diffusion equation:

de ) Qe dov  d(w—wy)e
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where c is the mass concentration of sediment and ¢, , &,
and ¢, . are the sediment diffusivity coefficients in x, y, and
z direction, respectively.

Suspended sediment includes all sediment transported
above the reference height, « = 0.01H. The reference
concentration, ¢, at height a, is given by (Van Rijn 2007):
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Here, T, is the non-dimensional bed shear stress:

T,— UcTh — Ter (9)
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where u,. is the efficiency factor, which is the ratio between
the grain-related friction factor and the total current-
related friction factor, 7., the critical bed shear stress for the
initiation of motion of sediment, and D is the non-
dimensional particle diameter. The bed shear stress 1, is
calculated by:

=yt (10)

where u, is the bed shear velocity. For details on the
calculation of suspended sediment concentrations see
Borsje et al. (2014).

Finally, the bed evolution is governed by the sediment
continuity equation, which reads:

0z 6(Sb,X+SM) 6(Sb,y+SS,y)
o)t =0t 5
in which ¢, = 0.4 is the bed porosity, S, is the bedload

transport (Eq. 4), and S, is the suspended load transport,
calculated by:

=0 (11)
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Equation 11 simply states that convergence (or diver-
gence) of the total transport rate must be accompanied by a
rise (or fall) of the bed profile.

Flume experiments for model validation—To understand
the effect of tube patches on hydrodynamics and gradients
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in sediment transport, it is necessary to characterize flow
velocities within as well as upstream and downstream of
tube patches. Data on flow velocity variations within a
patch of tube-building worms with varying population
density were obtained from a flume experiment by
Friedrichs et al. (2000). Data on flow velocity variations
at various distances upstream of a patch of tube-building
worms were obtained from an additional flume experiment.
Experimental data from both flume experiments were then
used for model validation.

The flume experiment by Friedrichs et al. (2000) was
executed in a recirculating flume with a width of 0.40 m, a
height of 0.40 m, and a working channel of 3 m length.
During the experiment, the water depth was kept constant
at 0.20 m and the free-stream flow velocity was set to
0.05 m s~—!L. The artificial tubes were 5 cm in length, 0.5 cm
in diameter, and protruded 3.5 cm into the water column,
i.e., mimicking L. conchilega tubes. The tubes were
distributed regularly over a length of 28 cm and the full
width of the flume. The flow deceleration within the tube
field was measured for four different tube densities: 3836,
1961, 872, and 490 individuals per square meter (ind. m—2)
at the end of the 28 cm long patch. Corresponding coverage
densities were: 8.8%, 4.5%, 2.0%, and 1.1%, and thereby
comparable with coverage densities found in the field. The
flume experiment was run without tubes to obtain a
reference flow velocity at z = 1.5 cm above the bed. The
flow velocity for the different tube densities was measured
at z = 1.5 cm above the bed at different positions within the
patch. The flow deceleration was then expressed in
percentage of the reference velocity.

Flow velocity variations upstream of a patch of L.
conchilega mimics with varying tube densities (3264, 2448,
and 1632 ind. m—2) were measured in a large racetrack
flume at the Netherlands Institute of Sea Research (NIOZ-
Yerseke). Corresponding coverage densities were: 6.4%,
4.8%, and 3.2%. This large racetrack flume (total volume
of about 9 m3) consists of an oval channel (0.6 m wide X
0.5 m high) with a total length of 17.5 m, and a straight
working section of 10.8 m, providing ample length to
measure hydrodynamics upstream of the patch. The bed
was composed of fine sand with a median grain size
of 0.2 mm, and we used salt water with a density of
1020 kg m—3 and a water temperature of 15°C. For further
details on the racetrack flume see Bouma et al. (2005).
During the experiment, the water depth was maintained
at 0.20 m and a free-stream velocity of 0.25 m s—! was
generated by a conveyor belt system, acting as a paddle
wheel. Flow measurements were carried out with a Nortek
acoustic doppler velocimeter (ADV) set to operate at a
rate of 10 Hz. The ADV was mounted on a computerized
three-dimensional (3D) positioning system, which was
mounted on a carriage that could be placed anywhere
along the length of the working section. Horizontal
velocities were measured at three positions (30 cm, 15 cm,
and 0 cm before the leading edge) and at three different
heights (z = 2 cm, z = 5 cm, and z = 10 cm) above the
bed.

In the test section of the flume (2 m long, 0.6 m wide) we
placed 7 cm long rigid drinking straws (0.5 cm diameter)
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from which 3.5 cm length protruded into the water column
(Friedrichs et al. 2000). The patch size of the straws was
0.6 m in width and 0.49 m in length. To construct an even
but non-regular distribution of the tubes, a grid was placed
with a mesh size of 3.5 X 3.5 cm on the bed of the flume.
Within every mesh of the grid four tubes with a different
color were placed randomly. This resulted in an even
distribution at a scale > 3.5 cm, but with random
interindividual distances at the smaller scale. By removing
one color from the patch the population density of the
patch was reduced, but still evenly and non-regularly
distributed over the area. The spatial layout of a non-
regular distribution was to mimic field observations
realistically, whereas previous flume experiments used a
regular distribution with fixed distances between straws
(Friedrichs et al. 2000, 2009; Friedrichs and Graf 2009).
Although the water depth was identical in both flume
experiments (H = 0.20 m), the free-stream flow velocity
was different in both flume experiments. In the new flume
experiment, we aimed to mimic field observations more
realistically and therefore imposed a larger free-stream
velocity. The imposed free-stream velocity of u = 0.25ms—!
produced a bed shear stress, which was just below the
critical bed shear stress for erosion.

Model setup—In the model setup, the x direction was in
the direction of the flow. The y direction was perpendicular
to the x direction and the z direction was pointing upward
from the bed. Two different model setups were used: (1) to
validate the model with the flume experiments and (2) to
simulate field conditions. The former was set up in a two-
dimensional (2D) mode, i.e., considering flow and variation
in two dimensions only (x and z direction) and the latter in
three dimensions, i.e., considering flow and variation in x,
y, and z directions.

The horizontal model domain of the 2D model was 60 m,
with a constant resolution of 0.15 m (400 horizontal grid
cells). In the vertical, the model grid was composed of 100
layers, with small vertical grid steps near the bed and
increasing toward the water surface. At the upstream
boundary a flow velocity was imposed, whereas at the
downstream boundary a water depth was imposed of H =
0.2 m. The model boundaries were chosen far away from
the area of interest to avoid boundary effects, and the
model domain was therefore not the same as the total
length of the flume. To compare the model results with the
new flume experiments, the unidirectional free-stream flow
velocity was set to Uy, = 0.25 m s~1, whereas the
unidirectional free-stream flow velocity was set to Uy, =
0.05 m s—! to compare the model results with the flume
experiment executed by Friedrichs et al. (2000). The bottom
roughness height was set to k, = 7 X 10~4 m, on the basis
of flow measurements in the flume without tubes (Bouma et
al. 2007). In the center of the model domain vertical rigid
cylinders were defined over a section of 2.5 m, each with a
tube diameter d,p. = 0.5 cm, a tube length varying between
Lipe = 2.0 cm and 3.5 cm, and a tube density varying
between Dy = 0 ind. m—2 and 5000 ind. m—2. The tube
length L. was defined as the length of the tube
protruding into the water column.
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Table 1.
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Parameter settings for the hydrodynamic model simulations.

Inside patch

Outside patch Field conditions

Symbol (unit) Fig. 2 Fig. 3 Fig. 4
Flow velocity Ui (m s71) 0.05 0.25 0.25
Water depth H (m) 0.2 0.2 2
Roughness height ky (m) 7 X 10—4 7 X 10—4 6 X 10—3
Tube diameter diupe (cm) 0.5 0.5 0.5
Tube length Lupe (cm) 2.0, 3.5 3.5 3.5
Tube density Dype (ind. m—2) 0-5000 0-5000 500, 5000

The horizontal model domain of the 3D model was 50 m
X 50 m, with a variable resolution of 0.33 X 0.33 m in the
center of the domain increasing to 1 X 1 m toward the lateral
boundaries (4900 horizontal grid cells). In the vertical, the
model grid was composed of 20 layers, with small vertical
steps near the bed and increasing toward the water surface.
The default water depth was set to H = 2 m, and a
bidirectional tidal flow was imposed, which changed in
direction every 6 h and had a maximum velocity of Uy, =
0.5 m s~ 1. The tidal flow produced a bed shear stress, which
was above the critical bed shear stress for erosion during
most of the tidal period. The bottom roughness height was
set to k; = 6 X 10—3 m. All settings represented typical field
conditions (Verfaille et al. 2006; Bouma et al. 2007; Degrear
et al. 2008). The bottom roughness height mimicking field
conditions was much larger compared with the bottom
roughness height mimicking the flume experiments, since the
bed in the flume was nearly flat and the bed in the field
usually shows small-scale geomorphological features like
sand ripples (Fig. 1). In the center of the model domain
vertical rigid cylinders were defined over a section of 2 X 2 m,
each with a diameter of d,y,. = 0.5 cm, a tube length varying
between Lype = 1.0 cm and 4.0 cm, and a tube density
varying between Dy, = 0 ind. m~2 and 5000 ind. m—2.

We ran the model until an equilibrium mound height (/)
was reached. The equilibrium mound height was reached when
the morphological changes within an hour were smaller than
1%. The time to reach the equilibrium mound height is defined
as the equilibrium time (7¢q). In all model simulations, the
tubes themselves had the same growth rate as the formation
rate of the mounds and therefore always protruded into the
water column with the same length. In the model simulations,
a geomorphological acceleration factor (MORFAC) of 60 was

used to speed up the geomorphological changes (Deltares
2014). By using a MORFAC of 60 the deposition and erosion
fluxes were multiplied by a factor 60 after each time step. After
each time step the bed level was updated and the new flow field
was calculated. Consequently, one time step corresponds to 3 s
X 60 = 3 min of geomorphological changes. A smaller
MORFAC value showed the same equilibrium mound height
and equilibrium time for a test simulation but required longer
simulation times.

Overview of model simulations—To understand the
formation and erosion of mounds, we use the following
outline. (1) We present the model results on hydrodynamics
and start with the validation of the model both within and
in front of a patch of tube-building worms for a flat bed.
Moreover, we model the effect of the tube-building worms
on the 3D flow field. All the parameter settings for the
hydrodynamic model simulations are listed in Table 1. (2)
We show the geomorphological development in time of a
patch of tube-building worms for the parameter settings
listed in Table 2. This simulation is labeled as the reference
run. (3) We investigate the sensitivity in mound height and
equilibrium time for a variation in tube length, tube
density, flow velocity amplitude, water depth, grain size,
and absence of tubes, according to the parameter settings
listed in Table 2 and all relative to the reference run.

Results

Hydrodynamic effects of L. conchilega patches—mea-
surements and modeling—Within a patch of tube-building
worms we found that flow velocity decreased fast with
increasing tube density as long as tube densities are lower

Table 2. Parameter settings for the geomorphodynamic model simulations. Bold numbers indicate dynamic variables in

model simulations.

Reference Tube Tube Mound

run length density Physical factors erosion
Symbol (unit) Fig. 5 Fig. 6 Fig. 7 Fig. 8A,B Fig. 8C,D Fig. 8E.F Fig. 9

Tidal flow amplitude Uy (m s~ 1) 0.50 0.50 0.50 0.40-0.60  0.50 0.50 0.50
Water depth H (m) 2 2 2 2 1-3 2 2
Grain size d (mm) 0.2 0.2 0.2 0.2 0.2 0.1-0.3 0.2
Roughness height ks (m) 6 X 10-3 6 X 10-3 6X 1073 6X103 6X103 6X10-3 6x 103
Tube diameter diype (cm) 0.5 0.5 0.5 0.5 0.5 0.5
Tube length Liupe (cm) 2.0 1.0-4.0 2.0, 4.0 2.0 2.0 2.0
Tube density Dyype (ind. m—2) 500 500 0-5000 500 500 500
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Fig. 2.

Tube density, B (ind. m'z)

Relative flow velocity (%) at 28 cm downstream of the leading edge for a tube length (A) Lype = 3.5 cm and (B) Liype =

2.0 cm and flat bed. Results are given at different heights (m) above the sediment bed and for increasing tube densities Dy,pe (ind. m—2).
Circles are flume measurements (Friedrichs et al. 2000) and areas are derived from model simulations. In both cases, flow velocity is
expressed as percentage of a reference velocity at 1.5 cm height over bare sediment, using a color scale from 0% (i.e., flow = 0 m s—1) to

100% (i.e., no flow deceleration) for visualization.

than D, = 1000 ind. m—2 (Fig. 2). For tube densities of
Dpe = 5000 ind. m—2 and a tube length of Ly, = 3.5 cm,
the modeled flow deceleration reached a constant value of
around 15% of the reference velocity at 1.2 cm height
(Fig. 2A). However, for a tube length of L. = 2.0 cm and
a tube density of Dype = 5000 ind. m—2, the flow
deceleration reached a value of around 25% at 0.6 cm
height and was still decreasing with tube density (Fig. 2B).
The model results showed that the flow deceleration was
not uniform over the height; the maximum flow deceler-
ation was between 1.0 cm and 1.5 cm height for 3.5 cm
tubes and between 0.5 and 0.7 cm height for 2.0 cm tubes.
Comparison of our model results (Fig. 2A: area) with
results from the flume experiment by Friedrichs et al. (2000;
Fig. 2A: circles) showed good agreement for the flow
deceleration within a patch of tube-building worms.
Modeling a range of tube densities showed that the
current velocities were affected far beyond the tube patch
itself. Both at 30 cm and 15 cm upstream of the patch, the
flow velocities gradually increased near the bed (up to
around 7 cm above the bed) for increasing tube density
(Fig. 3). However, at the leading edge (i.e., 0 cm in front of
the patch) the flow velocity was strongly reduced near the
bed and slightly underpredicted by the model for high
densities. Higher in the water column (higher than around
7 cm above the bed), the opposite trend was observed: flow
velocities decreased for increasing tube densities at 30 cm

and 15 cm in front of the patch, whereas at the leading edge
the flow velocities increased for increasing tube densities.
The trend can be explained by the continuity of the water
flow: decreasing flow velocities near the bed are compen-
sated by increasing flow velocities higher in the water
column and vice versa. Again, there was good agreement
between the modeled (Fig. 3: area) and measured (Fig. 3:
circles) hydrodynamic effects of the tube-building worms in
front of the patch.

Subsequently, we modeled the effect of the tube-building
worm patch in 3D for two different tube densities (Dype =
500 ind. m—2 and 5000 ind. m—2) and a tube length L, =
3.5 cm under field conditions (Fig. 4). In both simulations
the maximum value of vertical velocity w in front of the
patch was around 10 times larger than the maximum
horizontal cross-patch velocity v around the patch. The
interaction between the patch and the environment clearly
showed both a stabilizing and a destabilizing effect (i.e., a
decrease and increase in bed shear stress respectively;
Fig. 4E,F). The stabilization and destabilization was
stronger for the high tube density simulation. For both
tube densities, the flow within the patch was reduced as
shown before (Fig. 2). However, the flow over the patch
(height > 0.25 m) was accelerated due to continuity,
resulting in an uplift of water close to the front of the patch
(Fig. 4C,D). This, in turn, caused an acceleration of
horizontal flow just in front of the uplifting water. The
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Fig. 3.

Flow velocity (m s—1) at (A) 30 cm, (B) 15 cm, and (C) 0 cm in front of a patch with a tube length L, = 3.5 cm and a flat

bed. Results are given at different heights (m) from the bed and for increasing tube densities Dy (ind. m—2). Circles are flume

measurements and areas are derived from model simulations.

result was an increase in bed shear stress in front of the
patch and a reduction of the bed shear stress within the
patch (Fig. 4E.F). In the wake zone of the patch the bed
shear stress was also reduced over a long distance.
Remarkably, the footprint of a tube-building worm patch
(defined as the area for which the bed shear stress is
influenced by more than 10% compared with the bed shear
stress without tubes) was 2.9 for a tube density of Dy, =
500 ind. m—2 and 5.3 for a tube density of D, = 5000 ind.
m~—2. The flow was mostly deflected over the patch
(Fig. 4C,D), and partly around the patch (Fig. 4A,B).

Modeling geomorphodynamics of L. conchilega patches—
variation in tube length and tube density—Modeling the
mound formation by tube-building worms showed that the
geomorphological changes are the largest in the first weeks,
during which large amounts of sediment were deposited
within and around the patch (Fig. 5). Since the location of
the leading edge switches during the tidal period, the
erosion at the leading edge during the first half of the tidal
period was compensated by the accretion of sediment
during the second half of the tidal period. Because of the
increase in bed level within the patch, the flow velocity also
increased over and within the patch due to continuity of the
water flow. Over time, the sediment transport rate on top
of the mound equaled the sediment transport rate around
the patch, so that an equilibrium mound height /., was
reached after 160 d for this parameter setting. Remarkably,
the mound extended largely around the patch. The mound

extended over 14 m and 6 m in the flow direction and in the
cross-flow direction, respectively. The shape of the mounds
derived from numerical simulations have to be interpreted
with some caution because a simplified bidirectional
current regime was applied in the model, whereas in nature
current directionality may change in all directions over the
tidal cycle.

Subsequently, we modeled the mound formation by
tube-building worm patches of four contrasting tube
lengths (Lyype = 1.0 cm to 4.0 cm). The equilibrium mound
height /.y showed an almost linear relation with tube length
Liwve (Fig. 6): heq = 10.3 X Lyype (R2 = 0.96). This was
remarkable, as for a tube density of D . = 500 ind. m—2
there was only 10% difference in flow deceleration between
the longer tubes (i.e., 65% deceleration; Fig. 2A) and the
shorter tubes (i.e., 55% deceleration; Fig. 2B). This
indicated that the relation between flow deceleration and
geomorphodynamic changes was nonlinear.

Next, we used the model to quantify how the equilibrium
mound height /.4 and equilibrium time 7., depended on
tube density (Dipe from 0 ind. m—2 to 5000 ind. m—2) for
two contrasting tube lengths (Lyp. = 2.0 cm and 4.0 cm).
As the gradient in flow deceleration was most sensitive to
tube density changes at low tube densities (Fig. 2), the
equilibrium mound height /.4 and equilibrium time 74 also
showed the highest sensitivity to variations in tube densities
at low tube densities (Fig. 7). For high tube densities (Dyype
> 3000 ind. m—2), the equilibrium mound height /.4 hardly
increased with further increasing tube densities, resulting in
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Fig. 4.

Interaction between a patch of 3.5 cm long tube-building worms (framed box) and the environment, for a patch size of 2 X

2 m and a tube density (A, C, E) Dype = 500 ind. m—2 and (B, D, F) Dype = 5000 ind. m—2 and a flat bed. (A, B) Top view of the
horizontal flow velocity « (m s~!) at a height of z = 3.0 cm from the bed, (C, D) side view of the horizontal flow velocity u (m s~1) in the
center of the patch (y = 0 m), and (E, F) bed shear stress (N m~2) in the center of the patch (y = 0 m). Arrows indicate (A, B) flow
velocity vectors’ (u, v) strength and angle and (C, D) flow velocity vectors’ (u,w) strength and angle. For visualization purpose the cross-
patch velocity component v and vertical flow velocity component w are multiplied by a factor of 5.

a maximum mound height for a given flow velocity
amplitude Uyp,, water depth H, and grain size d. In this

case, the maximum equilibrium mound height 4.y = 0.35 m
and heq = 0.70 m for a tube length of L. = 2.0 cm and
Lpe = 4.0 cm, respectively.

Modeling geomorphodynamics of L. conchilega patches—
physical factors—The model allowed us to quantify the
sensitivity in equilibrium mound height /.4 and equilibrium
time T¢q for a range of flow velocity amplitudes Uy, water
depths H, and grain sizes d (Fig. 8), relative to the reference
run (gray circle; Fig. 6). By increasing the flow velocity
amplitude Uppo, the equilibrium mound height /.4 hardly
changed (Fig. 8A), since the flow deceleration within the
patch was almost the same for the different flow velocity
amplitudes. However, the equilibrium time 7., decreased
for increasing flow velocity amplitude (Fig. 8B) due to the
increase in total transport rate. For increasing water depth
H, the equilibrium mound height /4 increased (Fig. 8C),
because the flow acceleration on top of the patch became
smaller, causing lower sediment transport rates within the
patch. Consequently, also the equilibrium time T4
increased with increasing water depth (Fig. 8D). For a
variation in grain size d we observed two trends. First,

starting from a small grain size, the equilibrium mound
height /4 increased and the equilibrium time decreased for
increasing grain size (i.e., from d = 0.1 to 0.2 mm).
However, for larger grains (4 > 0.2 mm) the opposite trend
was observed (Fig. 8E). For small grain sizes, suspended
load transport is the dominant transport mode. In this
regime, the small grain sizes were easily picked up from the
bed, even within the patch. Consequently, the equilibrium
mound height /q was smaller compared with the reference
run. The equilibrium time 7.4 was long in the suspended
load transport regime, since the sediment was mostly
transported over and along the patch. In contrast, for large
grain sizes bedload is the dominant transport regime, and
the equilibrium mound height /. was comparable with the
reference run (Fig. 6: Lype = 2.0 cm). Nevertheless, the
equilibrium time 7,4 is much longer for the larger grain
size, since the total transport rate was much smaller
(Fig. 8F). For the other simulations (Fig. 8A-D), the
transport regimes were all within the incipient suspended
load transport regime.

Modeling geomorphodynamics of Lanice conchilega
patches—erosion—Finally, the model allowed us to study
the erosion of the mounds, once the tube-building worms
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Top view of the geomorphological development for a 2 X 2 m patch (framed box) with a tube density Dy, = 500 ind. m—2

and a tube length L. = 2.0 cm (reference run). Mound heights (m) are given during flood (i.e., maximum flow in positive x direction).

had disappeared because of, e.g., recruitment failure. As
initial topography we used the equilibrium mound height
reached for a tube density Dy,pe = 500 ind. m~2 and a tube
length Liype = 2.0 cm and L. = 4.0 cm (Fig. 6). In the
first weeks the mound height decreased rapidly (Fig. 9), but
later the rate slowed and the time needed to flatten the
mound (Fig. 9) was comparable with the time needed to
form the mound (Fig. 6).

0.5
g 04r¢ L1lee =4.0cm
-~
=03 L =30cm
=y tube
2

0.2 =
'g Ltube 2.0 cm
=2 01

— L = 1:.0cm ® reference run
0 . ‘ ,
0 100 200 300

Time, T (days)

Fig. 6. Mound formation for a tube density D,p. = 500 ind.
m~2 and tube lengths varying between L. = 1.0 cm and 4.0 cm.
The small irregularities in mound height (%) during growth are
caused by the used MORFAC.

Discussion

We addressed the question of how organism traits and
population density of ecosystem engineering species inter-
act with environmental factors to affect the rates of
formation and erosion of biogeomorphological structures.
The use of a physically sound model of hydrodynamics and
sediment transport offered us a unique tool to quantify
these processes for biogeomorphological mound formation
by the tube-building worm L. conchilega. After validating
the model against flume measurements, we demonstrated
that the formation and erosion rates mainly depended on
tube length and population density, whereas environmental
factors (flow velocity amplitude, water depth, and grain
size) were less important. As already shown for other
ecosystem engineering species (Hastings et al. 2007), we
showed that the effect of the tube-building worm L.
conchilega reached beyond the spatial scale of their
biogenic structures (Fig. 5), and persisted longer than the
lifetime of the engineering organism itself (Fig. 9).

The modeled mound heights were in the range of 6-70 cm
and were formed within 55-450 d. The geomorphological
development was the largest in the first couple of days, in
which growth rates of the mounds were in the order of
1 mm h—! (Fig. 6). The growth rates of the tubes
themselves are up to 1.5 mm h—! (Rabaut 2009), and the
tubes are therefore able to follow the growth of the mound.
The mound heights measured in the field were in the range
of 7.5 to 80 cm (Carey 1987; Degraer et al. 2008; Rabaut



1306

0 L i i 1
0 1000 2000 3000 4000 5000
Tube density,D . = (ind. m )

Fig. 7.

Borsje et al.

—_—L =40cm
tube

—— [ =2.0cm
tube

@® reference run

0 i n i 1
0 1000 2000 3000 4000 5000
Tube density,D .~ (ind. m %)

(A) Equilibrium mound height (Ay) and (B) equilibrium time (7¢) for increasing

tube densities Dy, and for a tube length Lpe = 2.0 cm and 4.0 cm.

et al. 2009) and thereby similar to the mound heights
modeled. The mound heights measured by Degraer et al.
(2008) and Rabaut et al. (2009) in the Belgium coastal zone
were in the range of 7.5-16.5 cm and were measured in
winter and in the period between May and June. L.
conchilega populations show a recruitment period from
spring to late autumn, after which the adult population
starts to die off, leading to erosion of the mounds (Carey
1987; Degraer et al. 2008). Therefore, the modest mound
heights measured in the Belgium coastal zone might be
explained by measuring the mounds in a period of erosion
of the mound (Degraer et al. 2008) or at the start of the
recruitment period, when the tube lengths are still small
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(Rabaut et al. 2009). Carey (1987) studied the seasonal
variation in mound heights for 3 yr at a beach at the
English coastal zone. The largest mound heights were
measured between September and the start of October,
when mound heights up to 80 cm were measured.

Our model predictions are limited to simulations of
flow-dominated subtidal environments. This constitutes a
natural habitat for the tube-building worm L. conchilega
(Rabaut et al. 2007), but the species also occurs intertidally.
Our model cannot simulate this accurately, as the drying
and flooding may generate numerical problems in the
results if the gradient in bed level is quite large, as is the
case for mounds. Field studies showed that mound
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velocity amplitude (Uynpo), (C, D) water depth (H), and (E, F) grain size (d). Tube density Dy, = 500 ind. m—2 and a tube length L. =

2.0 cm.
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characteristics in the intertidal environment are typically
comparable with mound characteristics in the subtidal
environment (Degraer et al. 2008; Rabaut et al. 2009).
Therefore, we feel justified to compare intertidal field
observations on mound height with subtidal model results,
although future research should confirm this assumption.
Not being able to include waves in our model might affect
our estimates of the erosion time. Depending on the
location, waves can form the major hydrodynamic force for
destabilizing sediments in intertidal and shallow subtidal
environments (Van der Molen 2002). Present results on
erosion rates may hence not be applicable to wave-
dominated environments. Moreover, the large extension
of the mound outside the patch (Fig. 5) might be
overestimated since waves are not included in the model.
However, we think that the equilibrium mound height was
not affected by the exclusion of waves. As found in a
modeling study in the Dutch western Wadden Sea (Borsje
et al. 2008), the bed shear stress by waves is sometimes as
large as the bed shear stress produced by the tide. In our
model simulations we varied the flow velocity amplitude
and hence the bed shear stress by the tide from 0.38 N m—2
up to 0.85 N m~2 for a flow velocity variation of Uy, =
0.4 m s~1 to 0.6 m—! respectively (Fig. 8A,B). For this
doubling in bed shear stress, the equilibrium mound height
hardly changed (Fig. 8A), but the equilibrium time de-
creased considerably (Fig. 8B). Therefore, the formation
time of the mounds will be shorter by considering waves due
to the increase in total transport, but we expect that the
equilibrium mound height will not be influenced. Moreover,
stabilizing organisms like diatoms found within the patch in
the field are assumed to bind the sediment together and
therefore increase the critical bed shear stress for erosion
(Eckman et al. 1981). An increase in critical bed shear with
60% due to stabilizing organisms is found in areas near the
mean water line, on the basis of field measurements in the
Dutch western Wadden Sea executed by Cadée and Hege-
man (1974). In our model simulations we varied the critical
bed shear stress for erosion indirectly. For a variation in
grain size from d = 0.1 mm to 0.3 mm we indirectly varied
the critical bed shear stress for erosion from 0.13 N m—2 to
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0.21 N m~2. For such an increase, comparable with that of
stabilizing organisms, the equilibrium mound height hardly
showed any variation (Fig. 8E), but the formation time was
much longer (Fig. 8F). Therefore, we expect that stabilizing
organisms will not influence the equilibrium mound height,
but will increase formation time of the mounds due to a
decrease in transport rates.

As described in the introduction, results from flume
studies are in many cases contradictory to field observa-
tions. Whereas flume studies show net sediment flux
switched from erosion to a deposition above a coverage
density of 5% (Friedrichs et al. 2000, 2009; Friedrichs and
Graf 2009), field observations show mound presence for
coverage densities even lower than 5% (Rabaut et al. 2009).
On the basis of our results we can clarify these apparent
contradictory trends. (1) In the field the flow direction
reverses after half a tidal period. In the flume experiment by
Friedrichs et al. (2000) erosion throughout the whole tube
array was observed only until a coverage density of 2%. For
high coverage densities, erosion was observed only near the
leading edge of the patch. Inside and at the back of the
patch, the bed level was unaffected. Since the location of the
leading edge switches during reversing tidal periods, the
erosion at the leading edge during ingoing tide is compen-
sated by the accretion during outgoing tide. (2) The bed
roughness outside the patch was much smaller in the flume
experiments compared with field conditions. Therefore,
flow velocities inside the patch were much larger in the
flume studies and could therefore induce erosion, which was
not observed in the field. (3) In the flume experiments the
distribution of tube-building worms was regular and the
tube length was constant. However, in the field the
distribution of tube-building worms and the tube length
are much more variable. Consequently, energy dissipation
in the field is assumed to be much higher for randomly
distributed tubes compared with the energy dissipation
when tubes are regularly distributed. (4) In the flume
experiments no bedload transport and suspended load
transport outside the patch was accounted for. The model
results showed an increase in bed shear stress outside the
patch and hence erosion of sediment. This sediment settles
within the patch because of a reduction in flow velocity.

The results of the model showed the ecosystem
engineering capacity of the tube-building worm L. con-
chilega. For low population densities the flow velocities
within the patch were strongly reduced and hence sediment
accretion was enhanced. As recruitment within a patch is
much larger than outside a patch (Strasser and Pieloth
2001; Van Hoey 2006), these relatively strong effects caused
by low densities of tube worms may initiate a positive
feedback loop (Bouma et al. 2007, Van Wesenbeeck et al.
2007), resulting in an increase in population density and
consequently an increase in mound height. However, the
model results also indicated that there is a limit to this
positive feedback. For a population density of tube-
building worms exceeding around D, = 3000 ind. m—2
the accretion of sediment stopped (coverage density of 5%).
Hence our model suggests that reefs will evolve to an
equilibrium that is determined by the tube length and
population density. Feedback responses are, however, not
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yet explicitly included in the model and need to be pursued
in future studies.

In nature, the patchy habitat consisting of mounds of
tube-building worm L. conchilega evolves quite dynamical-
ly, as it is very dependent on recruitment for reef renewal.
L. conchilega reefs can persist only for a long time through
renewal of the population (Godet et al. 2011). The
prolonged existence of the mound as a sort of “legacy”
of the reef is important for pelagic larvae to settle (Rabaut
et al. 2009). Our model results showed that the mound
legacy can persist quite long even after a period in which
worms are absent from the mounds (i.e., > 100 d; Fig. 9).
Thus, protection of areas with mounds that are temporarily
not inhabited by living worms against disturbing agents
such as, e.g., bottom trawling is of utmost importance,
because the legacy of these ecosystem-engineered structures
can be long enough to facilitate future establishment.
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