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Abstract The seabed rarely consists solely of bare sand: often other materials, such as shells are present.
They can influence sand transport by armoring the bed and modifying its roughness. Biogenic shells come in
different shapes and sizes, depending on the mollusc species that produce them. To understand how changes in
bivalve species composition affect sediment transport, we need a mechanistic understanding of how shell
content and shell shape influence the near‐bed flow and sand transport. We performed experiments in a
racetrack flume, testing the effect of elongated (Ensis leei) versus rounded (Spisula subtruncata) shells on
unidirectional current‐driven sand transport. For both types of shells, a higher depth‐averaged flow velocity was
needed for initiation of motion and a decrease in bedload transport of sand was found. At a shell content of 20%,
the threshold of motion of sand increased up to 75%, and bedload transport was reduced by up to 50%. These
effects are explained by a balance between roughness‐induced turbulence and bed armoring. Compared to a bare
bed, shells decreased bed roughness by reducing ripple formation; rounded shells lowered roughness more than
elongated shells, which formed roughness elements themselves, but also covered a larger fraction of the bed.
However, there was no clear difference between round versus elongated shells on the overall sand transport;
only shell content was key for the overall effect. Our results imply that sediment transport is likely overpredicted
when a high number of shells is present in the seabed.

Plain Language Summary On sandy sea bottoms, empty shells are often present. They remain in the
sand long after the animal that lived in the shell has died. These shells can influence how water currents move
sand over the seafloor. Some shells are rounded while others are elongated, and they might influence the
transport in different ways. We performed experiments in a flume, a laboratory channel in which a tray with
sand and shells was placed, and in which the water current was controlled. We found that both types of shells
made it harder for sand to start moving and also reduced how much sand moved in total. Shells made the bed
smoother overall, leaving fewer sand ripples. Both shell types had a similar overall effect on sand movement, so
the amount of shells in the sand was more important than the shape of the shells. The implications of the study
are that we might currently be overestimating how much sand moves when a lot of shells are present in the
seabed.

1. Introduction
Carbonate shells produced by molluscs remain in the sediment long after the animal has died and can persist over
geological timescales (Gutiérrez et al., 2003; Kidwell & Jablonski, 1983). In highly productive areas, such as
intertidal flats, the yearly shell production is typically more than 100 g m− 2 (Beukema & Cadée, 1999). Because
of both high production and durability, shells can occupy a substantial fraction (up to 60%) of the sediment
volume and regularly cover considerable parts of the seabed in shallow coastal areas (Kidwell & Jablonski, 1983;
van der Spek et al., 2022). By adding these persistent structures to the sediment, bivalves can be considered long‐
term ecosystem engineers (Gutiérrez et al., 2003).

The shell deposits in the top layers of the sediment usually originate from locally occurring species (Al‐Dabbas &
McManus, 1987; van der Spek et al., 2022). Changes in the mollusc community, for instance through biological
invasions, can therefore affect the composition of the shell mixture in the surface sediment. An example is the
Atlantic razor clam (Ensis leei), which was introduced in Western Europe in the 1970s, and has become dominant
in terms of biomass and abundance within the first 30 years of its invasion (Dekker & Beukema, 2012; Tulp
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et al., 2010). The elongated bivalve has taken this dominant position from the native cut through shell (Spisula
subtruncata), characterized by its rounded shells. Ecologically, no significant negative effect of the E. leei in-
vasion on S. subtruncata populations has been recorded, even though both species occur in the coastal zone (de
Fouw et al., 2024; Dekker & Beukema, 2012). E. leei can reach population densities of hundreds of individuals
per square meter (Witbaard et al., 2015), and is already one of the most prevalent shell types in North Sea coastal
sediments. Their empty shells typically form large accumulations on beaches (Kerckhof et al., 2007; van der Spek
et al., 2022), as well as on the seabed.

Although numerous studies have looked into the settling velocity, incipient motion, or transport of shells of
different shapes (Al‐Dabbas & McManus, 1987; Allen, 1984; Chen, Liu, et al., 2024; Dey, 2003; Diedericks
et al., 2018; Fick, 2020; Fick et al., 2025; Kumagai & Nakajima, 2012; Li et al., 2020; Mehta et al., 1980;
Miedema & Ramsdell, 2011; Ramsdell et al., 2011; Silva et al., 2023), up to date only a few studies investigated
the effects of shells on the transportability and composition of the sediment they are embedded in. Shells have
been shown to decrease ripple size, reduce ripple migration rates (Cheng et al., 2021) and stabilize sediments
(Gutiérrez & Iribarne, 1999) under unidirectional flow, and shell fragments decrease bedload transport rates under
oscillatory flow (Kumagai & Nakajima, 2012). Two main processes could underlie this influence on sediment
transport: (a) alteration of the near‐bed flow and turbulence and/or (b) armoring of the. Furthermore, in certain
configurations, shells in the sediment promote the entrainment of silt in their wake (Pilditch et al., 1997; Witbaard
et al., 2017).

Shells can form roughness elements which interact with the flow, comparable to other biogenic roughness ele-
ments, such as invertebrate tube structures (Borsje et al., 2009, 2011; Friedrichs et al., 2000, 2009) and vegetation
stems (Bouma et al., 2007, 2009; Nepf, 2012). For these structures it has been found that they can on the one hand
locally increase turbulence and create scouring and thereby promote sediment transport, and on the other hand, at
a larger scale, cause skimming flow that protects the seabed (Borsje et al., 2009, 2011; Bouma et al., 2007, 2009).
For vegetation, sediment transportability is driven by changes in turbulence level (Hendriks et al., 2008, 2010).
Here, turbulent kinetic energy (kt) predicts both the onset of sediment motion and the amount of bedload transport
better than bed shear stress (Xu et al., 2022; Yang et al., 2016; Yang & Nepf, 2018; Zhao & Nepf, 2021). For
shells, the interaction with the flow depends on their shape and positioning (Miedema & Ramsdell, 2011).
Contrary to tubeworms and vegetation, shells are less likely to form vertical structures. Additionally, shells can
decrease sand ripple formation and size, which decreases bed roughness and near‐bed turbulence (Cheng
et al., 2021).

Armoring occurs when the shear stress is above the erosion threshold for the fine fraction but below that of the
coarse fraction. This causes a persistent coarse top layer, which shelters the lower layer and reduces further
sediment transport (Little & Mayer, 1976; Wilcock & DeTemple, 2005). Shells have a higher erosion threshold
compared to sand and are therefore suitable candidates for armoring (Miedema & Ramsdell, 2011; Ramsdell
et al., 2011). On beaches, an armoring shell layer can form, reducing wind‐driven transport of sand and stabilizing
the bed (McKenna Neuman et al., 2012; van der Wal, 1998). Shells have already been incorporated into
aeolian transport equations, which predict transport reasonably well (Strypsteen et al., 2021; van Rijn &
Strypsteen, 2020). However, in aquatic environments like the seafloor or river beds, such transport equations are
still lacking due to limited experimental studies quantifying shell‐effects on hydrodynamic‐driven sediment
transport. In this study, we conducted a flume experiment as a first step toward quantifying how shells of different
shapes influence current‐driven sand transport.

To date, only very few studies have touched upon the effect of shells or shell fragments on erodibility and transport
of sand by hydrodynamic forcing (Cheng et al., 2021; Gutiérrez & Iribarne, 1999; Kumagai & Nakajima, 2012).
The impact of shells has however not yet been quantified in terms of transport rates. This quantification is needed
for the implementation of shell‐content effects in sediment transport models. Furthermore, the diversity in shell
shapes complicatesmaking uniformpredictions. If the shape of a shell determines its effect on sediment transport, a
change in themorphology of the bivalve community could drive changes in the long‐term bioengineering effects of
their shells. The research questions we aim to answer are therefore: (a) how do elongated and round shells affect
incipient motion and bedload transport rates of sand, and (b) what is the balance between increased transport
through roughness and turbulence versus decreased transport through armoring? We hypothesize that shells
decrease the transportability of sand through the process of armoring, but that elongated shells create roughness
elements which may interact more strongly with the flow. To investigate this, we performed laboratory flume
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experiments on artificial beds of sand mixed with shells from elongated bivalve Ensis leei or rounded Spisula
subtruncata. We explain incipient motion and bedload transport by roughness creation and surface cover. The
results from this study can be used as building blocks for improving existing sand transport models. Furthermore,
we gain a better understanding of the bioengineering of the diverse types of bivalve shells.

2. Materials and Methods
2.1. Experimental Set‐Up

The experiments were performed in a racetrack flume, located at NIOZ Royal Netherlands Institute for Sea
Research in Yerseke (Bouma et al., 2005; Jonsson et al., 2006). The oval flume is 17.5 m long and 3.25 m wide,
with a flow channel width of 0.6 m (Figure 1a). A conveyor belt system on one of the straight sides of the flume
creates unidirectional current velocities up to u = 0.6 m s− 1. At the end of the opposite straight side, a 2‐m long
test section with a glass viewing window is located (Figure 1b). The flume was filled with tap water to a depth of
0.35 m and brought to a salinity of 30 ppm by adding sea salt. We measured salinity prior to every run using a
salinity tester (HI98319, Hanna Instruments). Average water temperature was 12.5°C.

For measuring current velocity at the test section, we used a Vectrino Acoustic Doppler Velocimeter (ADV,
NortekAS),mounted on a 3Dpositioning system.TheADVprobewas placed approximately halfway along the test
bed in the center of the flume (Figure 1b), measuring current velocity at 25Hz, at a level of 0.37× total water depth
(h) above the bed, to obtain depth‐averaged velocity (ū), assuming a logarithmic flow profile (Kleinhans, 2005).
The experimental set‐up also included a Vectrino Profiler (ADVP, Nortek AS), measuring the near‐bed velocity
profile downstream of the ADV. Due to technical problems, we were not able to acquire profile data from all the
experimental runs. For all available data and runs, see Table S2 in Supporting Information S1.

Figure 1. Flume set‐up and experimental runs: (a) top view of the racetrack flume with the conveyor belt (top), and supply‐ and test section (brown, bottom right);
(b) side view of the 2‐m test section with positioning of instruments (ADV, ADVP), cameras (side view camera C1, and top‐view camera C2) and bedload trap;
(c) schematic representation of flow velocity settings during experimental runs: Part 1 (threshold of motion) with two stages of accelerating flow, Part 2 (bedload
transport) with constant flow, and time points of sampling bedload and taking orthomosaic pictures in the Part 2 experiments; (d) pictures of the two bivalve species
shells used: Spisula subtruncata (top) and Ensis leei (bottom).
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We recorded the bed mobility and surface development with two cameras (HERO4 Session, GoPro). The side
view camera was mounted outside the window of the test section, at the position of the ADV, and the top view
camera was mounted just below the water level, downstream of the ADVP, so that minimal interaction with the
measurements and near‐bed flow occurred. In addition, to monitor the evolution of the bed surface, we captured a
set of top‐view photos (GoPro HERO4 Silver) of the bed surface over the complete length of the test section at
intervals of 5 cm. Ground Control Points (GCPs) were placed on the flume bottom and sides at the start and end of
the test section, and on the walls in the middle of the test section. This configuration allowed for the automated
stitching of multiple photos into a single orthomosaic (see Section 2.4.5). All cameras were set to a linear field of
view, to minimize lens distortion.

2.2. Bed Composition

For the sediment mixture, siliciclastic North Sea sand (d50 = 0.348 mm; d90 = 0.525 mm) with a density of
2640 kg m− 3 was used. The grain size composition was measured by laser diffraction (Mastersizer 2000, Malvern
Instruments) and the density was tested with a pycnometer. Empty shells of Ensis leei and Spisula subtruncata
(from here on referred to as Ensis and Spisula, Figure 1d) were acquired from a shell‐processing factory
(Meromar Seafoods, Harlingen, Netherlands) and cleaned with enzyme‐based detergent. Morphological char-
acteristics of the shells are presented in table S1 of Supporting Information S1. We tested sediments with Ensis,
Spisula or a mix of both, in the following bulk volumetric shell contents (Pshell): 0% (bare sand), 10% and 20%, for
each shell type or a mix of both types. Besides whole shells, we added shell fragments (4 L for every 10 L bulk
shell volume) to mimic a natural sand‐shell mixture. These shell contents lie within the range found in coastal
environments (see Section 4.5). The sand and the desired bulk volume of shells were mixed in a standing cement
mixer and added to the sediment tray. The dimensions (L×W×H) of the trays were 160.5× 57.5 × 25.5 cm, with
a false bottom, leaving the total depth of the sediment at 12 cm. The tray was lifted into the test section, with a
lifting crane and the edges were filled with foam strips to prevent the space between the tray edge and the flume
walls from becoming a sediment sink. After placing the tray in the flume, several buckets of sediment mixture
were added on top of the test bed, so that the surface of the bed was just above the edges of the tray, after
compaction. Prior to each experimental run, we re‐mixed the sediment and flattened it by raking to ensure that the
following run began with a random bed. We covered the flume bottom 3 m upstream of the test section with a thin
(±3 cm) layer of the experimental sediment‐shell mixture. This was to ensure that the test bed was not supply
limited and allow the flow to adjust prior to reaching the test section.

2.3. Experimental Runs

Two types of experimental runs were performed: (a) an accelerating flow experiment to determine the threshold
of motion, and (b) a constant flow experiment to determine bedload transport rates. For an overview of all
experimental runs and settings, see Table S2 in Supporting Information S1.

2.3.1. Part 1: Threshold of Motion

To determine the depth‐averaged velocity at the threshold of motion of sand grains, we performed initial
experimental runs with slowly accelerating flow (Figure 1c). The starting current velocity ū of each run was
0.15 m s− 1, increasing by approximately 0.02 m s− 1 min− 1 until we observed full bed mobility. Next, ūwas again
linearly increased over time, starting from 0.15 m s− 1, to test the critical velocity for a water‐worked bed, that is, a
bed that has an organized roughness structure created by the streamflow. After the initial analysis, we used the
threshold of motion observed during the second acceleration, on a water‐worked bed. This gives a more realistic
observation, for in nature we rarely find a bed that has been flattened or has not been water‐worked. Each
experimental run took approximately 30 min.

We identified the current velocity at the first motion stage as defined by Breusers and Schukking (1971) and van
Rijn (1984): a few rolling grains. For this, we manually determined the onset of incipient motion of sand grains,
visual from side and top‐view video footage, while using the live observations of initiation of grain movement as a
reference point.
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2.3.2. Part 2: Bedload Transport

To quantify the bedload transport, we performed experimental runs with a constant current velocity for 2 hr
(Figure 1c). The tested current velocities ranged from 0.25 to 0.45 m s− 1. Since we expected shells to affect
turbulence and thus transport, the lowest constant velocity was set near the critical velocity, ūcrit ≈ 0.3 m s− 1, as
determined in Part 1.

The transported sediment was collected in a bedload trap (58.5 × 20.0 × 12.0 cm), located at the end of the test
section. The current was interrupted to empty the bedload trap after 30, 60, and 120 min—the end of the run.
Bedload samples were dried at 60°C for 8–10 days, then sieved over a 1‐mm sieve to separately weigh the coarse
(shell) and the fine (sand) fraction, which we summed to acquire the total bedload mass.

2.4. Data Analysis

The raw data and code to execute the analysis is available in Kooistra et al. (2025).

2.4.1. Current Velocity Data Processing

We filtered the ADV velocity time‐series for correlation values >70% and a signal‐to‐noise ratio >10 dB (Nortek
A.S., 2022). After several sensitivity tests, we identified these thresholds to maximize the amount of data kept
without affecting the outcomes because of low quality data. Next, we de‐spiked the velocity time series applying
two filters: (a) a difference filter between two consecutive measurements of 0.5 m s− 1, and (b) a threshold filter
(0 < u < 0.7 m s− 1; − 0.2 < v < 0.2 m s− 1; and − 0.1 < w < 0.1 m s− 1). For the depth‐averaged velocity ū in Part 1
(threshold of motion), we used the median of the measured depth‐averaged velocities from the ADV measure-
ments over the 10 s preceding and the 10 s following the identified motion stage. The selection of a 20‐s window
was short enough to prevent the filtering out of large turbulent fluctuations, while still being long enough to obtain
an accurate velocity measurement. For ū in experiment Part 2 (bedload transport) we used the mean of the filtered
velocity data over each sampling interval (mean and standard deviations of ū can be found in Table S3 of
Supporting Information S1).

2.4.2. Near‐Bed Velocity and Turbulence

We measured near‐bed profiles for six experimental runs from the bedload transport experiment (Table S2 in
Supporting Information S1). For the data processing of the ADVP, we applied similar quality control criteria as
with the ADV data: correlation value >70%, a signal‐to‐noise ratio of >10 dB. Furthermore, we set a minimum
amplitude of − 40 dB and applied again a difference filter between two consecutive u, v or w measurements of
0.5 m s− 1. We selected a 5‐min time window approximately halfway the experimental run, during which the
bottom level was constant and corrected the height of the measurement points by the mean value of the detected
bottom level.

To check whether the near‐bed current velocity followed a logarithmic profile, we fitted a linear regression to u
(ADVPmeasurements) over ln(z), by a constrained least squares regression fixed at ū (ADVmeasurement). Next,
we derived shear velocity u* following the “law of the wall”:

u =
u∗

κ
ln
z
z0

(1)

In which u* is the shear velocity, κ is the Von Karman constant (κ ≈ 0.41) and z0 is the roughness height. This
shear velocity u* allowed us to compare the skin friction coefficient cf of shelly versus bare beds:

c f = (
u∗

u
)

2

(2)

The standard deviation of the velocity fluctuations relative to the mean gave the turbulence intensity (u′, v′, w′).
From this, we determined turbulent kinetic energy (kt) near the bed (Soulsby, 1983):
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kt =
1
2
(uʹ2 + vʹ2 + wʹ2) (3)

The dimensionless turbulent kinetic energy (kt*) is given by:

kt∗ =
kt

(
ρs
ρw
− 1) gd50

(4)

in which the sediment density ρs = 2,640 kg m− 3, water density ρw = 1,027 kg m− 3 (at 10°C and a salinity of 30
ppt) and gravitational acceleration g = 9.81 m s− 2.

2.4.3. Bed Shear Stress and Friction

The water flow exerts a shear stress on the bed surface. This grain bed shear stress (τ, N m− 2) is directly correlated
with bed roughness (van Rijn, 1993):

τ = ρw g
u2

C2 (5)

with the Chézy roughness C, given by the White‐Colebrook formula:

C = 18 × log 10(
12R
ks,grain

) (6)

in which R is the hydraulic radius R = 0.16 m (calculated with the height of the water column and the width of the
flume), and grain roughness ks, grain = 2 × d90 = 1.05 × 10− 3 m (Kamphuis, 2010).

The dimensionless bed shear stress, or Shields number, can be calculated based on the bed shear stress (van
Rijn, 1984):

θ =
τ

(ρs − ρw) g d50
(7)

2.4.4. Bedload Transport

The sediment mass transport rate is computed for each sampling interval by:

q =
msed

W Δt
(8)

with sediment mass transport rate q (kg m− 1 s− 1), determined by total dry weight of the transported sediment
(msed) divided by the width (w) of the flume during each sampled time window (Δt). This can be converted to a
non‐dimensional bedload transport rate φ, or Einstein parameter:

φ =
qs

ρs ws d50
(9)

with settling velocity ws = 0.046 m s− 1, following van Rijn (1993) Equation 3.2.22 for non‐spherical particles
100 < d50 < 1,000 μm. This dimensionless sediment transport rate is commonly related to the bed shear stress or
Shields number (θ):

φ = m(αi θ − θcritical)1.5,with αi =
θcritical,i%
θcritical,0%

(10)
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with no transport occurring when θ < θcritical. This relation was originally formulated by Meyer‐Peter and
Müller (1948) (hereafter referred to as MPM), with the critical Shields number defining the onset of sediment
motion, θcritical = 0.047, a scale factor m = 8, and with αi = 1. A reanalysis of this formulation by Wong and
Parker (2006) (hereafter referred to as WP) showed slightly different values: θcritical = 0.0495 and m = 3.97. The
model parameters from MPM and WP were based on experiments with featureless bed conditions and uniform
sediments, with fully mobile transport conditions (Meyer‐Peter & Müller, 1948; Wong & Parker, 2006). In
contrast, our experiments contained bedforms and shells and were conducted using low flow velocities. There-
fore, the values of the bedload model coefficients were expected to differ. To account for the effects of the shells
on shear stress, we introduce a factor α, which indicates the ratio between the real shear stress (in case of shells)
and the shear stress in case for a bare sand bed (no shells). We determine this factor α by determining for which
depth‐averaged flow velocity sand starts moving for the situation with and without shells in Part 1 of the
experiment. We emphasize here that the shells change the turbulence and thereby the bed shear stress, and not the
initiation of motion of a sand particle. We optimized fitting parameter m using non‐linear least square regression
(NLS). For this fitting, we selected the data above θcritical = θcritical,0% = 0.0423, as obtained from Part 1. As
starting parameter, the WP parameter was used (m = 3.97), and θcritical was set as θcritical,0% = 0.0423.

2.4.5. Roughness and Armoring

For the bed surface structure analysis, we used the top‐view orthomosaic images taken after 120 min of constant
flow (Part 2). We used Agisoft Metashape Professional (v. 2.1.3, Agisoft LLC) to create detailed 3Dmodels based
on the Structure from Motion (SfM) technique (Westoby et al., 2012). First, a series of images were loaded into
the workspace, with low‐quality images removed manually. GCP marker data, measured with an approximated
accuracy of 5 mm relative to a fixed local 3D coordinate system, was also uploaded; the coordinate system's origin
was set at the center of the test bed at the level of the flume bottom. GCPs were identified automatically, followed
by a manual check. Next, we generated a sparse point cloud with automated image alignment, which was refined
through calibration using the GCP data and optimizing all selectable camera parameters, including additional
corrective fits. A dense point cloud was then generated with mild depth filtering. Using this dense point cloud, a
Digital Surface Model (DSM) was constructed through planar projection, and an orthomosaic was created based
on the DSM. Finally, a bounding box with coordinates [− 0.6, − 0.2; 0.6, 0.2] was applied to both the DSM and
orthomosaic, which were then exported at a spatial resolution of 0.001 m, resulting in images with dimensions of
1,200 × 400 pixels each. We determined the areal coverage of shells by manually outlining the shells visible in the
orthomosaics using ImageJ. Based on these contours a mask was created and the relative areal cover (%) was
calculated (Figure S1 in Supporting Information S1). To avoid capturing side‐wall effects on bed roughness, we
selected our area of interest as the middle region (0.8 m in x‐direction and 0.4 m in y‐direction). Roughness was
determined as the elevation range of a focal area, that is, the difference between the minimum and maximum
elevation (Wilson et al., 2007), using the package “terra” in R (Hijmans, 2020; R Core Team, 2024). We
selected a focal area of 11 × 11 pixels to approximate the scale of shells and sand ripples (0.01 m). Total bed
roughness (ks,bed, m) was then calculated as the mean roughness over the entire area of interest.

3. Results
3.1. Threshold of Motion

The presence of shells increased the critical depth‐averaged velocity and critical Shields at incipient motion in a
water‐worked bed (Figure 2). A higher shell content lead to a higher ūcritical for initiation of motion of sand grains:
from ūcritical = 0.28 m s− 1 and θcritical = 0.042 at a bare bed to ūcritical ranging between 0.32 and 0.36 m s− 1 and
θcritical between 0.057 and 0.071 at Pshell = 20%. Shell content Pshell rather than shell morphology was the driving
factor: both elongated as well as round shells resulted in a similar order of magnitude increase in ūcritical and
θcritical.

3.2. Near‐Bed Velocity and Turbulence

The near‐bed current velocity (u; m s− 1) approached a logarithmic profile (r2 ranged between 0.78 and 0.94;
Figure 3a). The presence of shells resulted in lower cf values compared to bare beds under comparable flow
conditions. Near‐bed turbulence (kt*) was higher on bare beds than on beds with shells under comparable depth‐
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averaged flow (Figure 3b). For some of the shelly beds, kt* displayed a peak between 0.5 and 1 cm from the bed
(z/h = 0.01–0.04; Figure 3b).

3.3. Bedload Transport: Comparing Measurements to Literature Predictions

Bedload transport was lower when shells were present, while a higher shell content resulted in a greater reduction
of bedload transport (Figure 4a). At Pshell = 20% and ū = ūmax, the amount of sand transported was reduced by
approximately 50%. At Pshell= 10%, the reduction in transport was less pronounced and at ū= ūmax transport rates
approached those of a bare bed. Similar as in Part 1, there was no clear difference in the effect of the two different
shell types. At the lowest current velocities, near the threshold of motion, bedload transport was close to zero in
both bare and shelly beds.

Figure 2. (a) Depth‐averaged current velocity and (b) critical Shields parameter at the incipient motion of sand grains for different sand‐shell bed compositions.

Figure 3. Profiles for the bedload transport experiments (Part 2, constant flow), for bare beds (round markers, solid line) and beds containing 10% mixed shells
(x‐markers, dotted line. Plot color indicates the mean depth‐averaged velocity, with brighter colors indicating higher flow velocity. (a) Near‐bed velocity u and
logarithmic profiles fitted to all velocity measurements (near‐bed u and ū, calculated cf values are displayed); (b) near‐bed turbulence kt*.
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The theoretical WP relations between φ and θ overestimated the transported bedload (Figure 4b). For bare beds as
well as sand with shells, the optimized scale parameter m was lower than the value given by Wong and
Parker (2006). The bare bed resulted in the lowest value (m = 1.08), whereas shells increased m (m = 1.96 for
Pshell = 10% and m = 1.45 for Pshell = 20%). Parameter α, which was set to account for the shell effect on θ as

Figure 4. (a) Bedload transport flux at different current velocities for all tested bed configurations and (b) dimensionless bedload transport rate (φ) over dimensionless
grain bed shear stress, or Shields (θ). Plotted lines describe the best‐fit bedload models for each shell content (0%, 10%, and 20%). The predictor with parameters from
Wong and Parker (2006) (θcritical = 0.0495 and m = 3.97) is displayed in grey.
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determined in Part 1, captured most of the decrease in transport with increasing shell content (α10% = 0.76 and
α20%= 0.67). For 10% shells, a steeper curve and hence a highermwas then required to capture the high transport
rates at ūmax. For 20% shells, due to the strongly decreased transport rates at ūmax, less steepening was needed and
therefore a lower m sufficed.

3.4. Total Bed Roughness and Areal Coverage

The sand ripples that increase total roughness of the bed without shells largely disappeared when shells are present
(Figure 5). Total bed roughness ks,bed decreased with increasing shell content (Figure 6a). Bare beds and beds with
Ensis shells resulted in the highest roughness (ks,bed = 0.35–0.43 cm), while Spisula shells resulted in the lowest
roughness (ks,bed = 0.27–0.37 cm) (Figure 6a). Ensis shells themselves form large roughness elements, whereas
Spisula shells form minimal roughness elements. In terms of areal cover, Ensis shells covered a larger fraction of
the bed compared to Spisula shells at Pshell = 20% (Figure 6b).

4. Discussion
Shells increased the velocity and shear stress at the onset of sediment motion and decreased the bedload transport
of sand.While at 10% shell content, transport was only reduced at lower flow velocities, at higher (e.g., 20%) shell
content, bedload transport was halved compared to a bare sand bed. This reduction is independent of shell
morphology, although shell shape does determine how much the shells interact with bed morphology and hy-
drodynamics. Both shell types decreased roughness by decreasing ripple formation, but elongated shells formed
large roughness elements themselves and thereby lowered total bed roughness to a lesser extent than rounded
shells. However, as the elongated shells covered a larger areal fraction of the bed, they sheltered a larger amount
of the sediment from near‐bed flow compared to rounded shells. These counteracting effects on roughness and
bed cover resulted in a similar decrease in sediment transport between shell types (Figure 7).

Figure 5. Three example digital surface models (DSMs) after 2 hr of constant flow (0.35 or 0.45 m s− 1) for beds containing
0% shells, 20% Ensis or 20% Spisula shells. Note that the color scale was capped at 0.03 m to increase the visibility of smaller
roughness elements.
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4.1. Shells Increased the Threshold of Motion

Contrary to our findings, Cheng et al. (2021) observed a decrease in the threshold of motion (ucritical) and the
critical shear stress (θcritical) up to a shell content of 20%. This could be explained by the fact that we determined
incipient motion on a water‐reworked rippled bed as would be found in nature, while they looked at an initial, only
theoretically existing, flat bed. In our experiment, shells decreased the threshold of motion in some initial beds as

Figure 6. (a) Total bed roughness ks,bed, and (b) areal cover fraction of the comparable constant flow experiments (smaller marker: 0.35 m s− 1; larger marker: 0.45 m s− 1)
for beds containing 0% shells (dot), 10% mixed (x), Ensis (square) or Spisula (triangle) shells and 20% Ensis or Spisula shells. Labels for shell types as in Figure 2.

Figure 7. Schematic overview of observed effects of shells on threshold of motion and bedload transport, through bed cover
and diminishing roughness. Dashed lines indicate Ensis, dotted lines Spisula, solid lines indicate effects independent of shell
shape.
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well, however, we considered the water‐worked bed to be more representative of a natural reference situation. In
heterogeneous sand‐gravel mixtures, the θcritical of sand with 20% gravel was in the same order of magnitude as
our value of θcritical at Pshell = 20% by McCarron et al. (2019). They attributed this to hiding‐exposure effects, a
mechanism that plays a role in sand‐shell mixtures as well. Furthermore, including factor α in the bedload
prediction to represent the effect of shells on θcritical, largely accounted for the decrease in sediment transport at
higher shell contents.

4.2. What Happened Close to the Bed?

Shells decreased the skin friction coefficient cf, which is consistent with our findings that shelly beds are less
rough than rippled ones. This is also in line with field measurements above rippled sand beds and shelly beds, as
summarized in Soulsby (1983): cf= 0.0024 for a sand/shell bed, and cf= 0.0061 for rippled sand. These values lie
slightly below the range that we found (0.007–0.01), which might be attributed to the difference in measurement
elevation (1 m above the bottom) and field versus experimental context.

Shells decrease near‐bed turbulence compared to a bare bed (Figure 4b). This corresponds to previous obser-
vations of lowered near‐bed turbulence in the presence of 10% shells (Cheng et al., 2021) or gravel clusters
(Curran & Tan, 2014). Although our 10% mixed shelly beds, had similar roughness values to the bare bed, shells
were distributed in patches, while ripples regularly covered the bare bed (Figure 5). This could partly explain the
differential effect on turbulence, as the shape and spacing of roughness elements play a role in the magnitude of
near‐bed turbulence (McKenna Neuman et al., 2012). Cheng et al. (2021) saw near‐bed turbulence increase for
higher shell contents. Therefore, a greater shell content than measured in the current experiment may increase
turbulence to a similar level as above the bare bed. Based on our measurements on total bed roughness, we expect
the threshold above which shells increase turbulence to depend on shell morphology, and to be lower for round
shells compared to elongated shells.

4.3. Reduction of Bedload Transport: Magnitude and Mechanisms

At the highest shell content (20%), bedload transport was approximately halved compared to a sandy bed without
shells. This decrease approaches the 75% decrease in ripple migration rate measured by Cheng et al. (2021), at
slightly higher current velocities (0.5 m s− 1). Extrapolating our findings to higher current velocities would likely
result in an even larger difference in transported bedload between shelly and bare beds. Furthermore, since
transported sand grains do not always maintain contact with the bed, but can also move by saltation and in
suspension (van Rijn, 1984), the ripple migration rate as used in Cheng et al. (2021) might underestimate bedload
transport. The decrease in bedload transport over shelly beds is consistent with field observations of decrease in
sand transport when the seafloor consists of a mix of fine sand with shells, compared to bare sand (Pickrill, 1986).

Both in the bare and shelly beds, we observed an overestimation of bedload transport by the Wong and Parker
(WP) bedload predictor. Several factors could explain this mismatch. Firstly, the WP parameters were defined for
a featureless bed. On rippled beds, the WP parameters have been previously observed to be inaccurate (Guevara
et al., 2024). Secondly, the original parameters were developed for fully mobile conditions and have been shown
to overestimate transport at low velocities (Kleinhans & van Rijn, 2002; Ribberink, 1998). In heterogeneous
sediments, this could be attributed to the hindrance of small grain movement by larger grains and can be corrected
with a hindrance factor (Kleinhans & van Rijn, 2002). In our study, different shell shapes and sizes complicated
the formulation of a single factor based on particle dimensions. Rather we chose to fit the m‐parameter (Equa-
tion 10) directly, after accounting for the effect of shells on the threshold of motion by means of a factor α. The
decreasing α with shell content captured the decrease in bedload transport by shells compared to bare sand. The
fittedm‐parameter was always lower than theWP value (3.97), but was lowest for bare sand (1.08) and highest for
beds with 10% shells (1.96). This increased value for m was required to steepen the curve and capture both the
lower transport near the threshold of motion as well as the high transport at high flow velocity. These results are
consistent with Jumars and Nowell (1984), who note that the impact of benthos on sediment transport rates tends
to decrease at higher sediment transport rates. Sediment transport in beds with 20% shells remained below bare‐
bed transport rates within the tested velocity range, leading to a less steep curve slope and therefore an inter-
mediate fit form (1.45). Overall, these results suggest that Pshell= 20% substantially decreases sediment transport,
while Pshell= 10% might lie below certain thresholds for areal cover or roughness to limit transport at higher flow
velocities, analogous to previously identified roughness density thresholds (Bouma et al., 2009; Friedrichs
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et al., 2009; Nowell & Church, 1979). This threshold could be attributed to a transition from isolated roughness
flow to a skimming flow regime.

4.4. Shells can Modify Roughness and Shield Sand

Shells diminished sand ripples and consequently decreased bed roughness. This confirms the findings from
Cheng et al. (2021). Additionally, we saw that the elongated shells reduce roughness to a lesser extent than
rounded shells, as elongated shells form roughness elements themselves. This corresponds with a higher drag for
particles with a lower shape factor (Chen, Yao, et al., 2024; Li et al., 2020), as the shape factor of elongated shells
was 0.12, compared with 0.30 for round shells (Table S1 in Supporting Information S1). Furthermore, at
Pshell= 10%, the total roughness of beds, whether with elongated or mixed shells, still fall within the range of bare
beds. Contrarily, Cheng et al. (2021) measured minimal roughness based on near‐bed turbulence at Pshell = 10%,
above which bed roughness increased. Although our DSM‐based method may contain biases, for instance, due to
dependence on the raster resolution (Wilson et al., 2007), we attempted to correct for this by selecting a suitable
scale. Rather than a value derived from local flow conditions, our DSM‐based roughness gives a direct measure of
the roughness for the entire bed, that is, at the macroscale level. The lower cf values for shelly beds also agree with
the lower roughness, even though we only have cf measurements for 10% mixed shells. The decreased roughness
could be responsible for the increase in threshold of motion: sediment is less readily entrained due to a decrease in
turbulent bursts.

In sediments with armoring, bedload transport is overestimated by the original bedload models (Hunziker &
Jaeggi, 2002). During our 2‐hr experimental runs, the top layer of the sediment did not coarsen (Table S4 in
Supporting Information S1), possibly due to sufficient upstream sediment supply, nor did the transport rate
decrease over time. Shells, however, covered up to 15% of the bed for elongated Ensis shells, and 8%–10% for the
same bulk volume content of rounded Spisula shells. In aeolian settings, shells have been shown to limit sand
transport already from low shell contents. A 20% shell content reduced the amount of transported sand by up to
80% (van der Wal, 1998). This reduction of sediment transport is of the same order of magnitude as our measured
bedload transport effects. Bed cover by shells resulted in stabilization of the sand surface in wind tunnel ex-
periments, resulting in an up to 45% increase of the threshold of motion (McKenna Neuman et al., 2012), which is
similar to our observed increase in the threshold of motion. In line with our findings, large shells here also resulted
in higher cover fractions than small shells.

As a next step, a shell reduction factor such as the Bagnold equation for aeolian transport (van Rijn &
Strypsteen, 2020), could be defined for transport equations in aquatic settings. Alternatively, the m and α pa-
rameters can be adapted directly within a MPM‐like bedload predictor, following the results of this study. To
increase the accuracy of these parameters, we recommend testing a wider range of shell contents and flow
conditions. This would also increase the applicability in a wider range of field conditions.

4.5. Outlook and Applications

Before upscaling our findings, a few limitations should be considered. Firstly, we tested current velocities up to
0.45 m s− 1, in the lower transport stage (as defined by van Rijn (1993)). Tidal currents velocities of 1 m s− 1 are
common in the coastal zone (Elias et al., 2022). Although we observed somemobility, most of our shells remained
in place even during the faster flow conditions. With stronger currents, however, they may be swept away.
Secondly, we tested unimodal, sandy sediment, while different interactions may be at play when mud is present.
The effect of shells in cohesive sediments remains therefore to be considered in future experiments.

The shell contents used in this study fall within the range of shell contents measured in the field (Figure 8) and
previously reported (Wells & Kim, 1989). Shell distribution is however heterogeneous. To implement shells in
sediment transport models, data sets with a higher resolution of sediment shell content are needed. Hydroacoustic
mapping could provide such an increased resolution, compared to sediment sampling (Mielck et al., 2014).

Elongated and round shells had similar effects on sediment transport, even if their interaction with bedforms and
their areal coverage of the bed differs. Therefore, the replacement of a native by an invasive species with a
different shell morphology will likely not directly affect the sediment transportability. However, when shell
production in an area increases, for instance, because an invasive species has a higher abundance or can colonize
habitats that were previously less occupied by similar‐sized bivalves, this might have implications for sediment
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transport processes. Ensis leei has been suggested to colonize previously “empty” habitats because of its resil-
ience to hydrodynamic stress (Dekker & Beukema, 2012). Additionally, to date, there is no evidence that this
species has replaced native species. Therefore, the large increase in shell production by the colonization of Ensis
leei might have had an effect on sediment transport.

By decreasing sediment transportability, shells may feedback into larger‐scale morphological processes, such as
sand wave formation and migration. Biogeomorphological effects have previously been implemented in models
for sand wave occurrence and morphology (Borsje et al., 2009; Damveld et al., 2020). Additionally, including
coarser fractions improved modeled sand wave migration rates (Z. Wang et al., 2019). Given the prevalence of
shells in shallow marine basins, incorporating biogeomorphological effects could lead to more accurate pre-
dictions of sand wave development. Another problem in morphodynamic modeling is the overestimation of
channel incision, which is usually calibrated by modifying bed roughness, increasing sediment grain size or
increasing the transverse slope parameter to unrealistic values (Baar et al., 2019; Y. Wang et al., 2016). Shells are
prevalent in these deeper gullies, and including them might therefore improve predictions of channel incision.
Lastly, including shells in sediment nourishments may improve the durability of the nourishment (Strypsteen
et al., 2021). The empirical results from our study could serve to predict the effects of shells in the distribution of
the nourished sediment. The ecological effects of such applications should however not be neglected (Peterson
et al., 2014).

5. Conclusions
Shells increase the shear stress at threshold of motion and decrease the bedload transport of sand. The magnitude
of these effects is similar for different shell shapes, even though the underlying mechanisms—such as the for-
mation of roughness elements and the spatial coverage by shells—vary depending on shell shape. Given the
widespread occurrence of shells in marine sediments, these significant effects likely have implications for large‐
scale sediment transport predictions. By redefining parameters in sediment transport formulations to account for
the presence of shells, we made a step toward including their influence in sediment transport models. This
knowledge contributes to more realistic forecasting of sediment dynamics.

Figure 8. Volumetric shell contents measured near the Ameland inlet, Wadden Sea, the Netherlands. Note that shell content here was measured as water‐replacement
volume, and is therefore likely lower than the bulk volume used in the current study. The sampling methodology is described in Text S1 of Supporting Information S1.
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Appendix A: List of Symbols

The definitions and (if applicable) units of the symbols used in this paper are given below.

αi ratio between θcritical,0% and θcritical,i% [− ]

C Chézy roughness [m1/2 s− 1]

cf skin friction coefficient [− ]

d50; d90 median grain size; 90th percentile of cumulative grain size distribution [mm]

g gravitational acceleration [9.81 m s− 2]

θ; θcritical dimensionless bed shear stress, or Shields number; critical Shields number [− ]

ks; ks,bed roughness; total bed roughness [m]

kt; kt* turbulent kinetic energy [m2 s− 2]; dimensionless turbulent kinetic energy [− ]

κ Von Karman constant (κ ≈ 0.41)

m scale parameter in MPM‐like bedload predictor

Pshell shell content [%]

qs sediment mass transport rate [kg s− 1 m− 1]

ρs; ρw sediment density; water density [kg m− 3]

R hydraulic radius [m]

τ bed shear stress [N m− 2]

ū depth‐averaged velocity in x‐direction [m s− 1]

u′; v′; w′ turbulence intensity in x, y and z direction [m s− 1]

u* shear velocity [m s− 1]

φ dimensionless bedload transport rate (or Einstein parameter) [− ]

ws settling velocity [m s− 1]

z height above bed [m]

z0 roughness length [m]
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