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Summary

Summary

The world'’s coasts are under threat of erosion due to sea level rise. To counter-
act this erosion, sand nourishments are applied. Such nourishments may have
ecological implications, both on the site where they are placed, as well as further
away. In sedimentary coastal systems, invertebrate animals that live in and on
the seafloor, so-called “macrozoobenthos” or “benthos’”, fulfil essential ecological
roles. This dissertation focusses on the different ways in which these benthic an-
imals interact with the sediment they live in, in the context of sand nourishments.

Sediment grain size composition determines the habitat suitability. Even though
many benthic species in the Wadden Sea are sediment generalists, several have
pronounced median grain size or mud content optima (Chapter 2). In the Borndiep
basin (Wadden Sea, the Netherlands), sediments were in general coarser and
less muddy than optimal for the benthic fauna. In several areas, especially in the
intertidal, sediments were near the edge of the tolerance range of the resident
fauna. A slight coarsening here could drive a shift in the benthic communities.

Although sediment mud content and food availability are usually correlated,
sediment composition appeared to be a stronger driver of performance than
food availability for a mud-dwelling species (peppery furrow clam, Scrobicularia
plana, Chapter 3). A sandy sediment resulted in high mortality and a reduced
mobility. The species was relatively tolerant to a heatwave, independent of sedi-
ment composition and food supply. Therefore, a drastically changing sedimentary
habitat is likely to be a risk for this species.

The other way around, benthic animals can influence the transport and composi-
tion of the sediment they live in by the structures that they make and their activity.
Bivalves produce shells that accumulate in the sediment after the animal dies.
These shells can interact with the sediment transport and flow (Chapter 4). A
higher fraction of shells in the sediment results in a higher threshold for incipient
motion of sand grains and a lower bedload transport rate, independent of the
shape of the shells. Both elongated and round shells reduce the formation of
sand ripples, but elongated shells are sticking out more, therefore round shells
decrease roughness most. On the other hand, the elongated shells also covered
more of the bed, shielding the sand from erosion. The resulting sand transport
modifications was therefore similar for both shell types. In areas with high sed-



Summary

iment shell content, significant contributions from shells on sediment transport
can be expected.

By their burrowing behaviour, benthic animals can modify the vertical sed-
iment distribution and composition. This bioturbation is particle-size specific
(Chapter 5): mud and fine particles are preferentially reworked, while sand may
better preserve the stratification after deposition by currents and waves. In a
young and relatively dynamic intertidal environment, it is challenging to dis-
tinguish the effects of constant but small bioturbation displacements from the
episodical storm deposition and reworking. Single-grain luminescence is a prom-
ising technique for unravelling mixing processes of sand grains. However, further
testing and development of the methods are needed before it can be applied to
determine reliable bioturbation rates in young and dynamic deposits.

Altogether, the results show that benthic communities and sediment composition
and transport are tightly linked. Sediment grain size and mud content determine
habitat suitability. The composition and stability of the sediment itself is also
influenced by biota. These ecological interactions should be considered in the
management of sedimentary coasts.



Samenvatting

Samenvatting

Wereldwijd worden kusten bedreigd door erosie, veroorzaakt door zeespiegels-
tijging. Zandsuppleties worden toegepast om kusterosie tegen te gaan. Deze
suppleties kunnen gevolgen hebben voor de ecologie, zowel op de plek waar
ze worden aangebracht, als verder van de suppletielocatie. In kustsystemen be-
staande uit zand of slib, vervullen ongewervelde bodemdieren, “macrozooben-
thos” of "benthos", essentiéle ecologische functies. Dit proefschrift richt zich op
de wisselwerking tussen de benthos en het sediment waarin zij leven, in verband
met zandsuppleties.

De korrelgrootteverdeling van sediment bepaalt de geschiktheid van het leefge-
bied. Hoewel veel benthische soorten in de Waddenzee sedimentgeneralisten
zijn, hebben enkele uitgesproken voorkeur voor een bepaalde korrelgrootte of
slibgehalte (Hoofdstuk 2). In het Borndiep-kombergingsgebied (Waddenzee,
Nederland) was het sediment grover en minder slibrijk dan optimaal voor de
bodemfauna. Op verschillende plekken, met name in het intergetijdengebied,
lag de sedimentsamenstelling tegen de grove kant van de tolerantiegrenzen van
de aanwezige fauna. Een relatief kleine vergroving zou hier al kunnen leiden tot
verschuivingen in de soortsamenstelling.

Slibgehalte en voedselbeschikbaarheid hangen doorgaans met elkaar samen.
Toch bleek vooral sedimentsamenstelling bepalend voor de overlevingskans van
de platte slijkgaper, Scrobicularia plana, een schelpdier dat in slijkige gebieden
leeft (Hoofdstuk 3). Een zandig sediment resulteerde in een groot aantal sterf-
gevallen en een verminderde mobiliteit. De soort was relatief weerbaar tegen
een hittegolf, onafhankelijk van sedimentsamenstelling en voedseltoevoer. Een
veranderend sedimenthabitat vormt daarom waarschijnlijk een risico voor deze
soort.

Omgekeerd kunnen bodemdieren ook de verplaatsing en samenstelling van het
sediment in hun leefomgeving beinvloeden door hun graafbewegingen en de
structuren die ze maken. Schelpen blijven in de zeebodem aanwezig nadat de
schelpdieren die ze gemaakt hebben gestorven zijn. Deze schelpen kunnen sedi-
menttransport en waterstroming beinvioeden (Hoofdstuk 4). Een hoger aandeel
schelpen in bodem zorgt dat zandkorrels minder snel in beweging komen en dat
er in totaal minder zand getransporteerd wordt. Zowel langwerpige als ronde
schelpen verminderen de vorming van zandribbels, maar langwerpige schelpen

9



Samenvatting

steken zelf meer uit; ronde schelpen verlagen daardoor de bodemruwheid het
meest. Daartegenover bedekten langwerpige schelpen een groter deel van het
bodemopperviak, waardoor het zand extra wordt afgeschermd. De totale ef-
fecten op zandtransport zijn voor beide schepvormen gelijk. Op plekken waar
veel schelpen in de zeebodem aanwezig zijn, hebben deze waarschijnlijk een
beduidende invloed op sedimenttransport.

Door middel van hun graafgedrag kunnen bodemdieren de verticale verdeling
van zand en slib beinvloeden. Deze "bioturbatie” verschilt per korrelgrootte-klas-
se (Hoofdstuk 5): fijne korrels (slib) worden eerder verplaatst, terwijl zandkorrels
minder mobiel zijn en eerder de gelaagdheid na afzetting door golven en stro-
ming kunnen behouden. Met behulp van luminescentie op korrelniveau kunnen
deze mengprocessen beter ontrafeld worden. Verdere methodologische ont-
wikkelingen is echter nodig voordat deze betrouwbaar kan worden toegepast
om omwerkingssnelheden te bepalen in jonge en dynamische afzettingen in het
intergetijdengebied.

Samengevat laten de resultaten zien dat bodemgemeenschappen en sedi-
mentsamenstelling en -transport nauw met elkaar verweven zijn. Korrelgrootte
en slibgehalte bepalen de habitatsgeschiktheid, terwijl de samenstelling en sta-
biliteit van het sediment zelf ook door het bodemleven wordt beinvloed. Deze
ecologische wisselwerkingen zouden moeten worden meegenomen in het beheer
van sedimentaire kustsystemen.

10






L /210040









Introduction

Living at the seaside

Where the land meets the sea, many creatures find a place to live. They dwell
here for several reasons: they profit from the abundant nutrition in these areas
where a lot of light and nutrients are available, while still living in the relatively
stable environment that the marine realm provides. Nevertheless, these coastal
zones contain among the most dynamic conditions that you can find in the sea.
At exposed locations, sands are constantly subject to strong waves and currents.
In intertidal areas, the seafloor that falls dry during low tide is exposed to the
fluctuations of the air above, which can be scorching heat in summer or scouring
ice in winter. A variety of coastal habitats exist: some shorelines are rocky, some
are vegetated by mangroves or salt marshes, and some are characterised by
sandy beaches. When a sufficient tidal range is present, and the sedimentary
conditions are right, intertidal flats form. These are part of the day covered by
water, and part of the day exposed to the air.

Changing coasts

The coastal zone is also the place where most humans interact directly or indi-
rectly with the marine environment. A major and increasing part of the worlds
human population inhabits the coastal zone (Neumann et al. 2015), and ap-
proximately 775 million people have a high dependence on the resources that
coastal marine ecosystems provide (Selig et al. 2019). Human pressures on these
ecosystems are high and have led to loss of biodiversity (Lotze et al. 2006), and
with this also loss of important ecosystem services (Worm et al. 2006).

The impacts that humans have on coastal ecosystems range from local and re-
gional, to global scale (He and Silliman 2019). Anthropogenic activities, including
fisheries, tourism, resource extraction, energy production and infrastructure can
locally and regionally impact marine systems. On a global level, climate change
influences coastal environments. Firstly, the warming climate is resulting in higher
water and air temperatures, as well as an increase in extreme events, such as
heatwaves, storms and precipitation extremes (Parmesan et al. 2022). Secondly,
global sea level is rising at an increasing rate (3.6 mm year'in the last decade)
and predicted to keep rising to 0.43-0.84 m by the end of the 21t century (Op-
penheimer et al. 2019). Especially in low-lying coastal areas, this increases the
flood risk and coastal erosion, while also affecting the adjacent marine habitats
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by modifying hydrodynamics, and thus morphology (Ranasinghe et al. 2013; Ra-
nasinghe 2016).

Several measures can be taken to protect coastal regions from rising sea levels
and the consequently eroding soft-sediment coastlines (Williams et al. 2018). On
the one hand, so called "hard” solutions include the construction of dykes, groins
or breakwaters. On the other hand, ecosystem-based coastal defence measures
harness natural structures and processes for counteracting erosion, as well as
restoring coastal ecosystems (Temmerman et al. 2013). Sediment nourishments
are a "soft” defence solution and represent a more natural alternative to protect
sandy shores compared to hard structures (de Schipper et al., 2021; Hanson et
al., 2002). They usually entail the deposition of sediment on or near an eroding
location, after which waves, wind, and currents are allowed to redistribute it nat-
urally. Most of these nourishments take place on, or in front of, sandy beaches.
Such sand nourishments are applied globally and currently keep coastal erosion
at bay, but the need for nourishing has strongly increased and is predicted to
keep rising during the coming century (Brand et al., 2025; Haasnoot et al., 2020;
Vousdoukas et al., 2020). Not only an increasing nourishment size and frequency,
but also new nourishment types are needed (e.g., Box I). For instance, mega-nour-
ishments could offer efficient longer-term coastal protection (Stive et al. 2013).

Sand nourishments can affect coastal ecosystems in multiple ways. First, the
sedfloor, at the place where the sand gets taken from, is disrupted (Witbaard et
al. 2025; Schultz et al. 2025). Then, during nourishment placement, the seafloor
or the beach at the nourishment location gets covered by a layer of sand, and
the sediment concentration in the water is increased (Peterson and Bishop 2005;
Speybroeck et al. 2006). What we know little about, is how nourishments actually
affect marine ecosystems on a longer timescale and further away from the nour-
ishment location. Furthermore, we also still have a lot to learn about how marine
organisms themselves can influence the distribution, stability and composition
of the sediment. These questions were at the basis of this PhD.

The Wadden Sea

Before diving deeper, | will introduce my study system: the Wadden Sea. This
shallow coastal sea spans 500 km, from the Netherlands to Denmark (Fig. 1). On
the North Sea side lie barrier islands, like a giant’s trail, forming a permeable
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boundary. Through the inlets between the islands, the tide flows twice a day in
and out of the tidal basins. As the tide lowers, large parts of the seafloor fall dry.
The vast (4700 km?) areal extent of these intertidal flats are one of the features
which make the Wadden Sea unique worldwide. Its geology, natural dynamics
and biodiversity have granted this system a UNESCO world heritage status.

Figure 1. the Wadden Sea as seen from space, looking towards the east (Jeff Williams, ISS).
This thesis focuses on the Dutch Wadden Seaq, located in the lower half of this photograph.
The inset shows the location of the Wadden Sea in Europe (red), with the box indicating
the focus area in the photograph.

Morphology and dynamics

The Wadden Sea is a relatively young system, as its formation started approxi-
mately 7500 years ago, with the ongoing gradual sea level rise after the end of
the last ice age. It is mainly shaped by natural dynamics: the tidal flow and the
constantly counteracting processes of sedimentation and erosion which change
the course of gullies and the shape of tidal flats and islands. Sediment is contin-
uously on the move and is exchanged between coastal zone, ebb-tidal deltas
and basin. How much sediment moves depends on the supply (“how much sedi-
ment is available?”), the transport capacity (“are the currents and waves strong
enough to carry the sediment along?”), and the sediment accommodation space
("is there a demand for sediment and the opportunity to settle?"). The sand that
is deposited in the Wadden Sea originates from the coastline and the ebb-tidal
deltas on the open seaward side in front of the tidal inlets. Currently, the supply
is sufficient to keep up with sea level rise. However, with increasingly rising sea
level, a rate at which the supply can no longer meet the demand may be reached.
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At this critical rate, estimated at 4 mm year™ for larger tidal basins, the tidal flats
are predicted to drown (Wang et al. 2018; Lodder et al. 2019).

Box I: Introducing the TRAILS project

Bypassing via Ebb-Tidal Delta

\

JEpOsitior

.
18 Laoin

Figure 2. The location of the ebb-tidal delta nourishment and possible sediment
pathways. The inset QR-code leads to the ‘TRAILS late night show’ an outreach
video where we summarise our research.

In 2018, a 5 million m3*sand nourishment was placed on the Ameland
ebb-tidal delta (Fig. 2). This nourishment was a pilot, to test whether
ebb-tidal deltas can be nourished, and if this influences the system. The
rationale behind nourishing ebb-tidal deltas is that they are part of the
sediment-sharing system of the North Sea coastline and the Wadden Sea
basin. The ebb-tidal deltas form a sediment buffer for the entire system
but are currently decreasing in volume (Elias et al. 2012). Adding sediment
to the ebb-tidal deltas could provide a means to ensure sufficient sedi-
ment supply for counteracting coastal erosion. In the research programmes
Coastal Genesis 2.0 and SEAWAD (Lodder et al. 2023), the direct morpho-
logical and ecological effects of the nourishment were assessed. These
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first investigations concluded that the morpho-dynamics of the ebb-tidal
delta had not been drastically altered. Instead, the nourishment had rather
gradually adapted to ebb-tidal delta dynamics and was therefore classi-
fied as a “system-following nourishment” (Elias 2021). The benthic ecosys-
tem at the nourishment site had largely recovered after three years, as it
originally consisted mainly of mobile and short-lived species (Escaravage
2022). Bivalves had however not yet fully recovered. At nearby sites on the
ebb-tidal delta, no clear ecological effects were observed, possibly due
to an inherently high ecological variability. The long-term and far-field
effects, as well as how benthos may have affected the nourishment sand
distribution, remained to be investigated.

Some questions remained: where did the nourished sand exactly go? Can
this nourishment help us to develop novel tracers and models to predict
the trajectories of sand grains? How do such of nourishments, adjacent
to a large intertidal flat ecosystem such as the Wadden Seq, interact with
ecology on a larger scale? And how can stakeholders be involved in the
co-assessment of nourishment strategies? In the project TRAILS (TRacking
Ameland Inlet Living lab Sediment), from which my PhD is part, we tried to
answer these questions. The TRAILS project consists of five interlinked work
packages (WPs). They concerned the co-assessment of future nourishment
strategies with stakeholders in a living lab setting (WP A), the develop-
ment of tracers that make use of luminescence, an inherent signal of sand
grains that is reset by light (WP B), the interaction between benthic fauna
and nourishment sand (WP C, this PhD), the development of simulations
that trace sediment particle pathways (WP D) and the integration of all
findings (WP E).

Anthropogenic interventions have also shaped the morphological development
of the Wadden Sea (e.g., Box Il). In the Dutch Wadden Seaq, the largest change
in the last century was the closure of the Zuiderzee in 1932, with the construc-
tion of the Afsluitdijk, which still affects morphodynamics in the western part of
the Wadden Sea (Elias et al., 2012). Furthermore, salt and gas mining result in
land subsidence (Fokker et al. 2018) and large volumes of sediment are dredged
from the basins to keep fairways accessible (e.g., Rijkswaterstaat, 2022), while
the islands are being kept in place by hard coastal defence structures, or sand
nourishments, preventing them from migrating and the coastline from retreating
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landwards (Elias et al. 2012). These human interactions with natural sediment
dynamics have consequences for the sedimentary ecology (Eriksson et al. 2010).

Figure 3. An impression of Wadden Sea benthic habitats and a few species commonly
found in muddier (left) and sandier (right) sediments. From left to right: Lanice conchile-
ga, Scrobicularia plana, benthic diatoms (centre), Phyllodoce mucosa, Macoma balthica,
Heteromastus filiformis, Nephtys cirrosa, Urothoe poseidonis, Arenicola marina and Ensis
leei (illustration: Luka Biemond).

Ecology

Even if at first glance, the Wadden Sea may seem to be just a muddy puddle, it
contains unique habitats (Fig. 3). When you climb over the dyke at the mainland
coast, you may see salt marshes stretched out in front of you. These are coastal
lands that now and then are flooded with water during unusual high tides or
storms. The plants that built these lands need to withstand intermittent inun-
dation by salt water. Further from the dike, the high marsh transitions into the
low marsh, the pioneer zone where only annual Salicornia plants grow, and then
into the high mud flats. Close to the coast, and at other sheltered locations, the
intertidal flats are very muddy, which means that you might sink in until over
your knees. On the surface of the mud, in summer you can see a brown-green
layer: benthic diatoms, or seafloor microalgae, which form the basis of the food
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web here (Christianen et al. 2017). The smell may be sulfuric, and you may hear
bubbling, plopping, and crisping noises. If you keep walking, you may encounter
a mussel or an oyster reef. These reefs form a habitat for many other organisms;
they trap sediment and can even protect the coast because they dampen the
waves (Ysebaert et al. 2018). Further on, the more exposed tidal flats are sand-
ier. The bobbly surface of holes and stringy heaps reveals the presence of large
lugworms beneath the surface. Now and then you cross a tidal creek. These
creeks are full of shrimp and small fish. A few spoonbills can be seen hunting for
them by sweeping their bills through the water. The small creeks turn into larger
channels-now we are in the subtidal. The animals living here are not constantly
subjected to exposure to the air, but are always inundated by the water, and
therefore more species can live here. Closer to the inlet, the gullies get deeper and
the currents get stronger, as the water from the entire basin must flow in and out
through this entrance every tide. The seafloor consists of coarse sand, and the
organisms living here are mobile and adapted to this dynamic environment (e.g.,
Reiss & Kroncke, 2001). After exiting the Wadden Seaq, the ebbing tide loses power
and the sediments it carried have a chance to settle. Here, the ebb-tidal delta is
formed and the Wadden Sea ecosystem gradually turns in that of the North Sea.

The highly productive Wadden Sea ecosystem is an essential feeding ground for
12 million migratory birds and form a nursery for fish (Reise et al. 2010; Kloepper
et al. 2022). The basis of the food web is formed by microalgae that live on the
sed floor (mainly benthic diatoms), and algae from freshwater and marine origin.
These primary producers sustain an enormous biomass of animals living in and
on the seafloor, macrozoobenthic invertebrates, the focus of this thesis.

Benthic fauna

Macrozoobenthos are all invertebrates living in the seafloor that are large
enough to be seen with the naked eye (usually >1 mm). The macrozoobenthic di-
versity in coastal habitats, such as the Wadden Seq, consists of worms, molluscs,
crustaceans, and many other phyla. They can be herbivores, feeding on benthic
microalgae or phytoplankton; detritivores, feeding on dead organic matter from
the sediment; or predators, feeding on other macro- or meiozoobenthos (animals
smaller than 1 mm). The biodiversity in coastal sedimentary habitats, especially
systems that are young on evolutionary timescales, such as the Wadden Seaq, is
typically lower compared to deeper marine habitats. Nevertheless, total benthic
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biomass here is large and individual species or groups play an important role in
the functioning of the ecosystem as a whole (Snelgrove 1998; Levin et al. 2001).

Benthic animals are an essential part of the coastal ecosystem. They play a key
role in the nutrient flows, as they couple the benthic (seafloor) with the pelagic
(water column) system, they decompose detritus and provide food for a lot of
other animals (Herman et al. 1999). Besides their trophic role, they can influence
sediment chemistry and the exchange of substances between sediment and
water with their burrowing and bio-irrigating activity (Aller 1982). By mixing and
oxygenating the sediment, they have an influence on sediment carbon storage
(Aller and Cochran 2019; Song et al. 2022). Many benthic species are ecosystem
engineers: they self-structure their habitats (Reise 2002; Meadows et al. 2012).
Some build reefs that can accumulate sediment, aid in coastal protection and
shape the benthic community (Rabaut et al. 2007; Ysebaert et al. 2018). Others
engineer their living space by oxygenating and reworking (Gray 1974; Rhoads
and Boyer 1982). Soft-sediment habitats are characterised by facilitating inter-
actions-organisms help each other to live here-and cooperative engineering
(Passarelli et al. 2014; Rademaker et al. 2025).

The relation between benthic animals and sediment is two-way: on the one hand,
the sediment type determines which animals can live in a certain location, on the
other hand the fauna themselves can modify sediment composition. As benthic
animals are relatively long-lived (up to several years) and usually stay in place,
the benthic community is likely to reflect changes in the sedimentary habitat.

Box II: The Ameland inlet

To set the scene for the study areq, let me take you to the village in
Friesland, The Netherlands, where | grew up (Fig. 4). A millennium before
| was born, an estuarine bay was located here: the Middle Sea. From the
river Boorne, the water washed out between Oostergo and Westergo—the
current Friesland— into the Borndiep basin and entered the North Sea be-
tween the islands of Ameland and Terschelling. My family’s farm is named
after a channel, de Scheender, in the most inner part of the Middle Sea.
Around the year 1000, the Middel Sea reached its maximum landward
extent, with even a connection to the adjacent Vlie basin through the
Marne inlet. To defend their houses and lands against the more frequent
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floodings, the Frisians started building dykes. One of the older dykes forms
the driveway to the farm today. Nowadays, the sea is nowhere to be seen.
Continuous silting up by the clay brought in by the tides, as well as land rec-
lamation, slowly but steadily turned the Middel Sea into land. The Borndiep
tidal basin is the seaward remain of the ancient Middle Sea that lives on
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Figure 4. Left: the extent of the Middle Sea during the last millennium (van der Spek
1995). The approximate years of dike construction and tidal watershed position are
indicated. The red dot shows my home village. Right: schematic map of the main
morphological features of Ameland Inlet.

today and is the focus of this dissertation.

In the 19t century new, large-scale land reclamation plans were made:
the Zuiderzee, which lay between Friesland and North Holland, and the
Woadden Sea should be dammed and turned into agricultural land. To this
end, a dam was built over the Ameland tidal divide in 1872, connecting the
island with the mainland. After repeated storm breaching, the plans were
obandoned, and the dam was deconstructed a decade later. The Zuiderzee
was closed in 1932 by the construction of the Afsluitdijk. In the Borndiep
basin, these engineering works also impacted the morphological develop-
ment (Elias et al. 2012). Nowadays, Ameland inlet is still characterised by
human impacts. Since 1986, gas is being extracted near the eastern tip of
the island of Ameland. This results in subsidence of the seafloor (Fokker et
al. 2018), which is nearly instantly compensated by sedimentation (Krol et
al. 2024). The large volume of nourishment sand on the coast of Ameland
(20 million m? sand since 1980) has enabled the island to remain its position
and has likely fed the extra sediment demand caused by subsidence (Wang
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et al. 2018). Besides sand added to the coast, sediment is dredged from
the basin as well. Nearly continuous dredging to keep fairways accessi-
ble, results in a relocation of approximately 2 million m? of mud annually
(Rijkswaterstaat 2022).

Sediment shapes the benthic community

As macrozoobenthos live in and on the sediment, they are closely linked to sed-
iment composition (Young and Rhoads 1971; Gray 1974). The size of sediment
grains (median grain size) and the mud content are often found to determine to
a large degree the community composition (e.g., Compton et al., 2013; de Jong
et al., 2015; Pratt et al., 2014; Thrush et al., 2003; Van Colen, 2018; Ysebaert
& Herman, 2002). Besides grain size composition, other sediment characteris-
tics, such as bulk density (Wiesebron et al. 2021) and food content (Herman et
al. 1999), determine habitat suitability. Sediment texture is not only driving the
species composition, but also the functional diversity of the benthic community
(Gusmao et al. 2022). However, as sediment composition usually correlates with
other environmental variables, such as hydrodynamics, it is difficult to distinguish
which effects are solely sediment-composition driven (Snelgrove and Butman
1994). Besides, not all species are equally sensitive to grain size composition.

To predict the extent to which a change in sediment composition—for instance
due to sediment nourishments—can influence the benthic community, the pre-
ferred sediment niche needs to be determined per species. In Chapter 2, | de-
termine the sediment preferences of benthic species and communities, using
large benthic monitoring datasets from before to after the nourishment. Such
large datasets over environmental gradients are needed to reconstruct reliable
species-environment relationships.

Since sediment composition co-varies with many other environmental variables,
these other variables may also be a stronger driver for some species. A change in
sediment is then less likely to result in a change in community, especially if other
variables remain the same. At muddy locations, food availability is often higher
than at sandy locations, as muddy sediments contain more organic matter and
benthic diatoms grow at the sediment surface. Controlled experiments can help
to untangle whether this food content, or the actual texture of the sediment is
the reason why certain species select a muddy habitat. In the future, additional
stressors such as heatwaves may pose another challenge for the intertidal fauna.
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In Chapter 3 | look at the performance and heatwave tolerance of a mud-pre-
ferring clam in different sediment-food habitats. These sorts of measurements
can give insight into the mechanisms of sediment preference and the resilience
of species under potential future changes in their habitats.

Benthic animals influence sediment characteristics

Benthic animals are not just influenced by the sediment type: they can also affect
the physical sediment characteristics themselves. The influence of animals on
the sediment they live in was already described by Darwin (1881), in his pub-
lication "On the formation of vegetable mould, through the action of worms,
with observations on their habits”, where he writes about the reworking of soils
by earthworms. This was soon followed by a study from Davison (1891) on “the
work done by lobworms” in intertidal sediments. Since these first classic studies,
the feedback that benthic animals can have on their environment, also called
“bioengineering”, has received substantial scientific attention (reviewed by e.g.,
Dapples, 1942; Meadows et al., 2012; Murray et al., 2002).

The presence of benthic fauna can result in altered sedimentation and sediment
transportability due to their interaction with hydrodynamics. For instance, bio-
genic structures such as tubes and shells that are sticking out of or lying on the
sediment surface can influence sediment transport by modifying bottom bound-
ary flow (e.g., Cheng et al., 2021). At low densities, they can promote erosion by
scouring, while at high densities, they can promote sedimentation of mud or
protect the seabed from erosion by armouring (Nowell and Jumars 1984). When
these structures have a greater longevity than the animals themselves, their en-
gineering effects go beyond the life span of the animals that produce them. In
Chapter 4, | describe the effects of empty bivalve shells of different shapes on
sand transport. | compared a native (rounded) with an invasive (elongated) shell
and measured sand transport rates in a flume experiment. Such measurements
can help improving sediment transport models.

Besides the structures they produce, benthic fauna can influence the sediment
they dwell in through their activity. They crawl on the surface, construct burrows,
feed and defaecate in or on top of the sediment. Hereby, they can either stabilise
or destabilise the sediment, as they can produce mucus which binds particles
together, or by creating a looser and more erodible layer on top of the sedi-
ment. They can also move particles vertically and influence the grain size com-
position by preferentially reworking or resuspending certain sediment fractions.
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This reworking of sand and mud fractions is what | present in Chapter 5. On an
intertidal flat, | performed a field experiment with the aim of distinguishing the
reworking of coarse and fine sediment fractions by biota and hydrodynamics.

Content

The body of this thesis contains the chapters addressing benthos-sediment in-
teractions, as outlined in the previous section. Fig. 5 shows an overview of the
chapters and their place within this interaction. After the main body, | synthesise
the findings in Chapter 6, where | place them in a broader context, discuss their
implications and give recommendations for follow-up research.

communlty species>
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h@mmLa sz Chapter 2 Chapter 3 /\
Sediment sensitivity of benthic communities Sand, food and heat wave resilience
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Sediment modification by bioturbation Shells and sand transport

Figure 5. Conceptual diagram placing the chapters of this dissertation in the context
of benthos-sediment interactions (top: effects of sediment on benthos, bottom: biotic
feedback to sedimentary processes). The QR-code in the top left corner links to a video
summarising the content of this dissertation in sand.
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Chapter 2

Abstract

Sea level rise, increased storminess, and changes in sediment supply due to
nourishments are all expected to drive coarsening (i.e., ‘sandification’) of muddy
coastal sediments in the decades to come. Since the composition of soft-bottom
benthic communities is associated with the sediment grain-size and mud content,
this may result in habitats becoming less suitable for some species, leading to
species shifts. Species-sediment relations can help to predict how this foreseen
sandification may affect benthic fauna. We explore and quantify the sandifica-
tion-sensitivity of benthic communities, with a tidal basin in the Dutch Wadden
Sea as a model system. We identify the species’ sediment optima and tolerance
ranges using non-linear quantile regression models, summarise preference and
sensitivity at the community level, and determine the difference between optimal
and realised sediment habitat. We find that sediment optima are taxon-specific
and that most species in this area are sediment generalists. On community level,
there is a difference between the preferred and realised sediment habitat. In
many areas, the actual inhabited sediment is coarser and sandier than expected
based on the preferences of the resident species. Future sandification of the area
would further decrease sediment habitat suitability for benthic communities in
these places. This detailed knowledge of area-specific sensitivity of benthos can
be used to inform coastal management decisions.
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Introduction

Soft-sediment coastlines may be expected to coarsen in the decades to come - a
process which can also be referred to as 'sandification’. Firstly shallow coastal
areas are increasingly affected by sea level rise and storminess, both resulting in
larger waves hitting the coasts and hence coarsening of sediments (Ranasinghe
et al. 2013; Ranasinghe 2016). Secondly, humans have altered sediment fluxes
on a global scale (Syvitski et al. 2022). By modifying sediment supply, anthro-
pogenic activities can regionally result in coarser sediment. For example, fine
sediment input to the sea is strongly reduced by river damming (Syvitski et al.
2005; Dethier et al. 2022) and sand mining (Jordan et al. 2019). Between 1950
and 2010, the land to sea flux of sediment has been reduced by 23% (Syvitski
et al. 2022). On the other hand, the supply of coarse sediment has increased by
sand nourishments (Huisman et al. 2018; de Schipper et al. 2021). To compensate
for rising sea levels and coastal erosion, the need for sand nourishments has
strongly increased over the last decades and will keep growing (Vousdoukas et
al. 2020; Brand et al. 2022). These structural additions of large volumes of sand
may alter the sediment supply to and composition of connected muddy coastal
systems (de Schipper et al. 2021). Sandification could have major implications for
the ecological functioning of such systems. We use a protected UNESCO World
Heritage-The Wadden Sea-as example to assess the role of sandification on
ecology.

The Wadden Sea is a shallow coastal sea in Western Europe, bordered by barrier
islands. Its habitats range from muddy intertidal flats and sand banks to deep
gullies characterized by coarser sediment and high current velocities. Especially
the muddy intertidal flats and sand banks give this area a unique ecological
value (Reise et al. 2010). Primary productivity by benthic micro-algae (Chris-
tianen et al. 2017), combined with advection of organic matter from freshwater
sources (Jung et al. 2019), support a high macrozoobenthic biomass (Beukema
and Dekker 2020) on which large (migratory) bird populations feed (Zwarts and
Wanink 1993). In the Wadden Seaq, both the sand budget of the coast and the
transport capacity through its tidal inlets determine sediment transport into the
basin and towards the tidal flats (Wang et al. 2018). The North Sea coastline
of several of the Wadden islands is structurally nourished with large volumes
of sand, and also new types of nourishments are being developed and applied
(Perk et al. 2019; Lodder et al. 2023). However, long-term and far-field ecological
effects of such nourishment programmes on sediment composition and their in-
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fluence relative to that of natural sediment transport processes are not well-un-
derstood yet (Speybroeck et al. 2006; Staudt et al. 2021). Although no general
sandification trends were observed in the Dutch part of the Wadden Sea over
the period 2009-2019 (Folmer et al. 2023), the eastern part of the Wadden Sea
may already be mud-limited, i.e. the supply of suspended mud is lower than
the accommodation space for deposition, and this mud deficit is expected to
increase under sea level rise (Dolch and Hass 2008; Colina Alonso et al. 2024).
Therefore, the Wadden area is at high risk of sandification.

Soft-bottom benthic species are linked to the sediment they inhabit (Young and
Rhoads 1971; Gray 1974) and the composition of benthic communities can largely
be explained by sediment median grain size and mud content (Ysebaert and
Herman 2002; Compton et al. 2013; de Jong et al. 2015; Van Colen 2018). Also
functional traits, such as feeding mode and burrowing capability, show relation-
ships with preferred sediment (Gusmao et al. 2022). Each species has its own
preferred optimum for grain size and mud content (Anderson 2008; Kraan et al.
2010; Cozzoli et al. 2013; Armonies 2021). Some are, however, more specialised
than others (Robertson et al. 2015). In other words: their niche breadth differs.
Following ecological theory, a species’ niche optimum is defined by the condi-
tions under which the highest abundance or biomass can be achieved, while
niche breadth is defined by the range of conditions that a species can tolerate
(Hutchinson 1957; Treurnicht et al. 2020). Whereas generalists have a broad niche
and can reach high biomass along a range of environments, habitat specialists
are most affected by changing environmental factors (Pandit et al. 2009; Rodil et
al. 2018). The proportions of generalist and specialist species in a community can
determine the ecosystem functioning and recovery after disturbance (Richmond
et al. 2005). Therefore, the niche breadths of individual species can be used to
define ecosystem sensitivity and hence robustness to environmental change.

Defining accurate species-sediment relations remains challenging. Firstly, mul-
tiple variables affect both sediment composition and benthos distributions.
Sediment grain size composition and organic matter content is correlated with,
amongst others, hydrodynamics: fine-grained sediments are found in low-stress
hydrodynamics conditions and contain higher amounts of organic matter, while
coarser sediments are poor in organic matter and are present under higher hy-
drodynamic stress. This co-variation complicates description of the causation
between sediment and community composition (Snelgrove and Butman 1994).
Species distributions are, in turn, associated with multiple environmental vari-
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ables like hydrodynamic stress (Herman et al. 2001) exposure time of intertidal
flats (Kraan et al. 2010) and food availability (Herman et al. 1999), as well as
with other biotic interactions such as predation and competition (Bijleveld et al.
2015). The benthic fauna themselves can also influence sediment composition, for
instance by their burrowing activity or physical structure (Rhoads and Boyer 1982;
Meadows et al. 2012). In practice, acquiring measurements or reliable estimates
of all these ecologically relevant variables is challenging.

Several statistical modelling approaches deal with the problem of many con-
founding, unmeasured variables in ecological research. One of them is quantile
regression (Koenker and Bassett 1978; Cade and Noon 2003). With quantile re-
gression, all quantiles of a species’ distribution over a parameter of interest are
determined, without assuming a parametric distribution of the model error. The
upper quantiles of a species’ distribution over the parameter of interest reflect
the instances where all other, unmeasured, parameters are least constraining,
representing the "ecological factor ceiling” (Thomson et al. 1996), which is an
indication of the potential species distribution (Vaz et al. 2008). Quantile regres-
sion has been proposed as a suitable technique for modelling benthos-sediment
relationships in several studies (Anderson 2008; Cozzoli et al. 2013; Chauvel et al.
2024). These studies investigated community composition over a mud gradient,
the relative importance of coarse sediments for benthic communities, and differ-
ences in species sediment preferences between basins. However, to date, these
approaches have not yet been employed to quantify species and community
sensitivity to sediment composition. It largely remains to be investigated exactly
how sensitive benthic communities are to a change in sediment composition, and
how their current distribution relates to their potential sediment habitat.

In this study, we quantify sediment preferences of macrozoobenthos and their
potential sensitivity to changes in sediment composition, to explore how benthic
communities may respond to sandification resulting from climate change effects
and coastal engineering. Our goal is to estimate where changes in sediment
composition may have the strongest implications for community composition, and
which species will be most affected. Based on the location of the optimum, and
on the width of non-linear quantile regression curves, we classify species as sand
or mud-preferring and sediment generalists or specialists. We then combine the
optima of the different species, weighted according to their relative abundance
in a community, to derive the preferred community optimum. Comparison of the
preferred and actual sediment habitat then indicates suitability of the sediment
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composition for that community and can be used to identify sensitivity hotspots,
where further changes may affect benthic communities most. Pinpointing these
sensitivity hotspots for sediment change may inform coastal management deci-
sions on nourishment locations and substrate. We apply this method to a case
study of the Ameland inlet and tidal basin in the Dutch Wadden Sea.

Methodology

Case site description: the Borndiep tidal basin, Dutch Wadden Sea

The Borndiep (53°N 5°E) is a tidal basin in the Dutch Wadden Seq, connected
to Ameland tidal inlet and bordered by the tidal divides under the islands of
Terschelling and Ameland. The basin is approximately 25 km wide between the
two tidal divides, and approximately 15 km long from the inlet to the mainland
coast. Anthropogenic activities within the area include fishing, sand nourish-
ments and dredging. Shrimp trawlers visit the deeper subtidal parts 3-9 times
per year (Rippen et al. 2021). The navigation channel between Ameland and the
mainland requires daily dredging to remain accessible for ferries, amounting to
a yearly dredged volume of nearly 2 million m3? (Rijkswaterstaat 2022). In 2018,
a 5 million m? nourishment was placed at the outer edge of Ameland ebb-tid-
al delta, located on the North Sea side of Ameland inlet, to stimulate natural
sand supply to the northwestern tip and North Sea coast of the island, which
suffers from ongoing erosion. This mega-nourishment affected the local benthic
communities at the nourishment site, but monitoring of the fauna showed that
these communities largely recovered after 3 years (Escaravage 2022). However,
it remained unclear if and to what extent the nourishment influenced the fauna
deeper into the tidal basin.

Benthos and sediment sampling

To test sediment preference and sensitivity of benthic communities, we use fau-
nistic data collected between 2015 and 2020. These samples were taken from
intertidal flats, subtidal gullies, and the ebb-tidal delta, the area just outside
the inlet (Fig. 1). The sampled area covers a wide range of sediment types and
environmental conditions.
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Figure 1. Overview of all samples used in this study. The inset shows the Netherlands,
with the sampling area indicated by the red box. The Borndiep tidal basin and Ameland
inlet is located between the islands of Ameland (AM) and Terschelling (TS). The ebb-tidal
delta, sampled from 2017 onwards, lies on the north side of the inlet. The gully outlines
are shown by the black contour line. Data point colour indicates in which (meteorological)
season the samples were taken. Note that in 2019, the subtidal areas were sampled twice:
in spring and autumn.

Benthos and sediment samples were collected as part of the intertidal and
subtidal benthic surveys performed by the Royal Netherlands Institute of Sea
Research (NIOZ). Intertidal data was obtained through the synoptic intertidal
benthic survey (SIBES; Bijleveld et al. (2024; Bijleveld et al. 2025)). This dataset
covers 639 sampling stations in the Ameland Inlet, of which 525 are located on
a regular 500x500m grid and 114 are randomly placed (Bijleveld et al. 2012).
Stations were sampled by foot with a hand core (0.0177 m? surface area) or by
RIB combining two long cores (0.0175 m? combined surface area). For details
on the sampling procedure, we refer to Compton et al. (2013) and Bijleveld et
al. (2025). Subtidal samples were collected as part of NIOZ subtidal sampling
campaigns and within the projects TRAILS and WaddenMosaic (Franken et al.
2025). Subtidal stations, 145 on a 1000x1000 m grid and 41 randomly placed,
were sampled by ship with a boxcore (0.06 m? surface area) or by zodiac boat
combining 4 long cores (0.035 m? combined surface area). For more details on
the subtidal sampling, we refer to Franken et al. (2025). In figure 1, an overview
of all 2991 samples, mapped per year and season, is given.

Sediment samples were taken from the top 4 cm of the sediment and stored at
-20°C. Prior to analysis, the samples were freeze-dried, homogenised with mortar
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and pestle, weighed and added to auto-sampler tubes with degassed reverse
osmosis water. Grain size composition was determined with a laser diffraction
particle size analyser (Coulter LS 13320).

Benthos samples were sieved using a 1 mm mesh size and all material and fauna
remaining on the sieve were stored at 4-6% formaldehyde, buffered with borax
and stained with Rose Bengal (CAS Number: 4159-77-7). In the laboratory, all
macrozoobenthos were sorted out of the sample and identified to the lowest
possible taxonomic level. Per taxon, dry weight was determined after oven drying
them for 2-3 days at 60°C and ash free dry weight was measured after 5 hours
combustion at 560°C. For details on the laboratory procedure, we refer to Comp-
ton et al. (2013) and Bijleveld et al. (2025). For our main analysis, we focused on
the abundance data, as biomass could not be established for all species because
samples sometimes contained only a limited number of individuals with a small
body size, which therefore fell below the detection limit of the scale. We validated
our findings by repeating the analysis with the available biomass data.

Sediment composition and other environmental variables

To explore whether sediments changed over the studied period, we tested for
trends of both median grain size (d,,) and mud content. We constructed linear
regression models of sediment composition over time (year) for all stations which
were sampled at least 3 times and mapped the slope parameters of all signifi-
cant regressions.

We explored the correlations between d,, mud content and several other envi-
ronmental variables. Elevation data were obtained from the bathymetric survey
done by Rijkswaterstaat in 2015. Mean salinity, salinity variation, current velocity
and bed shear stress were obtained from the Dutch Wadden Sea Model (DWSM)
in Delft3D-Flexible Mesh (FM) (Van Weerdenburg 2024). Bed level change since
2014 was obtained from a stratigraphic model (Pearson et al. 2020). To explore
the significance of d,, and mud % as predictors of community composition, we
performed a redundancy analysis (RDA). Benthos abundance data was trans-
formed to relative abundance, i.e. the number of individuals per species was
divided by the total number of individuals in the sample. Environmental data
was standardised by centring and scaling. We checked environmental variables
for collinearity using variance inflation factors (VIFs). A higher VIF value means a
stronger collinearity with other variables. We sequentially eliminated variables
with the highest VIF, until all variables showed VIF below 10 (Montgomery and
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Peck 1992). This resulted in the removal of current velocity and mean salinity.
We performed stepwise forward and backward selection of variables, with 999
permutations for each test and a p-value threshold for inclusion at 0.05 and for
exclusion at 0.1. Next, we tested the significance of the resulting RDA and each
selected variable (d,,, mud %, salinity variability, bottom shear stress, orbital
velocity, elevation and bed level change) through permutation tests, with 999

permutations.

Species-sediment relations by quantile regression

Quantile regression enables to study differential responses of benthos over sedi-
ment of different ends of a species’ distribution. When multiple variables are lim-
iting abundance, the top quantiles reflect the instances in which all variables are
supposedly least limiting. Therefore, these quantiles are the best representation
of the potential species distribution over the variable of interest (Cade and Noon
2003). We use the t=0.95 quantile, representing the value under which 95% of
the observations is expected to fall. This 95% quantile strikes a balance between
displaying the upper end of the taxon's distribution, and minimising the effect of
outliers, to which higher quantiles are sensitive (Cade et al. 1999; Anderson 2008).

Here we are interested in the role of grain size and mud percentage. The dataset
needs to be sufficiently large to encompass optimal conditions for all measured
and unmeasured variables over the gradient of interest. As the extensive sam-
pling schemes cover the whole tidal basin, this guaranteed that we captured all
possible abiotic gradients. Samples were taken from inter- to subtidal locations,
and from muddy to sandy sediments characterized by high to low-dynamic con-
ditions. However, as the sampling resolution between the intertidal and sub-
tidal areas in the original data sets differed, 78% of the samples were from the
intertidal. To correct for spatial autocorrelation and to balance the number of
inter- and subtidal stations, the data was spatially resampled with a minimum
distance between stations set to 750 m. This resampling, which was repeated
100 times, resulted in subsample datasets with on average 1150 samples, of
which approximately 60% were intertidal stations. See figure S1 for an example
of a spatial subset.

Fitting the upper quantiles can be problematic when data density is low. There-
fore, only taxa occurring in at least 10% of the samples were selected for quantile
regression model fitting, which resulted in the selection of 22 taxa. Furthermore,
to prevent overestimation of abundance at the extremes of the sediment gradi-
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ent, where data was also scarce, we removed the lower and upper percentile of
d,, observations and the upper percentile of mud content observations. Absences
of biota observations were assumed to reflect unsuitable habitat conditions.
Therefore, zeros were included in the analysis, although these have a minimal
influence on the modelled relationship when using the 95% quantile (Cade et al.
1999).

Since benthos-sediment relationships are generally not linear, we construct-
ed non-linear quantile regression models using B-splines (Koenker et al. 1994;
Thompson et al. 2010). With B-spline smoothing, piecewise polynomials of a
specified degree are fitted without predetermining curve shape by a function. For
selecting the appropriate polynomial spline degrees, we used Akaike's informa-
tion criterion corrected for small samples (AICc) (Hurvich and Tsai 1990; Burnham
and Anderson 2004). As suggested in previous studies (Cade et al. 2005; Ander-
son 2008; Cozzoli et al. 2013), we fitted models with 2, 3, 4 or 5 spline degrees
and selected the model with the lowest AlCc. To further smoothen the model fit,
we used a lasso algorithm (Tibshirani 1996), with parameter lambda = 1. The R
code for constructing the quantile regression models can be found in the ap-
pendix (Supplement B).
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Figure 2. Conceptual illustration of the derivation of the taxon sediment preference. Indi-
cated are sediment optimum (yellow circle) of the 95t spline regression quantile (red curve),
and range (blue arrows), determined by the curve width at a cutoff of 25% of the optimal
abundance. The observations, including zero's, are plotted in grey.
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The spatial resampling followed by quantile regression model fitting was per-
formed 100 times. For individual taxa, the maximum abundance of the 95 quan-
tile distribution demarcated the sediment optimum. We defined the minimum
and maximum of the optimum tolerance range by the sediment composition
at a curve cutoff of 25% of the abundance optimum (Fig. 2). The optimum and
minimum and maximum tolerance per taxon were calculated, averaged over all
rounds of resampling.

Community sediment sensitivity

For each sample, we estimated the community weighted mean sediment optimum
(CWN\dso
optima (opt) by the relative abundances (w) of each taxon i in that specific
sample:

and CWM_ ). This was done as follows (eq. 1), weighing the sediment

n
CWM = Z (opt; - w;) (eq. 1)
i=1

We then determined the difference between this inferred community sediment
optimum and the actual sediment composition for each sample, with respect to
the d,, and mud content (A ,, and A_ ; eq. 2):

d50 mud;

Agso=dsg — CWMyso and A,y = mud % — CWMpq (eq. 2)

We compared the distributions of these residuals for the intertidal and subtidal
area and mapped the mean value per station over the entire study period. For
each sample, we also determined which fraction of the taxa occurred outside
their preferred sediment range.

All analyses were performed in R version 4.4.1 (R Core Team 2024), with the pack-
ages "vegan” (Oksanen et al. 2024) for multivariate analysis, “quantreg” (Koenker
2024) for fitting quantile regression models, and “spatialEco” (Evans and Murphy
2023) for spatial subsampling.
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Results

Sediment and environmental variables

Sediment was finest on the intertidal flats near the mainland coast (Fig. 3a and
d). The coarsest sediments are found in the deeper subtidal gullies in the basin
and at the ebb-tidal delta outside of the inlet. Median grain size (d,;) ranged
from 19-431 um with a median of 161 um, and mud fraction ranged from 0-81 %
with a median of 6 %. Sediment composition did not show distinct linear tem-
poral trends over the studied period for the entire basin (fig. 3b and e), nor did
we observe spatial patterns in coarsening or fining during our study period (fig.
3c and f).

Mud content and d,, were related, and showed correlations with elevation, sa-
linity and hydrodynamics (see fig. S2 for correlations between all parameters).
The RDA analysis (qudj = 0.14, p = 0.001; table S1) showed that mud content was
the main variable driving community composition. The first RDA axis (explaining
7.8 % of the total variation) was mostly related to sediment composition, while
the second axis (explaining 4.6 % of the total variation) was mostly related to
elevation and bottom shear stress (fig. S3).
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Figure 3. Spatial and temporal distribution of sediment composition: (a) mean d,, and (d)
mud content per station over all sampled timepoints; boxplot of (b) d,, and (e) mud content
per year; and trends in (c) d,, and (f) mud content, quantified as the slope of (significant)
linear regressions of sediment composition over time.
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Figure 4. Taxon-specific sediment preferences. (a) d;, and (c) mud content optima (orange
dot) and range (blue segments) for taxa selected for this study. Position of optimum (b)
d., and (d) mud content (%) compared to range breadth, which indicates the level of sedi-
ment preference and specialisation. Error bars in b and d show the standard deviations of
optimum and range breadth over 100 spatial subsampling permutations and consecutive
quantile regression model fitting.
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Species sediment relations

For the 22 most abundant taxa, clear abundance maxima of the 95 quantile for
both d,, and mud content were found (see for example quantile regressions fig.
S4, and for a table containing all optima and sediment ranges table S2). Figures
4a (d,,) and 4c (mud) show that taxon sediment optima range from coarse to
fine sediment. For instance, Nephtys cirrosa, Magelona mirabilis and Scoloplos
armiger show sand preference while Hediste diversicolor, Heteromastus filiformis
and Macoma balthica show mud preference.

There are large differences in the tolerance ranges of different species. Generalist
species with the largest tolerance ranges (wider than 200 um) are Hediste diver-
sicolor, Arenicola marina and Nereididae. More specialised species like Urothoe
poseidonis, Lanice conchilega and Nephtys hombergii have a tolerance ranges
smaller than 100 um (Fig. 4a).

Species with a preference for sand (e.g. Magelona johnstoni, Magelona mirabilis
and Nephtys cirrosa) have generally narrower tolerance ranges than species
with a preference for mud (e.g. Hediste diversicolor, Heteromastus filiformis and
Macoma balthica). This is reflected in a negative relationship between sediment
grain size optimum and tolerance range (Fig. 4b), and a positive relationship
between optimal mud content and tolerance (Fig. 4d).

Sediment optima calculated based on biomass data show a strong relation with
abundance-based optima (Fig. S5). Only for a few taxa, biomass and abundance
optima differ. Several species have a higher d,, optimum (most pronounced in
Arenicola marina, Hediste diversicolor, Nephtys cirrosa, Magelona mirabilis and
Magelona johnstoni) or a lower mud content optimum (Hediste diversicolor, Het-
eromastus filiformis and Macoma balthica) for biomass compared to abundance.
This means that these species reached their highest biomass in coarser sediment,
compared to where they reach their highest abundance. Marenzelleria viridis is
the only species with a pronounced sandier abundance optimum and muddier
biomass optimum.

Community sediment preference and sensitivity

The mean community weighted optimum for median grain size (CWM . ) ranges

d50
from approximately 50 to 270 um (Fig. 5b). In the intertidal zone, CWM , lies most
frequently below 150 um while in the subtidal Wadden Sea and in the ebb-tidal

delta, optima above 150 um occur more frequently. CWM_  displays peaks at
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0% mud, mostly representing subtidal stations containing benthos with a sand
preference, and between 10 and 20% mud.

The difference between the CWM, and the actual d, (A,
to the right, i.e., in many places the sediment is coarser than the optimum of the

) per sample is skewed

actual community. This difference is most pronounced in the intertidal zone. In
the subtidal A . is centred around O (Fig. 5¢).

The average A_ , has a negative skew (Fig. 5f). This suggests that actual mud
content lies below the preferred optimum of the communities. Again, this skew-
ness is most pronounced in the intertidal but also present in the subtidal.
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Figure 5. Distribution of sediment composition, community optimum and community-sed-
iment mismatch. The observation density for (a) d,, and (d) mud content; (b) community
weighted mean (CWM) optimum d,, and (e) mud content; and (c; f) difference between

sediment composition and CWM optimum per station (A, and A_ , resp.).

Looking closer at which taxa are responsible for these community-level patterns,
we found that the distribution of more than half of the surveyed taxa is skewed
towards coarser than optimal sediments (Fig. S6). For a few, mainly sand-prefer-
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ring, taxa (Bathyporeia pelagica, Scoloplos armiger, Nephtys cirrosa, Magelona
mirabilis and Magelona johnstoni), sediment was often finer than optimal. Taxa
for which the sediment preference matched the actual sediment characteristics,
i.e., the distribution of A . jand A_  was centred around O, are Capitella sp. and

Ensis leei for d,.,, and Spio martinensis and the sand-preferring taxa for mud

50!
content.

Temporally, neither A, nor A_ . showed linear trends over the studied period

(Fig. S7).

mud

Spatial patterns

There are coherent spatial patterns in the distribution of both A, and A_ |
(Fig. 6a and b). Stations in the intertidal and subtidal zone as well as stations in
the ebb-tidal delta have positive values for A . This indicates that the actual d,
is above the community optimum that is calculated based on the preferences of
individual species. Also, stations from the watershed south of Terschelling show
a mismatch towards coarser grainsizes. In contrast, along the mainland coast,
at the watershed south of Ameland and in several stations near the southern

coast of Ameland, d,, is below the community optimum (negative A, values),

d50
denoting finer than optimal sediments. In line with this, A_ , is negative for most
stations, i.e., mud content is below the level which would be expected based on

the average community preference (Fig. 6b).

Locations where the actual sediment composition lies beyond the optimal range
for a large fraction of the present community are spatially clustered. At the inter-
tidal areas south of the eastern part of Terschelling as well as the western part
of Ameland, the d,, is larger than the optimum range of significant fractions (up
to approximately 75%) of the present species (Fig. 6d). The stations where d, is
finer than preferred are located at the ebb-tidal delta and the ends of the gullies
south of Ameland (Fig. 6b). Mud content is lower than the sediment preference
range of >25% of the community at large parts of the intertidal area, except in
the regions close to the mainland coast and the watershed south of Ameland
(Fig. 6e). Only at a few stations, mud content is above the preference range for
fauna (Fig. 6f).
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Figure 6. Spatial patterns in sediment sensitivity. The differences (a; b) between sediment
composition and CWM optimum per station, A, (um) and A_ , (%), indicate whether the
sediment is coarser/sandier (red) or finer/muddier (blue) than optimal for the present com-
munity. The fraction of the present taxa occurring (c) below or (d) above their d,; range,
i.e. for which the sediment is almost too fine (blue, c) or too coarse (red, d). The fraction
of the present taxa occurred (e) below or (f) above their mud content range, for which the
sediment is nearly too sandy (red, e) or too muddy (blue, f). All values shown are averaged
over all sampled time points per station.
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Discussion

Validity of benthos-sediment relations using quantile regression

Quantile regression is still not widely applied in benthic ecology, one of the
reasons being that sufficiently large datasets containing samples over the envi-
ronmental gradient are required to capture the complete biological response. In
the current study, we had access to such a dataset. By using non-linear regres-
sion splines of the 95 quantile, we derive benthos-sediment relations which are
robust to outliers and covariates and flexible in shape. Compared to previous
quantile regression applications in benthic species distribution modelling (Vaz
et al. 2008; Anderson 2008; Cozzoli et al. 2013; Cozzoli et al. 2014; Cozzoli et
al. 2017; Chauvel et al. 2024), our approach has several additional advantages.
Firstly, spatial resampling allowed us to obtain error margins of the predicted
model parameters, besides correcting for spatial autocorrelation and balancing
the amount of inter- and subtidal data. Furthermore, summarising taxon-derived
optima and tolerance on community level enabled us to scale up sensitivity pre-
dictions to the entire macrozoobenthic community. Nevertheless, a few limitations
of the method should be considered.

Firstly, we assumed that the range of observations in our study contained the
optima for all abiotic variables present within our dataset. However, within a
single system, this is rarely the case (Thrush et al. 2005). For constructing more
reliable benthos-sediment relations, data from different systems with a wider
range of environmental conditions is desirable. Secondly, by using the highest
quantiles as a reference of maximum species abundance over the sediment
gradient, we assume other variables to be constraining. The highest quantiles
describe the relation with the sediment less accurately when many facilitating
rather than limiting processes are at play (Cade et al. 2005). This may be the
case in the intertidal Wadden Sea, where facilitating biotic interactions, such as
provided by habitat builders are prevalent (Rademaker et al. 2025). Furthermore,
although here we related biota to gradients in sediment composition, some rel-
evant sediment properties, such as cohesiveness, change abruptly rather than
gradually (Van Ledden et al. 2004; Colina Alonso et al. 2022). This quality is not
linearly reflected in the d,, or mud content, therefore we recommend for future
studies to look further than these commonly used proxies. Lastly, the methods
used in this study describe patterns rather than causation. Not all animals are
solely subject to the physical dynamics of the sediment they live in. Some do
also actively modify sediment composition, so that benthos-sediment relations
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are often two-way interactions. For instance, A. marina has been described to
coarsen the sediment (Volkenborn et al. 2009; Wendelboe et al. 2013), and C.
edule to increase fine sediment resuspension (Li et al. 2017) with their destabi-
lising burrowing activity. Through bioturbation, benthic fauna can modify the
morphology and sediment composition of their sedimentary habitat on a large
scale (Cozzoli et al. 2021; Brickner et al. 2025). However, it remains to be investi-
gated, whether by this bioengineering organisms actually create their preferred
sediment habitat (Soissons et al. 2019).

The taxon optima and ranges we defined with the 95™ quantile, reflect the poten-
tial rather than the realised sediment habitat (Vaz et al. 2008). The actual spe-
cies' distribution is determined by a myriad of other limiting variables. To gain a
mechanistic understanding of why species occur in suboptimal sediments, exper-
imental studies testing interactions with other variables such as food availability,
hydrodynamics and interspecific interactions are needed. In suboptimal sediment
conditions, species and communities are less resilient to other stressors, such as
climate-change related heatwaves and storms (e.g. St-Onge et al. (2007)). To
understand the eco-physiological implications for benthic species living outside
of their preferred sediment habitat, multiple-stressor experiments are needed.

Most species show sediment preference but few show exclusivity

The order of taxon sediment preference from fine to coarse corresponds to pre-
viously described sediment associations of benthic fauna in a comparable geo-
graphical area (amongst others, Armonies 2021; Cozzoli et al. 2013; Nehmer &
Kréoncke 2003; Reiss & Kroncke 2001). Although in most cases, calculated sedi-
ment preferences based on biomass corresponded well to preferences based on
abundance, we observed differences for a few taxa. These discrepancies might
be related to ontogenetic changes in habitat preferences. For instance, for A.
marina, the differential sediment optima for biomass compared to abundance
suggests that fewer but larger individuals are found in coarser sediments. This
can be linked to secondary migration of this species from high in the intertidal,
where they live as juveniles, to lower in the intertidal for the adult life stage
(Beukema and De Vlas 1979). Besides ontogenetic changes in habitat preference,
sediment composition may relate to differential growth rates or maximum body
size (Witbaard et al. 2001).

While most species considered in this study had wide tolerance ranges, only a
few taxa could be considered true sediment generalists. Only 4 taxa (Nereididae,
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A. marina, Capitella sp. and H. diversicolor) had a d,,range wider than 200 um;
and only 3 taxa (Nereididae, H. diversicolor and H. filiformis) had a mud range
wider than 55%. Likewise, Armonies (2021) observed few sediment generalists
among North Sea benthos. We did not identify true sediment specialists either:
d,, tolerance ranges were wider than 80 um for all taxa but one (B. pelagica);
mud content tolerance ranges were wider than 20% for all but four taxa (N. cir-
rosa, M. johnstoni, M. mirabilis and B. pelagica). Partly, this is a methodological
effect: since quantile regression requires a large sample size, species observed in
less than 10% of the samples were not considered. Therefore, species, specialized
to specific conditions, are probably not retained for the analysis. Our findings
thus underline the view that at least the most prevalent benthic species are not
restricted to a single type of sediment, even if they show preference for certain
sediments over others (Snelgrove and Butman 1994; Armonies 2021).

Furthermore, we observed differential mud tolerance between sand- and mud
preferring taxa. Sand-preferring taxa were less tolerant to variations in mud con-
tent. These findings correspond with Robertson et al. (2015), who found that taxa
with a preference for low mud content were generally more specialised in terms
of sediment composition. This could have several explanations. Mud content is
generally more variable in muddy areas than in sandy habitats (Colina Alonso et
al. 2022). Besides, living in mud requires certain adaptations, such as tolerance
to anoxic stress and mechanisms to separate fine sediment particles from food
(Snelgrove and Butman 1994; Robertson et al. 2015). This means that organisms
inhabiting muddy habitats need these specific adaptations and need to tolerate
a variable sediment composition, whereas organisms living predominantly in
sand might lack the biological adaptations to tolerate mud.

Other studies have presented benthos-sediment relations in the context of func-
tional traits. In many studies, a shift is documented from small, short lived, deposit
feeders in muddy sediments to large, long-lived suspension feeders in sandy
sediments (amongst others, Gusmao et al. 2022; Rhoads & Young 1970; van der
Wal et al. 2017). Although we did not focus on traits in this study, the species
order we found along the sediment gradient does not underline this transition.
On the contrary, suspension feeders (e.g., C. edule, M. balthica, E. leei and L.
conchilega) preferred intermediate to muddy sediment and had relatively wide
tolerance ranges for mud (>45% mud). Due to the tidal currents in this dynamic
system, areas with coarser sediment are not necessarily less turbid than muddy
areas, meaning that they are not always more suitable for suspension feeding.

48



Sediment sensitivity of benthic communities

Besides, some of these suspension feeders (e.g. M. balthica) are also facultative
surface deposit feeders, utilising the microphytobenthos in muddy areas (Chris-
tianen et al. 2017).

Spatially clustered mismatches between community preference and
observed sediment

In the subtidal, the actual sediment distribution generally matched the preferenc-
es of the resident species. In contrast, in the intertidal, the sediment character-
istics are often coarser than the optimal sediment of the community. It appears
that the few fine-grained intertidal sites provide optimal conditions, and species
reach high densities, so that these sites shape the sediment optima. At the more
prevalent sandier sites, the species are still present, but do not reach the optimal
density or biomass. It has been shown that non-trophic interactions, such as facil-
itation, can enhance abundances in muddy sediment. For instance, small worms
such as H. filiformis can oxygenate muddy sediments, increasing the inhabitable
depth of the sediment (Van Colen et al. 2008), and cockles (C. edule) can promote
microphytobenthos growth, increasing food availability for other species (Eriks-
son et al. 2017). Alternatively, facilitation may ameliorate conditions in sandy
sediments (Bruno et al. 2003). This could widen the tolerance range towards
coarse sediments, while not shifting the optimum, if individual densities remain
low. Spatially, the mismatch between optimal and realized sediment habitats was
most evident at intertidal, coarse-grained stations. Furthermore, we identified
clusters of stations where many species occur beyond their optimal sediment
envelope. Such locations are usually found at the tidal flats beneath the head
and tail of islands bordering the basin on the northern side. The discrepancies
were not clearly linked to a few specific species.

A causal link of the above patterns with the 2018 ebb-tidal delta sand nour-
ishment cannot be made, as we observed no change in A, A
composition before and after the nourishment. This is in line with modelled sed-
iment pathways, which suggest that it is unlikely that nourishment sand was

or sediment

mud

transported to the locations where we observe sediment mismatches (Pearson
et al. 2020; Pearson et al. 2021a). The locations where sediment is almost too
fine for many species are situated near the inner ends of the channels and near
both the mainland and Ameland ferry harbour. Here, there might be a link with
ongoing human activities, such as dredging and dumping of dredged sediments.
The ferry harbours and channels are continuously dredged for navigability, after
which the dredged areas are filled in with mud (Rijkswaterstaat 2022). Next to
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that, disposal of the dredged deposits can lead to an additional supply of mud.
However, overall, most sites in our dataset are sandier than the current com-
munity prefers. It is crucial to monitor sediment composition at locations where
large portions of the community are living beyond their optimal sediment range,
as here even a small shift could render the habitat unsuitable for the current
benthic species.

Future risks for benthic communities through sandification

As mismatches between sediment optima and habitat were stable over the stud-
ied period, communities do not seem to be shifting away from suboptimal sed-
iments within the studied time frame. However, the skewed mismatches (Fig. 5¢
and f) suggest that, if this basin was to become sandier, less ideal sediment
habitat might remain for current macrozoobenthos communities. This risk is larg-
est in the intertidal areas where the difference between optimal and realised
habitat is already more pronounced. Besides the foreseen sandification, which
we have focussed on here, regional "muddification” of sediments also needs to
be considered. For instance, in the Wadden Sea, land subsidence due to gas drill-
ing has resulted in regional fining of the sediment by an average 1umdecrease
of d,, and a 3% increase of mud content per year (de la Barra et al. 2023). Given
the observed wide tolerance ranges from mud-preferring species, this will likely
not result quickly in a community shift. However, such sediment fining should be
monitored, especially in areas where species are already living on the edge of
their mud tolerance range.

In addition to sand nourishments directly on or in front of a sandy coast, sediment
nourishments could be a means to conserve intertidal habitats. Although nour-
ishments are a highly artificial measure, they can supply sediment to prevent loss
of ecosystem values when tidal flats drown due to natural and human-induced
dynamics (Kabat et al. 2012). However, they should be planned and implemented
carefully. Several pilot nourishments aimed at restoring tidal flats have already
been performed (van der Werf et al. 2015; van der Werf et al. 2019; Escaravage
et al. 2024). Benthic communities at these nourished sites did not recover to
reference levels during the monitored time, partly due to the layer thickness and
coarse grain size used for the nourishments. Future nourishments using finer
grains (e.g., Baptist et al. 2019) might recreate a more suitable habitat for the
native benthic community. The findings of our study regarding sediment sensi-
tivity could aid in the design when engineering natural habitats.

50



Sediment sensitivity of benthic communities

On a global scale, coastal sediments are subject to changes in hydrodynamics
and depositional regimes due to sea level rise, changes in storm frequency and
intensity, and alterations of sediment supply which might result in sandification.
How coastal ecosystems will respond to this foreseen sandification depends on
the sensitivity of communities to sediment properties such as grain size and mud
content. The tools applied in this study aid in quantifying species and community
sediment sensitivity, and can help to identify sensitive areas, where a change in
sediment composition might further push the community outside of its preferred
sediment habitat. Sensitivity maps as presented here could be used in combina-
tion with modelled sediment transport and composition, to predict future habitat
suitability for benthic communities.

Conclusion

In this research, we revealed sediment preferences of macrozoobenthos, and
the potential sensitivity to coarsening, “sandification”, of coastal sediments. In
our study area, the Borndiep, a tidal basin in the Dutch Wadden Sea, most of
the studied macrozoobenthic taxa were sediment generalists, i.e., had a wide
sediment preference range. Taxa that preferred coarse sediment, had narrower
tolerance ranges than mud-preferring taxa. On community level, we observed
a mismatch between actual sediment composition and the preferred sediment
characteristics of the resident species. Sediments were in general coarser and
contained less mud than expected based on weighted mean preferences, and
this difference was more pronounced in intertidal than in subtidal areas. The tools
applied in this study can highlight the ecological risks of sediment change and
aid in assessing the potential impacts of sandification due to coastal engineering
projects and sea level rise on coastal benthic communities.
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Supplementary materials
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Figure S1. An example of spatial subsampling: all stations are shown in grey, the spatially
subsampled stations are shown in dark blue.
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Figure S2. Distribution and correlations between sediment and other environmental pa-
rameters in the study area. The upper left panels show the correlation coefficient, the
lower right the data and linear regressions. Variables from left to right: d50, mud content,
elevation, mean salinity, salinity variance, bottom shear stress, current velocity, orbital
velocity, bed level change since 2014).
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Table S1. RDA after selection of variables; ANOVA table testing the significance of each
variable. Variables from top to bottom: mud content, salinity variance, bottom shear

stress, d,,, orbital velocity, elevation and bed level change since 2014.
Df Variance F Pr (>F)
mud 1 0.046008 2211635 0.001
sal_var 1 0.024559 118.0568 0.001
bss_p99 1 0.009549 4590253 0.001
median 1 0.005353 25.73433 0.001
ubot_mar20 1 0.004239 20.3777 0.001
elev 1 0.003521 16.92727 0.001
blc2014 1 0.000602 2.896252 0.002
Residual 2727 0.567287 NA NA
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Figure S3. RDA biplot (scaling = 2) with stations (grey), species (red) and environmental
factors (blue). R?adj = 0.14, p=0.001.
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Abstract

With global warming, heatwaves are increasing in frequency, intensity and du-
ration. Additionally, coastal sediments are in many places foreseen to coarsen
under sea level rise. To predict the resilience of organisms inhabiting shallow
coastal habitats, we need to test their tolerance to these multiple, potentially
interacting stressors. The peppery furrow clam, Scrobicularia plana, is known as
a mud dweller, inhabiting fine-grained intertidal flats. To investigate this spe-
cies’ sensitivity to heatwaves upon habitat change, we performed a mesocosm
experiment. Our hypothesis that their muddy sediment preference is driven by
food content, and that with sufficient food availability, the clam would perform
equally well in sandy habitats was refuted: we observed high mortality in sandy
sediment regardless of food availability. While condition index and respiration
rate were not impaired, slower reburial rate in sands and lower full valve opening
indicated that the mechanical properties of the sandy sediments resulted in a
reduced substrate suitability for this species. Only in mud, clams increased full
gaping in response to a higher food supply. Although a heatwave did not sig-
nificantly impact survival, the lower frequency of closed valves pointed towards
higher energy expenditure under heat exposure. To conclude, although the spe-
cies is relatively resilient, a sub-optimal sediment type combined with additive
stressors may negatively affect this species under future climatic conditions.
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Introduction

Intertidal flats are productive ecosystems which support a high diversity and
biomass and provide essential ecosystem services. Due to the proximity of human
populations and the changing climate, these ecosystems are subject to environ-
mental change. Firstly, climate change is resulting in an increased temperature
and stronger and more frequent atmospheric as well as marine heatwaves (Froli-
cher et al. 2018, Oliver et al. 2021, IPCC 2023). Secondly, climate-change related
sed level rise and meteorological changes are foreseen to cause stronger wave
forcing on shallow tidal flats (Zhu et al. 2020). Together with a decrease in fine
sediment supply due to the damming of rivers, this may lead to sediment coars-
ening, or "sandification” of previously muddy intertidal flats (Syvitski et al. 2022,
Liu et al. 2022, Colina Alonso et al. 2024).

The inhabitants of the intertidal are not only affected by increasing water tem-
peratures and marine heatwaves. When the tide is low they are also exposed
to atmospheric warming and insolation (Johnson 1965, Helmuth et al. 2002).
To a certain level, intertidal species are more adapted to larger temperature
fluctuations compared to subtidal biota (Stillman et al. 2025). However, with
increasing heatwave occurrence in recent years, mass mortalities have been
reported (Seuront et al. 2019, Raymond et al. 2022, Hesketh & Harley 2023). One
of the species groups sensitive to heatwaves are bivalves, an important com-
ponent of intertidal soft-bottom ecosystems (Soon & Ransangan 2019, Masanja
et al. 2023). The effects of a change in sediment composition may interact with
heatwave effects on benthic animals. To cope with heatwaves, animals may need
to increase their burial movements (Zhou et al. 2022, 2023). Besides, thermal
conductivity and heat capacity differs between sediment types (Liu et al. 2025).

Exposure to multiple stressors and suboptimal habitat conditions may decrease
the tolerance to climatic stressors (Hewitt et al. 2016). With decreasing habitat
suitability of intertidal sediments, the tolerance to heatwaves may decrease as
well. Although many species are sediment generalists, several have a clear sedi-
ment texture preference (Kooistra et al. 2025). As sediment composition co-varies
with many other environmental factors, such as hydrodynamic regime and organ-
ic content, it remains difficult to determine whether the actual grain size, or rather
the co-varying factors determine the species’ sediment preference. For instance,
muddy areas are usually rich in sediment organic content, as the fine, organic
particles are able to settle in these calmer areas (Cammen 1982, de Boer 1998),
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and benthic diatoms (microphytobenthos) form a sticky layer on the sediment
surface that traps fine particles and increases sediment mud content (de Brouwer
et al. 2000, Stal 2010). Therefore, food content rather than grain size may drive
deposit-feeder occurrence (Whitlatch 1981). On the other hand, mechanical and
particle size properties of the sediment may drive sediment preferences. Sedi-
ment grain size composition determines the suitability for reburial (Alexander et
al. 1993), and bulk density of the sediment determine the burrowing behaviour
(Wiesebron et al. 2021). Such behavioural changes may affect performance on
the longer term.

The peppery furrow clam, Scrobicularia plana (da Costa, 1778), is a mud-dwell-
ing tellinid bivalve. This species lives in intertidal mudflats habitats along the
north-east Atlantic coast. It has a wide geographic range and can be found from
Norway to Senegal, including the British coast and the Mediterranean (Santos
et al. 2011). S. plana feeds primarily on microphytobenthos and organic material
as a surface deposit-feeder, but it is also capable of suspension feeding on phy-
toplankton and particulate organic matter from the water column during tidal
immersion (Hughes 1970, Riera et al. 1999). The species burrows relatively deep:
for large individuals (> 30 mm), burrowing depth is on average 6 cm in summer
and 11 cm in winter, and increases with individual size (Zwarts & Wanink 1989,
Zwarts et al. 1994). This deeper positioning may protect the species to large
temperature fluctuations due to the buffering effect of the sediment (Dominguez
et al. 2021), but may also imply a lower thermal tolerance compared to shallower
burrowing species (Wilson 1981).

S. plana is predominantly restricted to muddy sediments (Bocher et al. 2007). The
species could therefore be expected to be at risk if their sedimentary habitats
would coarsen. Food supply has been suggested to drive the functioning and
performance of the species across different sedimentary habitats, with lowered
performance in sandy areas with low food supply (Worrall et al. 1983). Sedimen-
tary habitat quality has also been observed to mediate the stress resilience of S.
plana. Populations in coarser, low-food sediments were less resilient to climatic
extremes (high rainfall and heatwaves), compared to populations in seagrass
meadows with higher mud content and food supply, despite higher recruitment
(Verdelhos et al. 2014). These field observations did however not allow for dis-
tinguishing the effects of food availability from the effects of sediment type.
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In this study, we addressed the following questions: (i) is sediment preference
of S. plana driven by sediment texture or food availability?, and (ii) does sedi-
ment-food habitat affect heatwave tolerance? We hypothesised that food con-
tent is the main driver of habitat suitability, followed by sediment composition,
and that performance and heatwave tolerance will thus be most impaired in
sandy sediment with low food supply. Furthermore, as the distribution of S. plana
extends to warmer regions, we expect the species to be relatively heat tolerant.
Under heat stress, we expect to see behavioural responses (valve gape) first, fol-
lowed by sublethal metabolic responses (respiration rate, body condition index).
Eventually, the results will help to predict the suitability of future coastal habitats
for this species.

Methodology

Animal collection, preparation and acclimation

We collected Scrobicularia plana individuals from the intertidal flats at Oester-
dam, Eastern Scheldt, Zeeland, the Netherlands (52.44°N, 4.22° E) in April 2023.
Sediment median grain size (d,,) at the collection site was 118 um and mud con-
tent 30 %. We transported collected individuals in buckets with water to the Royal
Netherlands Institute for Sea Research (NIOZ) in Yerseke, where we sorted them
by size, and kept them in baskets in tanks with flow-through supply of unfiltered
Eastern Scheldt seawater at 15 °C in a climate-controlled room. In the days fol-
lowing collection, we selected individuals of 3.5-4.5 cm, labelled them and placed
them in boxes with a shallow (~5 cm) layer of sand with flow-through unfiltered
seawater supply. Here, they acclimated for 15-20 days prior to the experiment.

Mesocosm set-up

We designed a multifactorial experiment, with two sediment types (sand or mud),
two feeding levels (low or high), and heatwave or no heatwave exposure, leading
to a total of eight treatment combinations (see supplementary table S1 for an
overview of treatment combinations and number of replicates per group and
response variable). The experiment was performed in eight tidal tanks, divided
over two climate chambers (Fig. 1), set to 18 °C. The tidal tanks consisted of two
tanks on top of each other (inner dimensions: 1.10 X 0.95x 0.6 m). The bottom tank,
filled with filtered Eastern Scheldt water, served as the water reservoir. During
simulated high tide (09:00 - 15:00 and 21:00 - 03:00), the water (salinity ~33
PSU) from the bottom tank was pumped up to the top experimental tank, creat-
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ing a water level of ~25 cm. During low tide (03:00 - 09:00 and 15:00 - 21:00),
water drained from the top tank, leaving a water level of approximately 5 cm
in the experimental tank. We replaced the reservoir water weekly. High feeding
treatments were fed three times per week with 10 mL algal concentrate (Shell-
fish Diet 1800, Reed Mariculture). Initially, low feeding treatments were not fed
at all, however after several mortalities within two weeks, we fed low feeding
treatments once a week with 5 mL algal concentrate, starting at day 13. The
estimated food availability directly after feeding was then 38 x 10¢ cells L" or 1.5
mg dry algal biomass L7 in the "high food" treatment and 19 x 10¢ cells L"or 0.8
mg dry algal biomass L in the “low food” treatment.

® Sand
@ Mud

High food
Low food

::::: [[] Heatwave
00000 [ No heatwave
00000

35 °C
e e / 18 °C
@ @ @
® @

0 1 2 3 4 5

Figure 1. Schematic overview of experimental set-up: eight tanks divided over two climate
chambers, each containing pots filled with sand or mud. A schematic timeline for all four
sediment-food treatments is shown below, with intermediate measurement points after
2 weeks, the start of heatwave exposure of half of the experimental units after 4 weeks,
and a final measurement point after 5 weeks. The indicated temperature in week 5 was
the sediment surface temperature during heatwave exposure.

Experimental units and sediment

Within each experimental tank, we placed 18-22 cylindrical pots (& 11.5 cm, height
16 cm), which we filled with the experimental sediment mixtures. The position of
each pot was randomly assigned.
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Because food availability was one of our treatments, we used kaolinite clay
powder (obtained from Keramikos B.V., The Netherlands) to make an artificial
mud without organic matter content. Detailed grain size distribution information
of the kaolinite clay powder is displayed in Figure S1. We mixed kaolinite with
sand (d,, = 256 um) and water in batches of 20 L, using a hand-held cement mixer
(mixing ratios are given in table 1).

We prepared additional control pots, three pots for each of the eight treatment
combinations, that did not contain a clam. These were placed in the tanks at
the same moment and used as blanks for the metabolic rate incubations. We
used 11 of the control pots to determine physical sediment characteristics after
the experiment (Table 1, “end”). Besides the experimental pots, we prepared an
additional 12 pots to determine physical sediment characteristics at the start of
the experiment (Table 1, “start”). In these, we also measured penetration resis-
tance, i.e., the force required to push an arrowhead into the sediment, using a
universal testing machine (Instron, Baltimore, MD, United States). For sediment
water content and bulk density, we sampled 15 mL of sediment from the top of
the core, placed this in a pre-weighed tube to determine the wet weight directly
after sampling, and the dry weight after drying for 7 days at 60 °C. Small varia-
tions in sediment composition between the pots measured at the start and the
experimental control pots may be an effect of time, or of small variations in the
sand used for each sediment batch.

Solar heatwave

During week 5 of the experiment, the experimental units were exposed to a 7-day
heatwave. This heatwave was created by an infrared terrace heating panel (Frico,
EZ212), during the 03:00 - 09:00 low tide. The temperature was regulated by a
thermostat with a sensor on the sediment surface, which we calibrated at the
start of the heatwave and set to a temperature of 35 °C during the heatwave.
The water temperature during the experiment was kept at 18 °C, therefore the
heatwave was solely a solar heatwave, during one of the two low tides. In two of
the control pots, we placed temperature loggers (HOBO pendant Temperature/
Light Data Logger) between 5 and 15 cm depth to monitor temperature inside
the sediment.
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Response parameters

Size, mortality, biomass and condition

All tanks were checked daily, or on weekends every other day, for mortalities. If
a clam was observed gaping on the sediment surface and it did not respond to
mechanical stimuli, it was recorded as dead and frozen for biomass analysis.
However, not all individuals resurfaced when they died. Therefore, when we took
out the clams at the end of the experiment, we recorded the individuals that had
degraded tissue as additional mortalities. From these, the moment of mortality
is difficult to estimate.

After two weeks, we collected 10 individuals for all four sediment-food treatments
to determine the biomass and condition. At the end of the experiment, biomass
was determined for all the remaining clams. The individuals were taken out and
frozen until analysis. We measured the length, width and height of all individuals,
using callipers. Then, we separated the meat from the shell using a scalpel. Both
the meat and the shell were placed in ceramic crucibles, dried for 2-3 days at 60
°C to determine dry weight (DW). After this, the meat was then combusted for 5
h at 560 °C to determine ash-free dry weight (AFDW) as a measure for biomass.
We calculated body condition index as the ratio AFDW___:DW

meat® shell®

Besides the experimental individuals, we also sampled 15-30 clams from the
collection site at the same time points. We used these to compare body condition
in the experiment with the field.

Respiration rate

After 2 and 5 weeks, we incubated experimental units to determine respiration
rates. The incubation chambers consisted of transparent cylinders (30 cm high,
@14 cm), hermetically sealed with a base plate and lid. The lid contained a mag-
netic stirrer, a larger opening for pre-incubation aeration, which could be closed
with a rubber stopper, and a small, screw-valve opening for sensors. We placed
the pots including sediment and clams in the chamber, and filled the remaining
volume (4.14 L) with filtered Eastern Scheldt seawater (salinity 32.5 PSU). We also
incubated blank units (i.e., pots containing only sediment, no clam) to determine
background respiration. The chambers were placed in a thermostatic water bath
to ensure constant temperature. The incubations took place in a darkened, cli-
mate controlled room, set to 18 °C. Prior to incubation, we allowed the units to
acclimate, while an air pump aerated the water to ~100 % saturation. After 1 h,
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we removed the aeration, ensured no air bubbles remained, and closed the cham-
ber. During the 4-hour dark incubation phase, O, concentration was logged by
an oxygen sensor (FiresSting fiberoptic O, meter, Pyroscience), calibrated at the
start of the experiment, that was inserted in the incubation chamber lid. Oxygen
saturation levels did not drop below 70 % during the incubations.

O, concentration, measured in % saturation, was converted to pmol L7, with the
O, saturation concentration determined based on the temperature and salinity,
using the R-package ‘'marelac’ (Soetaert & Petzoldt 2008) following the method
of (Weiss 1970). We fitted a linear regression to the O, concentration over time,
of which we extracted the slope parameter. The mean blank slope per feeding
level was subtracted from the slope of each individual unit. Subsequently, we
determined the respiration rate scaled to individual biomass (umol O, hour™ g7):

RR = —(slope—slopepiani)*Ywater
g AFDW

(eq. 1)

With V.. as the water volume (L) in the incubation chamber, i.e., the chamber
volume excluding the volume of the pot with sediment.

Behaviour: valve gape

To monitor the valve opening and closing behaviour of the clams in real time,
we used a valve gape monitor. We used four monitors, each consisting of a
waterproof PVC housing with eight pairs of coated electro-coils. Further details
of the valve gape monitors are described by Ballesta-Artero et al. (2017). We
glued one of each pair of coils to each valve of the clam, using two-component
light-curing dental resin cements (3M ESPE RelyX Unicem 2Clicker). One of each
pair of coils created an electromagnetic field, which is picked up by the other
coil. The magnitude of this electromagnetic field is a measure for the distance
between the two valves. To ensure a sufficient number of replicates, we monitored
only individuals of the heatwave groups, since we were able to collect their valve
gaping data over the entire experimental period. Due to leakage, one monitor
failed and data was removed from analysis.

We pre-processed raw electrical field strength data by filtering out the low sta-

tistical outliers, following Tukey's fence for lower outliers (Fig. S3). We then con-
verted the electromagnetic signal to approximate distance, following:
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D o \E (eq.2)

Where D represents an approximation of the distance (mm) between the coils,

and S the electromagnetic field strength.

Because D is only an approximation, and among individuals the angle and dis-
tance between the sensors is likely to differ, we converted distance to relative
valve gape:

_ D—min (D)
G= max(D)—min(D) (eq. 3)
In which gape (G), ranging between 0-1, represents the fraction the coils, or
valves, are separated relative to their total range. Here, we assume that min(D)
represents the value when the valves are fully closed, and max(D) represents
fully open valves.

We cropped individual time series based on the time of observed or suspected
mortality. Next, we plotted gape (G) averaged per hour and visually inspected
the patterns (Figure S4).

Behaviour: reburial

At the start of the experiment, we placed the individuals on top of the sediment
and monitored their reburial rate using time-lapse cameras. The cameras were
installed above 4 of the tanks and set to take a picture every 20 minutes. We
counted the number of individuals per sediment type that was not reburied yet,
rface) Ot €ach 20-min time
step per tank and sediment type. We excluded the clams which had a valve-gape
sensor, since this might have limited their mobility. This left a total of 26 clams

calculated probability for clams being on the surface (P

per sediment type for the reburial analysis.

Statistical analysis
All statistical analysis was conducted in R v4.4.1 (R Core Team 2024).

We compared mortality between groups with binomial generalised linear model
(GLMs) with sediment type, feeding level, and heatwave exposure as fixed fac-
tors. We tested for treatment effects on condition index and respiration rate with
a two-way (week 2) and three-way ANOVA (week 5). To account for potential ef-
fects of tank, position within tank (which could affect heat level), or effects of the
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attached valve gape sensor, we fitted additional mixed-effects models (GLMMs
for mortality and LMMs for condition index using packages “Ime4" (Bates et al.
2015), “ImerTest” (Kuznetsova et al. 2017)). Since all random factors explained
little addional variation, and model fits were not improved by including them, we
present the GLM or ANOVA results. We checked model residuals for normality and
homogeneity of variances using Shapiro-Wilk and Levene's tests, respectively.

To compare initial reburial in mud and sand, we fitted a binomial logistic GLM of
P tece @5 @ function of sediment type and time. Since we only determined reburial
at the start of the experiment, when food conditions did not differ between the
tanks, sediment type was the only treatment variable here.

We analysed the valve gape data in two stages. To identify the effect of sed-
iment and feeding treatments over a full tidal cycle, we compared valve gape
between treatments during the nightly high and low tide in week 4. We selected
only the nightly observations to minimise the disturbance from people entering
and leaving the (neighbouring) climate rooms. For this analysis, we excluded
two individuals that had died before week 4. For the second analysis, where we
tested heatwave exposure in addition to sediment and feeding, we compared
valve gape during the nightly low tide from two days before the start of the heat-
wave (week 4) to two days after the start of the heatwave (week 5). Through this
temporal selection we maintained the maximum amount of replicates, as more
mortalities occurred later during the heatwave period. For this analysis, we re-
moved all individuals that had died within 1 day after the start of the heatwave.

We represented the selected valve gape data from both selected periods in
empirical cumulative distribution function (ECDF) plots, from which we inspected
the differences in distribution of valve gape between treatments visually. For
each individual and within the selected time periods, we then aggregated the
observation counts of nearly and fully closed (G < 0.25), partly open (0.25 < G
< 0.75) and fully open (G > 0.75) valves for statistical comparison. We selected
these threshold after first inspection of the data distribution, as the ranges in
which we expected to see differences between the treatments, and because
of the biological relevance. To these aggregated counts per individual, we fit
a multinomial logistic regression model (MLR) using package “nnet” (Venables
and Ripley 2002). Sediment, feeding level and week and their interactions were
included, with “mud, high food" or “mud, high food, week 4" as the reference level.
Interactive and additive model fits were compared based on Akaike Information
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Criterion (AIC). We estimated odds relative to the baseline of closed valves (G
< 0.25) and derived 95 % Wald confidence intervals from the standard errors.
Due to the large number of gape observations, most effects were statistically
supported, thus we focused interpretation on effect sized and predicted prob-
abilities for each gape class.

Results

Mortality

Approximately a third of the Scrobicularia plana individuals died during the
course of the experiment (Fig. 2). Highest mortality was observed in the treatment
“sand + high food + heatwave” group, where 11 individuals died (P_ .., = 0.8).
Lowest mortality was found in the "mud + low food + no heatwave” group, where
only 1 individual died (P_ ..., = 0.1). Mortality was significantly higher in sand
than in mud (x2(1) = 12.8, p < 0.001). Effects of feeding level, heatwave exposure
or their interactions on mortality were not significantly different (all p > 0.14).

11

0.75 1
2
5 0.504 5 5
é 5 B heatwave
o D no heatwave

0.25 1 3 2 3

I|:| I 1
0.00 - |:|

m;Jd m'ud salnd salnd
high food low food high food low food

Figure 2. Fraction mortality (P ...) per sediment type, feeding level and heatwave ex-
posure group. The numbers above the bars indicate the total individuals that died per
group. Because of mortalities occurring before the start of the heatwave, the total group
sizes differed.
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Figure 3. (a) condition over the experimental period in the experiment compared with the
field. Linear regressions with shaded 95 % confidence intervals and R?values are indicated,
and data is shown as transparent points. (b, ¢) condition index in all sediment and food
treatments in week 2 and sediment, food and heatwave treatments in week 5.

Condition index

During the experiment, overall bivalve body condition index declined signifi-
cantly over time (t = -3.43, p = 0.001), while during the same period, condition
of individuals in the field increased (t = 3.28, p = 0.002; Fig. 3a). After removing
individuals that had recently died, the experimental treatments did not result in
any significant differences in condition within each week. However, comparing
treatment groups with field groups per week showed a significant differences
(F,,, = 4.03, p = 0.0069). Tukey post-hoc tests showed that only the “low food”

4,47
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treatments in week 2 had a significantly lower condition compared to the indi-
viduals collected in the field in that week (p = 0.025 for “mud + low food” and
p = 0.011 for “sand + low food"). In week 5, all experimental groups had a signifi-
cantly lower condition compared to field individuals in that week (F(4,47) = 4.03,
p < 0.005 for all group), except for “sand, low feeding, heatwave”, where only
two individuals remained due to high mortality in this treatment. The decrease
in condition seems to be feeding-treatment dependent after the first two weeks,
but not treatment-dependent after 5 weeks.

Respiration rate

In week 2, we did not observe differences in respiration rate between sediment
and feeding treatments. In week 5, respiration rates under heatwave exposure
tended to be higher compared to those of clams not exposed to heatwaves,
especially in the "high food” treatments. This effect was however not significant
(p > 0.3), which may have been a result of the small group size due to high mor-
tality in sand. Respiration in week 5 was higher compared to week 2 (mean over
all treatment groups 37.3 £ 27.2 umol O, h' g”in week 5 versus 29.2 + 16.7 umol
O, h"g'in week 2).
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Figure 4. Respiration rate normalised to individual biomass (g AFDW) in all sediment and
food treatments in week 2 (a) and in all sediment, food and heatwave treatments in week
5 (b). Note differences in Y-scale axis. The amount of replicates per group is indicated.
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Reburial rate

Reburial rate at the start of the experiment was faster in mud compared to sand.
A binomial logistic regression revealed a significant effect of sediment type on
reburial probability (z =-2.89, p = 0.004). Two individuals did not rebury after
23 hin sand.

1.00 1
mud
0.751
sand
8
E 0.50 1
o
0.251
0.00 4
0 100 200 300

Time (min)

Figure 5. The initial reburial rate shown as the probability that clams remained visible on
the sediment surface during the first 5 hours of the experiment, for both sediment types.
The fitted binomial logistic regressions are shown with 95 % confidence intervals as grey
bands. The scattered data represent the reburial probabilities per tank.

Valve gape

During the full nightly tidal cycles in week 4, the ECDF plots of valve gape sug-
gested effects of feeding level and sediment type on valve gape (Fig. é6a; Fig. 7a).
The MLR confirmed this (Table 2): in sand, clams were less likely to be fully open
compared to in mud (B = 1.26, SE = 0.013, p < 0.001; OR = 0.29) and at low feed-
ing levels they were less likely to be fully open compared to high feeding levels (3
= 0.94, SE = 0.011, p < 0.001; OR = 0.39). Sediment and feeding treatments also
had interactive effects: in mud, high feeding resulted in an increase in full gape
(a probability of 0.68 versus 0.25 for low feeding; Table S2), while in sand, this
was not the case (a probability of 0.24 compared to 0.27 for low feeding). This
interaction was confirmed by the improved model fit of the interactive compared
to the additive model (AAIC = 31147).
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Figure 6. Empirical cumulative frequency distribution function (ECDF) plots for valve gape
in week 4 (a) and before (week 4) and during (week 5) heatwave exposure (b). The solid
lines represent the median ECDF across individuals in each sediment-feeding treatment,
and the shaded bands indicate inter-individual variation (interquartile range).

Comparing the nightly low tide before and during the heatwave (Fig. éb), sand
and low food supply again reduced the observation probability of full gaping,
and increasing the frequency of medium gaping (Table 2; Fig. 7b). Furthermore,
heatwave exposure decreased the probability for valve closure (Fig. 6b) from
0.09 to 0.02 during the heatwave (Fig. 7b), while medium and full gaping were
increased with a factor 2.25 and 4.32, respectively (Table 2). Also here, the model
including all interactions provided an improved fit compared to the additive
model (AAIC = 9816), illustrating that interactions between feeding, sediment
and heatwave exposure were significant.
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Figure 7. Probability of observation of each gape class—fully closed (G < 25 %), partly open
(25 < G <75 %) and fully open (G > 75 %) valves—for each treatment (a) during a full tidal
cycle in week 4, and (b) comparing low tide pre-heatwave (week 4) with low tide during the
heatwave (week 5). Boxplots represent inter-individual variability in predicted probabilities.
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Discussion

Sediment texture, food availability and heatwave exposure all affected the be-
haviour of mud-dwelling peppery furrow clam Scrobicularia plana (Fig. 8). During
the five-week mesocosm experiment, an especially large number of individuals
died in sandy sediment. Overall body condition decreased during the course of
the experiment, but did not differ significantly between experimental treatments.
We were also not able to show a difference in respiration rate between treat-
ments. A decreased reburial rate and decreased time spent with open valves
indicated behavioural constraints in the sandy sediment. A higher level of feeding
resulted in a higher probability of fully open valves, but only in the muddy sedi-
ment. Lastly, heatwave exposure resulted in a lower probability of valve closure.
The heatwave did however not significantly affect survival or other performance
parameters.

ﬂP | Q\\\‘ |

sand
K
high food ‘ :
heatwave

Figure 8. Graphical summary of the main effects of sediment, food and heatwave treat-
ments (top to bottom), on mortality (left), valve gape (centre), and reburial (right). The
colour of the circle indicates the sediment type (beige for sand and brown for mud); for the
other treatments the effects of high food and of heatwave exposure are shown. Upward
arrows indicate an increase, downward arrows a decrease. Condition index and respira-
tion are not displayed here, as we observed no clear effects of experimental treatments
on these parameters.

83



Chapter 3

Behavioural responses and lower survival in sand

The high mortality in sand, indicated that the sandy sediment was less suitable
for this species. Behavioural responses can partially explain this. Initial reburial
was lower in sand than in mud, and two individuals were not able to rebury in
sand within a day. This corresponds with previously reported burrowing prefer-
ences for this species (Bonnard et al. 2009, Wiesebron et al. 2021). The flat shell
shape and foot morphology are traits that reflect rapid and deep burrowing as a
predation-avoidance strategy (Stanley 1970, Johnson 2020). Therefore, the clams
are likely to spend a considerable amount of energy in attempting to obtain the
safest position within the sediment. If mechanical characteristics of the sediment
limit their mobility, such extra efforts may pose energetic constraints.

Besides initial reburial, we also saw effects of sediment composition on valve
gaping. In sand, valve gape was more often in the intermediate range (25-75 %
open), and the sandy sediment seemed to limit full gaping (>75 %). Only clams
in the muddy sediment were able to increase their full valve gaping under higher
feeding. The lower mechanical plasticity of (compacted) sandy sediments may
have inhibited full valve opening.

With grain size distribution, other characteristics of the sediment, such as water
content, bulk density and penetration resistance, varied (Table 1). Wiesebron et
al. (2021) showed that bulk density is a major factor in burrowing behaviour. In
our experiment, bulk density was on the higher end of the range used by Wiese-
bron et al. (2021), but was relatively similar for both sandy and muddy sediments
(Table 1). Penetration resistance was however orders of magnitude higher in the
sandy sediment compared to the muddy sediment, consistent with Bokuniewicz
et al. (1975). This sediment "hardness” is thus likely to have limited burrowing and
valve movement. Contrary to Wiesebron et al. (2021), who tested only cohesive
(>35 % mud) sediments, we used a cohesive (~30 % mud) and a non-cohesive
(<5 % mud) sediment. As cohesive and non-cohesive sediments each require dif-
ferent burrowing mechanisms (Dorgan 2015), and this species normally occurs in
cohesive sediments (Bocher et al. 2007), we expect the low mud content to have
limited the species’ burrowing behaviour.

Food availability, valve gape and condition decline

Valve gaping activity is linked to important physiological processes such as
pumping, feeding and respiration (e.g., Jergensen et al., 1988; Newell et al., 2007;
Riisgdrd et al., 2003). With higher food availability, valve gaping or feeding rates
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in bivalves often increase (Riisgdrd et al. 2003, 2006, Ballesta-Artero et al. 2017,
Tonk et al. 2023). Therefore, the effects of feeding treatments on valve gape
activity are not unexpected. At high feeding levels and when in mud, clams were
more often fully open (Fig. 7c and e). These individuals may have maximised their
pumping and feeding rate to profit from the higher food availability, while clams
at low feeding levels may have spent more time probing for food and fed at a
lower rate, with valves only partly open (e.g., Hubert et al. 2022).

In order to maintain a sufficient energy intake, bivalves can upregulate their
feeding rate when food supply decreases (Pilditch & Grant 1999). S. plana indi-
viduals from sites with low food availability had higher feeding rates, possibly
to compensate their food intake (Worrall et al. 1983). After transplantation they
adapted their feeding rate within a few months (Worrall & Widdows 1983). Also
S. plana populations across habitats can differ in feeding mode: from depos-
it-feeding in a food-rich seagrass bed to suspension feeding when inhabiting
bare sediment (Baeta et al. 2009). The effects of food supply, in particular the
increase in partial gaping at low feeding levels, may therefore also reflect the
adaptive feeding behaviour of this species.

Lacking food supply in the experiment negatively affected body condition after
two weeks, compared to the field. By week five, condition had declined across
all treatments, with no differences between feeding levels, suggesting a general
negative effect of the experimental setup. This may stem from the “unnatural”
sediment: the kaolinite clay was finer than mud found in the natural habitat (Fig.
S1), the median grain size (214-259 um) of both sediment types was coarser than
at the collection site (118 um), and mud content in the sandy sediment (<5 %)
was below the mud content in the field (30 %). Scola et al. (2021) also reported a
condition decline in this species, attributed to handling or sub-optimal substrate.
Additionally, phytoplankton concentrate instead of benthic diatoms as food type
may have been less suitable for S. plana, although this food type is developed for
bivalve culture, and concentrations match those in used in comparable studies
(Wiesebron et al. 2021, Zhou et al. 2022).

Heatwave exposure affected behaviour but not mortality

The high mortality was not significantly driven by heatwave exposure. Apparently
the intensity and duration of the heatwave were within the tolerance range of S.
plana. That is not unexpected, as S. plana has thermal limits between 25-32 °C
for prolonged exposure (Wilson 1981, Verdelhos et al. 2015). For short periods of
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time, the species can survive temperatures as high as over 40 °C. (Santos et al.
2011, Verdelhos et al. 2014). Amorim et al. (2020) attributed the absence of heat
effects on the survival of S. plana to molecular coping mechanisms (e.g., heat
shock responses). Such mechanisms may reflect adaptation of bivalves to large
temperature fluctuations in an intertidal environment, for they can play a larger
role during low tide than during high tide (Zhang et al. 2020).

The ability to burrow deep into the sediment also contributes to heatwave tol-
erance. Whereas the maximum temperature at the 5 cm depth was 38 °C, at 10
cm depth—the approximate living depth of the clams—we measured a maximum
temperature of 33 °C (Fig. S2). With only 6 hours heat exposure per day, it is
unlikely that temperature exceeded critical levels for a prolonged time period
below 10 cm depth. Temperature decrease over sediment depth was steeper in
muddy compared to sandy sediment (Fig. S2). This aligns with expectations, as
sandy sediments tend to have a higher bulk thermal conductivity, while muddy
sediments with lower pore water flow form a buffer for heat transfer (Douglas
et al. 2024, Liu et al. 2025). With the sediment acting as a temperature buffer,
deep-burrowing species remain shielded from the highest temperatures at the
sediment surface. The organisms’ vertical position can therefore also aid in their
heatwave tolerance, allowing deeper burrowing species to survive and grow
better under heat exposure compared to shallow-burrowing intertidal bivalves
(Dominguez et al. 2021).

Clams responded to heatwave exposure by spending a lower proportion of the
time fully closed. This might reflect a higher oxygen demand associated with a
higher metabolic rate under elevated temperatures and an upregulation of the
heat shock response (Tomanek 2010). Meeting this increased oxygen demand
would require an increase in pumping, and thus valve opening. In previous stud-
ies, S. plana increased pumping frequency under warming, showing a thermal op-
timum for pumping and filtering near 25 °C (Hughes 1969, Van Colen et al. 2020).
Similar responses in gaping activity were observed in other bivalves: Arcuatula
senhousia increased valve gaping upon heatwave exposure (Fouet et al. 2026),
Ruditapes philippinarum did not increase valve closure during, but only after a
heatwave (Xu et al. 2025), and Mytilid mussels and freshwater bivalves showed
higher gaping activity during heat exposure (Rodland et al. 2009, Olabarria et
al. 2016). Our observations therefore align with behavioural patterns exhibited
by various bivalve species.
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Contrary to the observations on valve gape, we saw no significant effects of
heat exposure on metabolic rate. The underlying reason for the lacking response
could be that we measured approximately 1-2 hours after the end of the heat
exposure and that the clams had recovered their respiration rates to a normal
level by that time. Furthermore, only a few individuals could be measured due
to the high mortality rate, and combined with high inter-individual variability,
this posed a challenge for detecting significant differences. Lastly, if the clams
were closed or inactive during part of the incubation, this might have resulted in
lower respiration rates. Nevertheless, the respiration rates we measured were in
the same order of magnitude as in previous experiments with this species (e.g.,
Wiesebron et al., 2021). Condition index was also not affected by heatwave ex-
posure, after removing the individuals that had recently died from the analysis.
As for respiration rate, this could be due to the low number of remaining indi-
viduals, combined with inter-individual variability. In other studies, respiration
rate or condition responses of infaunal bivalves to heat were sometimes also
lacking: Pansch et al. (2018) saw no decreases in condition in Macoma balthica
after exposure to a single heatwave, and Staniek et al. (2025) saw no responses
in respiration rate in C. edule and M. balthica during, but only after heatwave
exposure. Body condition was also not affected by other stressors in S. plana in
several previous studies (Amorim et al. 2020, Islam et al. 2021, Scola et al. 2021).
Lacking responses of condition to stressors was often attributed to, again, suc-
cessful coping strategies or delayed stress effects.

Cumulative stressors and sensitivity of responses

S. plana was tolerant to heat exposure in this controlled experiment. In a field
setting a heatwave can however have a cascading effect in which a high tem-
perature results in an environment with multiple stressors. A heatwave co-oc-
curring with hypoxia can result in bivalve mortality (Zhou et al. 2022, Salmond
& Wing 2023). The increased temperature can also accelerate organic matter
degradation, depleting sediment oxygen levels and rising hydrogen sulphide
levels (Al-Raei et al. 2009, Fitch & Crowe 2011). As a deep burrower in usually
muddy, organic sediment, S. plana has a relatively high tolerance to anoxia and
hydrogen sulphide (Oeschger & Pedersen 1994). Nevertheless, the increasing
heatwave temperatures and durations may lengthen such hypoxic periods and
lower hypoxia tolerance limits (Kodama et al. 2018). Above that, the decreased
mobility that we observed in coarser sediment may hamper behavioural coping
strategies, for instance the capacity of an animal to escape anoxia or elevated
sediment temperature (Zhou et al. 2022, 2023).
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Not only the magnitude, but also the duration and frequency of heat exposure
can determine responses. In the current experiment we only assessed the effects
of a single 7-day heatwave and monitored the response directly after. Therefore
we could not report recovery responses or possible acclimation, that have been
observed in other bivalves (He et al. 2022b a, Xu et al. 2025). Under multiple,
sequential heatwaves, stronger adverse effects can be expected (Pansch et al.
2018, Zhou et al. 2022, 2023). Lastly, larval stages of bivalves might be more sen-
sitive to a combination of stressors such as food availability and heat (Czaja et
al. 2023). Therefore, it is important to consider the entire life cycle when making
predictions on future habitat suitability.

Integrating both physiological and behavioural responses gives the most com-
plete picture of bivalve responses to climatic stress, as together they can reveal
stress mechanisms and coping strategies (Cheng et al. 2025). Nevertheless, bi-
valve responses and acclimation strategies to multiple stressors may be earlier
visible on a molecular level prior to physiological or phenotypical responses
(Amorim et al. 2020, He et al. 20220, Lam-Gordillo et al. 2025). Such measure-
ments may thus give a more sensitive indication of stress.

Conclusions

As evidenced by the reduced survival in sandy sediment, coarsening of coastal
sediments is likely to result in a decrease in habitat suitability for S. plana, inde-
pendent of food supply. Reburial and valve gaping behaviour revealed that the
negative effects of sand may be related to its mechanical properties. S. plana
appeared relatively tolerant to heatwave exposure. However, the observed re-
duction in valve closure reflected higher metabolic needs under heatwave ex-
posure. A reduced mobility due to an unsuitable sediment type can decrease the
bivalves' capacity to adapt their behaviour in order to cope with heat exposure.
These multiple stressors may thus have implications for organism and, ultimately,
ecosystem functioning in the intertidal environment.
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Supplementary materials

Table S1. Number of experimental replicates per treatment group. The column “total”
shows the initial number of individuals per group. The following columns describe the
number of individuals remaining for measurements of reburial, biomass and respiration
rate (RR), after subtracting mortalities. Remaining valve gape replicates are shown after
removal of early mortalities and lost data due to equipment failure, initial valve gape
replicates are indicated between brackets.

treatment total mortality reburial biomass respiration valve gape

sediment food heatwave w2 w5 w2 w5

mud high yes 14 3 26 1 3 3(7)

mud high no 20 2 10 8 6 4

mud low yes 14 3 1 5 5(8)

mud low no 20 1 10 9 6 5

sand high yes 14 1 26 2 1 4 (8)

sand high no 20 5 9 6 5 4

sand low yes 16 8 7 2 4 (8)

sand low no 18 3 9 6 5 4
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Figure S1. Grain size distribution and cumulative distribution of kaolinite clay particles
compared to natural mudflat sediment as measured using a laser diffraction particle size
analyser (Coulter LS 13320).
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Figure S2. Temperature inside muddy (brown) and sandy (yellow) sediment at different
depths. Note the difference in temperature level is likely an effect of pot positioning, as
the muddy pot was located centrally under the heating panel, while the sandy pot was
located at the edge.
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Figure S3a. Raw valve gape measurements (left) and valve gape data filtered and con-
verted to fraction opening (right). The cutoff for low outliers indicated as a horizontal blue
dashed line, the start of the heatwave is shown as the vertical red dashed line. Low tide
is indicated by grey vertical bands.
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Figure S3b. Row valve gape measurements (left) and valve gape data filtered and con-
verted to fraction opening (right). The cutoff for low outliers indicated as a horizontal blue
dashed line, the start of the heatwave is shown as the vertical red dashed line. Low tide
is indicated by grey vertical bands.

93



Chapter 3

3000

1500

1800

800

3000

1500

1400

800

1500

2500

1000

3000

1000

mud - feeding - 11 (raw data)

T T T T
May 22  May 29 Jun 05 Jun 12
sand - feeding - 10 (raw data)

T T T T
May 22  May 29 Jun 05 Jun 12

mud - feeding - 10 (raw data)

L

May 22 May29 Jun05 Jun12 Jun19
sand - feeding - 9 (raw data)
T T T —
May 22 May29 Jun 05 Jun 12
sand - feeding - 8 (raw data)
T T T = T
May22 May29 Jun05 Juni12 Jun19

mud - feeding - 9 (raw data)

L

T T T T T
May 22 May29 Jun05 Juni12 Juni9

sand - feeding - 11 (raw data)

May 22  May 29 Jun 05 Jun 12

00 086

0.0 06 0.0 06

00 086 00 086

0.0 06

0.0 06

mud - feeding - 11 (% open)

T T T T
May 22 May 29 Jun 05 Jun 12
sand - feeding - 10 (% open)

T T T T
May 22 May 29 Jun 05 Jun 12

mud - feeding - 10 (% open)

T T T T T
May 22 May 29 Jun 05 Jun12  Jun 19

sand - feeding - 9 (% open)

T T T T
May 22 May 29 Jun 05 Jun 12
sand - feeding - 8 (% open)

I I I I
May22 May29 Jun05 Jun 12

mud - feeding - 9 (% open)

b o s

May 22 May29 Jun05 Juni12 Jun19
sand - feeding - 11 (% open)
T T T T
May 22 May 29 Jun 05 Jun 12

Figure S3c. Raw valve gape measurements (left) and valve gape data filtered and con-
verted to fraction opening (right). The cutoff for low outliers indicated as a horizontal blue
dashed line, the start of the heatwave is shown as the vertical red dashed line. Low tide
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Table S2. Multinomial regression predictions for observation probabilities of each valve
gape category (closed: G < 25 %; partly open: 25 < G < 75 %; and fully open: G > 75 %) in
all treatment combinations: sediment, feeding level and pre- (week 4) or during (week 5)
heatwave exposure.

Week 4 tidal cycle sediment feeding gape probability
mud high feeding closed 0.16
mud high feeding partly open 0.16
mud high feeding open 0.68
mud low feeding closed 0.15
mud low feeding partly open 0.61
mud low feeding open 0.25
sand high feeding closed 0.20
sand high feeding partly open 0.55
sand high feeding open 0.24
sand low feeding closed 0.1
sand low feeding partly open 0.62
sand low feeding open 0.27

Pre- and during heatwave sediment feeding week gape probability
mud high feeding week 4 closed 0.09
mud high feeding week 5 closed 0.02
mud high feeding week 4 partly open 0.21
mud high feeding week 5 partly open 0.13
mud high feeding week 4 open 0.70
mud high feeding week 5 open 0.84
mud low feeding week 4 closed 0.24
mud low feeding week 5 closed 0.05
mud low feeding week 4 partly open 0.49
mud low feeding week 5 partly open 0.69
mud low feeding week 4 open 0.28
mud low feeding week 5 open 0.26
sand high feeding week 4 closed 0.21
sand high feeding week 5 closed 0.00
sand high feeding week 4 partly open 0.58
sand high feeding week 5 partly open 0.75
sand high feeding week 4 open 0.21
sand high feeding week 5 open 0.25
sand low feeding week 4 closed 0.15
sand low feeding week 5 closed 0.02
sand low feeding week 4 partly open 0.60
sand low feeding week 5 partly open 0.77
sand low feeding week 4 open 0.25
sand low feeding week 5 open 0.20
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Chapter 4

Abstract

The seabed rarely consists solely of bare sand: often other materials, such as
shells are present. They can influence sand transport by armouring the bed and
modifying its roughness. Biogenic shells come in different shapes and sizes, de-
pending 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 versus rounded 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 armour-
ing. 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 over-
estimating how much sand moves when a lot of shells are present in the seabed.
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Introduction

Carbonate shells produced by molluscs remain in the sediment long after the
animal has died and can persist over geological timescales (Kidwell and Jablon-
ski 1983; Gutiérrez et al. 2003). In highly productive areas, such as intertidal
flats, the yearly shell production is typically more than 100 g m-2 (Beukema and
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 and Jablon-
ski 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 and 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 sedi-
ment. 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 (Tulp et al. 2010; Dekker and
Beukema 2012). The elongated bivalve has taken this dominant position from
the native cut through shell (Spisula subtruncata), characterised by its rounded
shells. Ecologically, no significant negative effect of the E. leei invasion on S.
subtruncata populations has been recorded, even though both species occurin
the coastal zone (Dekker and Beukema 2012; de Fouw et al. 2024). E. leei can
reach population densities of hundreds of individuals per square meter (Wit-
baard 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 and shell fragments themselves (Mehta
et al. 1980; Allen 1984; Al-Dabbas and McManus 1987; Dey 2003; Miedema and
Ramsdell 2011; Ramsdell et al. 2011; Kumagai and Nakajima 2012; Diedericks et
al. 2018; Fick 2020; Li et al. 2020; Silva et al. 2023; Chen et al. 2024q; Fick et
al. 2025), 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 ripple size, reduce ripple migration rates
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(Cheng et al., 2021) and stabilise sediments (Gutiérrez & Iribarne, 1999) under
unidirectional flow, and shell fragments decrease bedload transport rates under
oscillatory flow (Kumagai and Nakajima 2012). Two main processes could under-
lie this influence on sediment transport: i) alteration of the near-bed flow and
turbulence and/or ii) armouring of the bed by shielding sediment. 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 elements, such as invertebrate tube structures (Frie-
drichs et al. 2000; Borsje et al. 2009; Friedrichs et al. 2009; Borsje et al. 2011)
and vegetation stems (Bouma et al. 2007; Bouma et al. 2009a; 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
(Bouma et al. 2007; Borsje et al. 2009; Bouma et al. 2009a; Borsje et al. 2011).
For vegetation, sediment transportability is driven by changes in turbulence
level (Hendriks et al. 2008; Hendriks et al. 2010). Here, turbulent kinetic energy
(k) predicts both the onset of sediment motion and the amount of bedload
transport better than bed shear stress (Yang et al. 2016; Yang and Nepf 2018;
Zhao and Nepf 2021; Xu et al. 2022). For shells, the interaction with the flow de-
pends on their shape and positioning (Miedema and 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).

Armouring 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 and Mayer 1976; Wilcock and DeTemple 2005). Shells have a higher erosion
threshold compared to sand and are therefore suitable candidates for armouring
(Miedema and Ramsdell 2011; Ramsdell et al. 2011). On beaches, an armouring
shell layer can form, reducing wind-driven transport of sand and stabilising the
bed (van der Wal 1998; McKenna Neuman et al. 2012). Shells have already been
incorporated into aeolian transport equations, which predict transport reason-
ably well (van Rijn and Strypsteen 2020; Strypsteen et al. 2021). However, in
aquatic environments like the seafloor and riverbeds, such transport equations
are still lacking due to limited experimental studies quantifying shell-effects on
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hydrodynamic-driven sediment transport. In this study, we conducted a flume
experiment as a first step towards 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 (Guti-
érrez and Iribarne 1999; Kumagai and Nakajima 2012; Cheng et al. 2021). 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 compli-
cates making uniform predictions. If the shape of a shell determines its effect on
sediment transport, a change in the morphology 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: i) how do elongated and round shells
affect incipient motion and bedload transport rates of sand, and ii) what is the
balance between increased transport through roughness and turbulence versus
decreased transport through armouring? We hypothesise that shells decrease
the transportability of sand through the process of armouring, but that elon-
gated shells create roughness elements which may interact more strongly with
the flow. To investigate this, we performed flume 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.

Methodology

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 (Fig. 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™'. At the end of
the opposite straight side, a 2-m long test section with a glass viewing window
is located (Fig. 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
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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, Nortek AS), mounted on a 3D positioning system. The
ADV probe was placed approximately halfway along the test bed in the centre
of the flume (Fig. 1b), measuring current velocity at 25 Hz, at a level of 0.37*total
water depth (h) above the bed, to obtain depth-averaged velocity (), assum-
ing 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 could not acquire
profile data from all the experimental runs. For all available data and runs, see
Supplementary information, table S2.

Conveyer belt system
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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 ADV. In addition, to moni-
tor 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).

Bed composition

For the sediment mixture, siliciclastic North Sea sand (d,, = 0.348 mm; d,, = 0.525
mm) with a density of 2640 kg m= 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, Fig. 1d) were acquired
from a shell-processing factory (Meromar Seafoods, Harlingen, Netherlands)
and cleaned with enzyme-based detergent. Morphological characteristics of
the shells are presented in table S1. We tested sediments with Ensis, Spisula or
a mix of both, in the following bulk volumetric shell contents (P, _): 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 of the trays were 160.5 x 57.5 x 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 sec-
tion 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.
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Experimental runs

Two types of experimental runs were performed: i) an accelerating flow exper-
iment to determine the threshold of motion, and ii) a constant flow experiment
to determine bedload transport rates. For an overview of all experimental runs
and settings, see table S2.

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
(Fig. 1c). The starting current velocity U of each run was 0.15 m s, increasing by
approximately 0.02 m s min~" until we observed full bed mobility. Next, 0 was
again linearly increased over time, starting from 0.15 m s7, to test the critical ve-
locity for a water-worked bed, i.e., a bed that has an organised roughness struc-
ture created by the streamflow. After the initial analysis, we decided to use 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 minutes.

We identified the current velocity at the first motion stage as defined by Breusers
& 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.

Part 2: bedload transport

To quantify the bedload transport, we performed experimental runs with a con-
stant current velocity for 2 hours (Fig. 1c). The tested current velocities ranged
from 0.25 to 0.45 m s™". Since we expected shells to affect turbulence and thus
transport, the lowest constant velocity was set near the critical velocity, U
0.3 m s, as determined in part 1.

crit

The transported sediment was collected in a bedload trap (58.5 x 20.0 x 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.
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Data analysis
The raw data and code to execute the analysis is available in Kooistra et al.
(20250).

Current velocity data processing

We filtered the ADV velocity time-series for correlation values > 70% and a sig-
nal-to-noise ratio > 10 dB (Nortek A.S., 2022). After several sensitivity tests, we
identified these thresholds to maximise the amount of data kept without affect-
ing the outcomes because of low quality data. Next, we de-spiked the velocity
time series applying two filters: (i) a difference filter between two consecutive
measurements of 0.5 m s-1, and (ii) a threshold filter (O <u< 0.7 ms-1; -0.2<v
< 0.2 m s-1; and -0.1 < w < 0.1 m s-1). For the depth-averaged velocity U in part
1 (threshold of motion), we used the median of the measured depth-averaged
velocities from the ADV measurements over the 10 s preceding and the 10 s fol-
lowing the identified motion stage. The selection of a 20-second 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 U in
experiment part 2 (bedload transport) we used the mean of the filtered velocity
data over each sampling interval (mean and standard deviations of U can be
found in table S3).

Near-bed velocity and turbulence

We measured near-bed profiles for six experimental runs from the bedload trans-
port experiment (Table S2). 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'. We selected a 5-minute 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 de-
tected bottom level.

To check whether the near-bed current velocity followed a logarithmic profile, we
fitted a linear regression to u (ADVP measurements) over In(z), by a constrained
least squares regression fixed at U (ADV measurement). Next, we derived shear
velocity u, following the 'law of the wall':
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In which u, is the shear velocity, k is the Von Karman constant (k = 0.41) and z,
is the roughness height. This shear velocity u, allowed us to compare the skin
friction coefficient c, of shelly versus bare beds:

o=

The standard deviation of the velocity fluctuations relative to the mean gave the

) (ea.2)

2| F

turbulence intensity (U’, v, w'). From this, we determined turbulent kinetic energy
(k,) near the bed (Soulsby 1983):

ke =2 @+ v+ w?) (eq. 3)
The dimensionless turbulent kinetic energy (k,*) is given by:

k' = ke (eq. 4)

(5—;—1)91150

in which the sediment density p_ = 2640 kg m?3, water density p,, = 1027 kg m?
(at 10 °C and a salinity of 30 ppt) and gravitational acceleration g = 9.81 m s2.

Bed shear stress and friction
The water flow exerts a shear stress on the bed surface. This grain bed shear
stress (1, N m?) is directly correlated with bed roughness (Van Rijn, 1993):

2

szwg% (eq. 5)

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

€ =18 * log10 (i) (eq. 6)
s,grain.

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 k = 2xd,, =1.05x103

s, grain
m (Kamphuis 2010).

The dimensionless bed shear stress, or Shields number, can be calculated based
on the bed shear stress (Van Rijn 1984):
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0= (s = pw) g dso (eq.7)
Bedload transport
The sediment mass transport rate is computed for each sampling interval by:

q= (eq. 8)
with g, as sediment mass transport rate (kg m” s”), determined by total dry weight
of the transported sediment (m__,) over the width (w) of the flume during each
sampled time window (At). This can be converted to a non-dimensional bedload
transport rate ¢, or Einstein parameter:

qs

Ps ws dso (eq 9)

Q=

with settling velocity w_= 0.046 m s7, following van Rijn (1993) eq. 3.2.22 for
non-spherical particles 100 < d,; <1000 pm. This dimensionless sediment trans-
port rate is commonly related to the bed shear stress or Shields number (6):

@ = m(a; 0 — Ocriicar)™, Witha; = % (eq.10)
with no transport occurring when 6 < 6_,. . This relation was originally formu-
lated by Meyer-Peter and Miller (1948) (MPM), with the critical Shields number
defining the onset of sediment motion, 6_,. ., = 0.047, and a scale factorm = 8. A
reanalysis of this formulation by Wong and Parker (2006) (WP) showed slightly
different values: 6 = 0.0495 and m = 3.97. The original model parameters

were based on experiments with featureless bed conditions and uniform sed-

critical

iments, with fully mobile transport conditions (Meyer-Peter and MUller 1948;
Wong and Parker 2006). In contrast, our experiments contained bedforms and
shells and were conducted using low flow velocities. Therefore, 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 a, 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 a 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 optimised fitting parameter m using non-linear
least square regression (NLS). For this fitting, we selected the data above 6
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citical = Ocritica 05 = 0-0423, as obtained from part 1. As starting parameter, the WP
parameter was used (m = 3.97), and 6 was set as 6 = 0.0423.

critical critical, 0%

Roughness and armouring

For the bed surface structure analysis, we used the top-view orthomosaic images
taken after 120 minutes of constant flow (part 2). We used Agisoft Metashape
Professional (v. 2.1.3, Agisoft LLC) to create detailed 3D models 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 manu-
ally. 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 centre 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 optimising 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 [-0.4, -0.2; 0.4, 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 1200 x 400
pixels each. We determined the areal coverage of shells by manually outlining the
shells visible in the orthomosaics using ImagelJ. Based on these contours a mask
was created and the relative areal cover (%) was calculated (Fig. S2). 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 areq, i.e. 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 11x11
pixels to approximate the scale of shells and sand ripples (0.01 m). Total bed
roughness (k m) was then calculated as the mean roughness over the entire

s, bed’
area of interest.
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Results

Threshold of motion

The presence of shells increased the critical depth-averaged velocity and critical
Shields at incipient motion in a water-worked bed (Fig. 2). A higher shell content
critical = 028
ranging between 0.32-0.36 m s~

led to a higher g_,,., for initiation of motion of sand grains: from o
ms'and 6_,., = 0.042 at a bare bed to U

critical critical

and 6_..., between 0.057-0.071 at P, , = 20%. Shell content P_,_, rather than
shell morphology was the driving factor: both elongated as well as round shells
resulted in a similar order of magnitude increase ind_,, ,and 6_.. .
a b
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Figure 2. Depth-averaged current velocity at the incipient motion of sand grains for dif-
ferent sand-shell bed compositions.

Near-bed velocity and turbulence

The near-bed current velocity (u; m s7) approached a logarithmic profile (R?
ranged between 0.78-0.94; Fig 3a). The presence of shells resulted in lower c,
values compared to bare beds under comparable flow conditions. Near-bed tur-
bulence (k,*) was higher on bare beds than on beds with shells under comparable
depth-averaged flow (Figs. 3b). For some of the shelly beds, k. * displayed a peak
between 0.5 and 1 cm from the bed (z/h=0.01-0.04; Fig. 3b).
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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 colour indicates the mean depth-averaged velocity, with brighter colours indi-
cating higher flow velocity. (a) Near-bed velocity u and logarithmic profiles fitted to all
velocity measurements (near-bed u and 0, calculated ¢, values are displayed); (b) near-bed
turbulence k.*.

Bedload transport: comparing measurements to literature predictions

Bedload transport was lower when shells were present, while a higher shell con-
shell = 20%
the amount of sand transported was reduced by approximately 50%.

tent resulted in a greater reduction of bedload transport (Fig. 4a). At P
and0=0__,
At P, , =10%, the reduction in transport was less pronounced and at G =0,__
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.

The theoretical WP relations between ¢ and 6 overestimated the transported
bedload (Fig. 4b). For bare beds as well as sand with shells, optimised scale pa-
rameter 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
forP, ,=10% and m =145 for P, , = 20%). Parameter a, which was set to explain
the shell effect on 6 as determined in part 1, captured most of the decrease in
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transport with increasing shell content (a,,, = 0.76 and a, ., = 0.67). For 10%

10% 20%
shells, a steeper curve and hence a higher m was then required to capture the
high transport rates at g, . For 20% shells, due to the strongly decreased trans-

portrates at U__, less steepening was needed and therefore a lower m sufficed.

max’

0.0016
® 0% (control)
0.0014 10%
®  20%
0.0012
@ Control
.IZ“ 0.0010 4 MW Ensis
= A Spisula [
T 0.0008 4 X Mixture b4
w
(=2 L ] | |
= 0.0006 -
o | |
0.0004 ° a "
L] 4 A
0.0002 . ‘
L]
0.0000 'S ¢ v um ¢
T T T T T T
0.25 0.30 0.35 0.40 0.45 0.50
a(ms1)
0.05
Wong and Parker (2006)
© =3.97(0' - 0.0495)13
____ NLSfit Pyep = 00% (R? = 0.91):
0.04 1 = 1.08(1.0°0 - 0.0423)* p
NLS fit Popen = 10% (R? = 0.76):
© = 1.96(0.76*6 - 0.0423)1° ’,"
00394 NSt Pshep=20% (R? = 0.9) ,,«"
- ¢ = 1.45(0.67°8 - 0.0423)1° (,«’
s o
0.02 . - .-
L. . Pt
’,—”’ s
0.01 1 o s
e FoeTA
- - » __-—"--
_-"—’ o o - -7
0.00 1 = T e R T S T T T T
0.04 0.06 0.08 0.10 0.12 0.14
8(-)

Figure 4. (0) bedload transport flux at different current velocities for all tested bed con-
figurations and (b) dimensionless bedload transport rate () over dimensionless grain bed
shear stress, or Shields (6). 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)
€ = 0.0495 and m = 3.97) is displayed in grey.

critical
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Total bed roughness and areal coverage

The sand ripples that increase total roughness of the bed without shells largely
disappear when shells are present (Fig. 5). Total bed roughness k_,_, decreased
with increasing shell content (Fig. 60). Bare beds and beds with Ensis shells re-
sulted in the highest roughness (k_ ,., = 0.35-0.43 cm), while Spisula shells result-
ed in the lowest roughness (ks, peg = 0-27-0.37 cm). (Fig. 60). 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 P, = 20% (Fig. éb).
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Figure 5. Three example digital surface models (DSMs) after 2 h of constant flow (0.35 or
0.45 m s™) for beds containing 0% shells, 20% Ensis or 20% Spisula shells. Note that the
colour scale was capped at 0.03 m to increase the visibility of smaller roughness elements.
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Figure 6. (0) total bed roughness k_,_,, and (b) areal cover fraction of the comparable
constant flow experiments (smaller marker: 0.35 m s™; larger marker: 0.45 m s™) 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 Fig. 2.

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 hydrodynamics. 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 coun-
teracting effects on roughness and bed cover resulted in a similar decrease in
sediment transport between shell types (Fig. 7).
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Independent of shell shape
threshold

of motion

bedload
transport

Dependent on shell shape

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.

Shells increased the threshold of motion
Contrary to our findings, Cheng et al. (2021) observed a decrease in u

ecrr'tical
determined incipient motion on a water-reworked rippled bed as would be found

and

critical

up to a shell content of 20%. This could be explained by the fact that we

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
well, however, we considered the water-worked bed to be more representative of
f
sand with 20% gravel was in the same order of magnitude as our value of 6_,,., at
P, ., = 20% by McCarron et al. (2019). They attributed this to hiding-exposure ef-
fects, a mechanism that plays a role in sand-shell mixtures as well. Furthermore, in-

cluding factor a in the bedload prediction to represent the effect of shells on 6

a natural reference situation. In heterogeneous sand-gravel mixtures, the 8_,. o

critical’

largely accounted for the decrease in sediment transport at higher shell contents.

What happened close to the bed?
Shells decreased the skin friction coefficient c, which is consistent with our find-
ings that shelly beds are less rough than rippled ones. This is also in line with

116



Shells and sand transport

field measurements above rippled sand beds and shelly beds, as summarised
in Soulsby (1983): ¢, = 0.0024 for a sand/shell bed, and ¢, = 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 (Fig. 4b). This cor-
responds to previous observations of lowered near-bed turbulence in the pres-
ence of 10% shells (Cheng et al. 2021) or gravel clusters (Curran and 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 (Fig. 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.

Reduction of bedload transport: magnitude and mechanisms

At the highest shell content (20%), bedload transport was approximately halved
compared to a bed without shells. This decrease approaches the 75% decrease in
ripple migration rate measured by Cheng et al. (2021), at slightly higher flow (0.5
m s™). 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 might underestimate bedload transport. The decrease in
bedload transport over shelly beds is consistent with field observations of de-
crease 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 devel-
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oped for fully mobile conditions and have been shown to overestimate transport
at low velocities (Ribberink 1998; Kleinhans and van Rijn 2002). 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 and
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 (eq. 10) directly, after accounting for the effect of shells
on the threshold of motion through a factor a. The decreasing a with shell con-
tent captured the decrease in bedload transport by shells compared to bare
sand. The fitted m-parameter was always lower than the WP 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 de-
crease 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 intermediate fit for m (1.45).
Overall, these results suggest that P_, = 20% substantially decreases sediment

shell
transport, while P, ,=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 (Nowell and Church 1979; Friedrichs et
al. 2009; Bouma et al. 2009a). This threshold could be attributed to a transition

from isolated roughness flow to a skimming flow regime.

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 (Li et al. 2020; Chen et al.
2024b), as the shape factor of elongated shells was 0.12, compared with 0.30 for
round shells (Table S1). Furthermore, at P, = 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 P, , = 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
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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, i.e., at the macroscale level. The lower ¢, values for shelly beds also agree
with the lower roughness, even though we only have ¢, 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 armouring, bedload transport is overestimated by the original
bedload models (Hunziker and Jaeggi 2002). During our 2-hour experimental
runs, the top layer of the sediment did not coarsen (Table S4), 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 stabilisation of the sand surface in wind tunnel experiments,
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 and Strypsteen 2020), could be defined for transport equa-
tions in aquatic settings. Alternatively, the m and a parameters can be adapted
directly within an 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 appli-
cability in a wider range of field conditions.

Outlook and applications

Before upscaling our findings, a few limitations should be considered. Firstly,
we tested current velocities up to 0.45 m s7, in the lower transport stage (as
defined by van Rijn (1993)). Tidal currents velocities of T m s are common in the
coastal zone (Elias et al. 2022). Although we observed some mobility, most of
our shells remained in place even during the faster flow conditions. With stron-
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ger 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 is therefore to be considered in future
experiments.

The shell contents used in this study fall within the range of shell contents mea-
sured in the field (Fig. 8) and previously reported (Wells and Kim 1989). Shell
distribution is however heterogeneous. To implement shells in sediment transport
models, datasets 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).

53.50°N A

Pshen (%)
20

53.45°N

53.40°N 1

53.35°N -

53.30°N -+

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.

Elongated and round shells had similar effects on sediment transport, even if
their interaction with bedforms and their areal coverage of the bed differs. There-
fore, 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 colonise habitats that were previously
less occupied by similar-sized bivalves, this might have implications for sediment
transport processes. Ensis leei has been suggested to colonise previously "empty”
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habitats because of its resilience to hydrodynamic stress (Dekker and 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 colonisa-
tion of Ensis leei might have influenced sediment transport.

By decreasing sediment transportability, shells may feedback into larger-scale
morphological processes, such as sand wave formation and migration. Biogeo-
morphological effects have previously been implemented in models for sand
wave occurrence and morphology (Borsje et al. 2009; Damveld et al. 2020). Ad-
ditionally, including coarser fractions improved modelled sand wave migration
rates (Wang et al. 2019). Given the prevalence of shells in shallow marine basins,
incorporating biogeomorphological effects could lead to more accurate predic-
tions of sand wave development. Another problem in morphodynamic modelling
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 pre-
dictions 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).

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 formation of rough-
ness 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 formulation to account for the
presence of shells, we made a step towards including their influence in sediment
transport models. This knowledge contributes to more realistic forecasting of
sediment dynamics.
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Appendices

Appendix A: List of symbols

Q, ratio between 0_. ., o, and 6_.. .,

C Chézy roughness [m"/2 5]

o skin friction coefficient [-]

d.,; d,, median grain size; 90t percentile of cumulative grain size distribution
[mm]

g gravitational acceleration [9.81 m s?]

6; 6_,,.; dimensionless bed shear stress, or Shields number; critical Shields
number [-]

k; Kk, ,.g roughness;total bed roughness [m]

k. ; k*  turbulent kinetic energy [m? s2]; dimensionless turbulent kinetic energy

[-]

K Von Karman constant (k = 0.41)

m scale parameter in MPM-like bedload predictor
P shell content [%]

q, sediment mass transport rate [kg s m™]

P, P, sediment density; water density [kg m-3]

R hydraulic radius [m]

T bed shear stress [N m?]

1] depth-averaged velocity in x-direction [m s]

u’; v'; w’ turbulence intensity in x, y and z direction [m s]
u, shear velocity [m s7]

[0) dimensionless bedload transport rate (or Einstein parameter) [-]
w, settling velocity [m s7]

z height above bed [m]

z, roughness length [m]
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Supplementary materials

Here, the supplementary information is given for “How Shells of Different Shapes
Affect Current-driven Sand Transport”. The supplements include an overview of
the experimental flume runs performed, examples of the masks created for bed
cover fraction, sediment composition of the beds before and after each run, and
a short description of how the field shell contents were derived.

Text S1. Methodology field sampling shell content

Sediment samples were collected by boxcore in the Ameland tidal inlet, the Neth-
erlands (53°N 5°E). Boxcore samples were collected at several subtidal sites at the
ebb-tidal deltq, in the main gully and smaller gullies deeper in the tidal basin. The
boxcore surface area was 0.06 m2, and the height of the sediment in the box core
was measured for each sample, so that the core volume could be determined.
Boxcore samples were sieved over a 1 mm sieve and the coarse fraction, which
largely consisted of shells, was stored for further processing. In the laboratory,
shell volume of each sample which contained >10 mL shells or shell fragments
was determined by water measuring water replacement volume in a 500 mL or
2 L beaker. Shell content was then calculated using the core volume.

Figure S1. Examples of masks for determining areal shell cover fraction for beds with (a)
10% mixed shells, (b) 20% Ensis shells and (c) 20% Spisula shells.
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Table S3. Measured mean and standard deviation (o) of depth-averaged velocity U for
the three sampled time periods in each run in Part 2 of the experiment (constant flow,
bedload transport).

Run code U, to Uy, t0 [T X
P2_C_0_00_R1 037 * 0.02 035 * 0.03 035 + 0.03
P2_C_0_00_R2 044 + 0.03 0.46 * 0.03 0.45 * 0.03
P2_C_0_00_R3 039 * 0.03 039 * 0.03 038 * 0.04
P2_C_0_00_R4 0.29 * 0.02 0.31 0.02 032 + 0.02
P2_C_0_00_R5 023 =+ 0.02 023 =+ 0.02 023 * 0.02
P2_C_E_10_R1 0.39 * 0.03 038 * 0.03 039 * 0.03
P2_C_E_10_R2 047 * 0.03 0.46 * 0.04 0.47 * 0.03
P2_C_E_10_R3 0.39 + 0.03 0.40 +£ 0.03 039 * 0.03
P2_C_E_10_R4 032 * 0.02 032 * 0.02 033 * 0.03
P2_C_E_10_R5 024 + 0.01 024 + 0.01 024 #* 0.01
P2_C_E_20_R1 032 * 0.03 032 * 0.03 033 * 0.03
P2_C_E_20_R2 0.48 + 0.02 0.49 =+ 0.02 0.48 + 0.02
P2_C_M_10_R1 034 + 0.03 035 * 0.02 035 * 0.03
P2_C_M_10_R2 0.44 + 0.03 0.44 + 0.03 0.44 + 0.03
P2_C_M_10_R3 033 * 0.02 032 * 0.03 0.31 * 0.03
P2_C_M_10_R4 0.48 + 0.05 0.45 =+ 0.03 0.39 * 0.02
P2_C_M_10_R5 0.26 * 0.02 0.24 + 0.03 023 * 0.03
P2_C_S_10_R1 039 * 0.03 039 * 0.03 039 * 0.03
P2_C_S_10_R2 0.48 =+ 0.03 0.48 =+ 0.03 0.48 * 0.03
P2_C_S_10_R3 0.41 0.02 0.40 = 0.04 043 * 0.03
P2_C_S_10_R4 035 * 0.03 033 * 0.06 033 * 0.04
P2_C_S_10_R5 024 * 0.02 0.24 * 0.02 024 + 0.02
P2_C_S_20_R1 033 * 0.02 033 * 0.02 033 * 0.02
P2_C_S_20_R2 0.48 =+ 0.03 0.46 * 0.03 0.46 * 0.03
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Table S4. bed sediment composition at the start (t0) and end (tend) of each experimental
run. Runs from part 2 (constant flow for 2 hours) are displayed. Sediment d50 and d90
are given, as well as the difference between t0 and tend. Negative values (red) indicate

coarsening.
Run code timepoint d,, (um) dy, (um) d, t-t dg to-t, .
P2_C_O_OO_R1 tO 506.6 338.29 -1.07 -1.41
P2_C_0_00_R1 tend 508.01 339.36
P2_C_O_OO_R3 tO 493.93 329.02 -11.69 -18.06
P2_C_0_OO_R3 tend 511.99 340.71
P2_C_O_OO_R4 tO 522.89 347.85 4.48 4.75
P2_C_0_00_R4 tend 518.14 343.37
P2_C_O_OO_R5 tO 503.26 336.62 -15.72 -27.74
P2_C_0_OO_R5 tend 531 352.34
P2_C_E_10_R1 tO 517.74 34293 -18.84 _
P2_C_E_10_R1 tend 573.8 361.77
P2_C_E_10_R2 tO 523.04 34513 10.04 18.37
P2_C_E_10_R2 tend 504.67 335.09
P2_C_E_10_R3 tO 516.99 341.58 -9.86 -16.18
P2_C_E_10_R3 tend 53317 351.44
P2_C_E_10_R4 tO 518.06 344.2 12.54 21.9
P2_C_E_10_R4 tend 496.16 331.66
P2_C_E_10_R5 tO 546.85 359.41 9.69 18.83
P2_C_E_10_R5 tend 528.02 349.72
P2_C_E_20_R1 tO 508.97 338.32 -17.43 -35.64
P2_C_E_20_R1 tend 544.61 355.75
P2_C_E_20_R2 tO 527.41 34817 17.59 _
P2_C_E_20_R2 tend 497.57 330.58
P2_C_M_10_R5 tO 543.43 361.04 79 2.1
P2_C_M_10_R5 tend 534.32 353.14
P2_C_M_10_R6 tO 519.25 345.45 0.78 2.7
P2_C_M_10_R6 tend 516.55 344.67
P2_C_S_10_R1 tO 525.39 348.17 121 21.47
P2_C_S_10_R1 tend 503.92 336.07
P2_C_S_10_R2 tO 528.95 348.47 12.85 23.63
P2_C_S_10_R2 tend 505.32 335.62
P2_C_S_10_R3 tO 503.84 336.66 55 -4.45
P2_C_S_10_R3 tend 508.29 342.65
P2_C_S_10_R4 tO 530.61 350.28 4.07 10.58
P2_C_S_10_R4 tend 520.03 346.21
P2_C_S_10_R5 tO 507.57 338.97 -8.04 -18.79
P2_C_S_10_R5 tend 526.36 347.01
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Chapter 5

Abstract

Sediment transport and seabed composition can both be influenced by bioturba-
tion and hydrodynamically driven sediment mixing and deposition. In a dynamic
intertidal environment, it is challenging to distinguish the relative contribution
of both processes. We aim to unravel their relative importance by combining
several tracers, each having its own specific timescale and target particle size.
We combined (1) ?°Pb that quantifies long-term (years-decades) mixing of fine
sediment fractions with (2) Chlorophyll-a and (3) luminophores that both quantify
short-term mixing of fine sediment fractions (days-weeks), and (4) multi-grain
quartz and single-grain feldspar luminescence dating, which use the bleaching
of sand grains’ inherent luminescence signal by light to assess mixing of sand
and thereby quantifies long-term mixing. Single grain feldspar luminescence is
here for the first time applied in the intertidal environment. We compare results
for a sandy and a muddy intertidal flat at the island of Texel (Wadden Seaq,
the Netherlands), each with their own characteristic benthic community. Recent
bioturbation became apparent from Chlorophyll-a and luminophore profiles:
particles were rapidly reworked to a depth of decimetres. ?°Pb also suggested
mixing and non-local exchange of particles by bioturbation. The combination of
luminescence signals suggested that after deposition, not all sand grains did re-
surface repeatedly and for longer time periods through bioturbation. Coarse- and
fine-grained tracer profiles show the differential behaviour and reworking of the
mud and sand fraction within the sediment matrix: as expected with particle-se-
lective bioturbation, mud is preferentially bioturbated and infiltrates passively,
while sand grains have a higher ability to conserve layering. Single-grain feldspar
luminescence is a promising technique to demonstrate the long-term reworking
of sand grains, however, in young and dynamic environments, a combination of
tracers remains necessary to inform on the origin of mixing.
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Summary

On intertidal flats, it is hard to distinguish sediment mixing by animals from
reworking by waves and currents. We combined tracers to identify reworking of
grains of different sizes on the short- and long term. Coarse (sand) grains were
less mobile than fine (mud) grains, and partly kept their layering after deposition.
The luminescence properties of sand grains can be used for sediment dating and
can show sediment mixing, but this method needs to be tested more for young,
intertidal sediments.

Summarising figure.
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Introduction

In dynamic, soft-sediment seafloors, such as intertidal flats, sediment grain size
is influenced by physical and ecological processes. The grain size composition
of sediments determines sediment stability and erosion thresholds (Staudt et al.,
2019). This, in turn, impacts daily sediment dynamics, and morphology on a larger
spatial and temporal scale (Belliard et al., 2019). Sediment composition is also
a crucial ecological factor, as it shapes the benthic community (e.g., Compton et
al., 2013; Gray, 1974; Kooistra et al., 2025). It is therefore important to understand
the drivers of grain-size distribution on intertidal flats. However, obtaining such
knowledge is complicated, as the relevant interacting physical and ecological
processes can act on different timescales.

Benthic animals e.g. like worms and bivalves can influence their sedimentary
habitats by bioturbation (Davison 1891; Kristensen et al. 2012; Meysman et al.
2006; Richter 1952). With their burrowing, feeding and ventilating behaviour, they
can influence the composition, stability, and density of the sediment (Jumars &
Nowell 1984; Rhoads & Boyer 1982; Widdows & Brinsley 2002). This bioturbation
has implications for biochemical cycling and carbon storage by remineralisation
and burial of organic matter (Aller, 1982; Snelgrove et al., 2018). The mode of
bioturbation differs per species: some randomly displace sediments over short
distances (diffusive mixing), while others convey sediment upwards or downwards
(advective transport) (Frangois et al., 1997; Queirds et al., 2013). Moreover, bio-
turbators can be selective for particle size and type (Jumars et al. 1982; Taghon
1982).

Physical sediment deposition and reworking is dependent on periodic hydrody-
namics, such as tidal currents, as well as waves and currents induced by meteo-
rological conditions. During calm atmospheric conditions, spring- and neap tide
periodicity can create layered bedding (Deloffre et al., 2007; Zhou et al., 2021),
and tidal currents and wave forcing can result in a dynamic morphological equi-
librium with bed level changes of 5-10 cm day'in macrotidal systems (Grandjean
et al., 2023; Hu et al,, 2018). In such systems, reworking by tidal current forcing is
dominant at lower intertidal flats, while waves, generated by wind, are a major
driver in the high intertidal (Belliard et al., 2019). High-energy events, such as
storms, can transport large amounts of sediment over a short time span (de Vet
et al., 2018). A storm can result in sediment relocations equivalent to at least
months-years of sediment displacements under calm conditions, reworking sed-
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iment down to 15 cm depth (Fan et al., 2006; Hu et al., 2018; de Vet et al., 2020).
Such intense meteorological events can deposit a coarse sand layer on a tidal flat
(Zhou et al., 2022), or increase mud deposition by increasing inundation time and
suspended sediment concentration as well as creating accommodation space by
erosion (Colosimo et al., 2023; Gao, 2018; Grandjean et al., 2023). Storm events
can therefore be recognised in layering of the sediment bedding, where the
timing relative to the spring-neap tidal cycle and storm chronology determines
the storm layer grain size composition (Wang and Cheng, 2016; Zhou et al., 2022).
This stratification can however largely be smoothed out by daily bioturbation,
thereby erasing the signals of episodic deposition (Wheatcroft, 1990).

It is challenging to disentangle the biological from the physical control on sed-
iment composition, i.e. to determine the extent to which ‘(per)turbation’ is actu-
ally 'bio” While on short timescales (days-weeks) and in controlled experiments,
grains reworked by bioturbation can be clearly isolated from those reworked by
hydrodynamics, on longer timescales (years-centuries) and in dynamic natural
environments, this is nearly impossible. Furthermore, the relative magnitude of
these processes is highly site-specific. To obtain insight in the reworking process-
es in intertidal environments, acting at different frequencies and energy levels,
we need tracers that gather information on short- and long-term reworking of
different sediment fractions (Fig. 1). A short-term tracer needs to be exposed to
a sufficient number of mixing events relative to its timescale, therefore the spa-
tial and temporal scale of sampling should match mixing intensity (Meysman et
al., 2010). Long-term tracers may instead provide a more integrated result than
short-term tracers, reflecting both long-term sediment dynamics, as well as recent
reworking. Vertical profiles can then inform on the short- and long-term rework-
ing and deposition history. A strongly stratified profile might point to episodic
deposition events, while a homogeneous signal over depth might indicate intense
mixing by biota or hydrodynamics. Bioturbation might also cause sub-surface
supply of young material through advective vertical transport (Meysman et al.
2003; Richter et al. 1996). Thus, combining signals can shed light on the origin
of mixing processes acting in dynamic coastal sediments.
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Figure 1. (o) mixing processes with their occurrence frequency and energy; (b) sediment
tracers with their relevant investigation timescales and potential target sediment frac-
tion. The mixing processes that are recorded in the tracer distributions, depending on the
moment and period of sampling, are indicated as bands along the x-axis.

The relevant timescale and grain size fraction is specific for each tracer type
(Table 1). Tracers that are commonly used for studying bioturbation in dynamic
marine sediments have been previously reviewed by Maire et al. (2008). Here we
highlight several commonly used tracers in the context of timescale and grain
size. Tracers that give information on recent bioturbation are Chlorophyll-a
(Chl-a) and luminophores. Due to its wide occurrence, Chl-a is often used as
a non-conservative short term tracer for bioturbation. Drawbacks are that the
decay time varies with environmental conditions (Sun et al., 1993), and herbivo-
rous biota may actively select for Chl-a (Taghon, 1982). Luminophores are fluo-
rescent coated particles that are commonly used to describe bioturbation over
timescales of days to months to study particle size-specific and species- or com-
munity-specific mixing (Gerino et al., 1998; Montserrat et al., 2011; Wintle, 2008).
For longer-term sediment bioturbation, radioisotopes, with known half-lives, are
commonly used in marine environments. One example is lead-210 (?'°Pb), which is
produced in the atmosphere and water column in the naturally occurring uranium
decay chain and is deposited on the seafloor. After burial, °Pb activity decays
until it reaches background levels. #°Pb has been used to determine deposition
and mixing of sediments, from the deep sea to estuarine and intertidal environ-
ments (Benninger et al., 1979; Richter et al., 1996).

Currently, tracers that allow to study mixing of sand-sized particles over long
timescales in intertidal flats are lacking. One inherent characteristic of sand
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grains is their luminescence signal (Madsen and Murray 2009). This is a latent
light signal that builds up in minerals in response to exposure to ionizing radi-
ation from the natural environment. The luminescence signals are reset upon
exposure to light and thereby provide an estimate of the last light exposure of
these minerals (i.e. the time grains were last at the surface). The light exposure
needed to fully reset luminescence signals varies for minerals and the lumines-
cence signal used. For quartz OSL a few tenths of seconds of direct sunlight is
sufficient for resetting (Lindvall et al. 2017) while feldspar post IR IRSL signals
reset much slower (de Boer et al. 2026). Moreover, ambient light levels vary in
time and space as they are affected wide range of aspects including time of day,
latitude and inundation (de Boer et al. 2026).

Table 1. Tracers used in this study with their target grain size fraction, half-life time (Chl-a
and 2'°Pb) or bleaching time (luminescence signals). For the tracers with a half-life time,
investigation timescales are 5x the tracer half-life (Lecroart et al., 2010; Meysman et al.,
2008). Subaerial estimated bleaching times for luminescence signals are shown (Colarossi
et al., 2015; Godfrey-Smith et al., 1988; Smedley et al., 2015).

Tracer Sediment fraction Half-life Bleaching time Investigation
(subaerial) timescale
Luminophores 0-500 um - 1-30 days
0-125 um (this study)
Chlorophyll-a organic 3-250 days 15 days - 3 years
210pp < 63 um, organic 22.3 years 111.5 years
Luminescence 6-250 um (multi-grain) 10 years - 5 x 10¢
212-250 pm (single-grain, this years
study)
Quartz OSL seconds up to 1.5 x 10° years
Feldspar IRSL seconds-minutes up to 5x10° years
Feldspar pIRIR minutes-hours up to 5x10° years

Multi-grain quartz optically stimulated luminescence (OSL) has been applied
for dating intertidal flat sediments (de Boer et al., 2024a; Madsen et al., 2005,
2007, 2011; Mauz et al., 2010; Mauz and Bungenstock, 2007). In the terrestri-
al environment, luminescence methods are increasingly used to shed light on
sediment mixing processes (Heimsath et al., 2002; Kristensen et al., 2015; van
der Meij et al., 2025; Reimann et al., 2017; Stockmann et al,, 2013; Zhang et al,,
2025). Madsen et al. (2011) estimated sedimentation and bioturbation rates on
an intertidal sandflat using large-aliquot quartz OSL on the grainsize 90 - 250
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um. However, this tracer only gives the average age of all luminescing grains in
a subsample (often referred to as aliquot), which may be biased by a few older
grains (Kristensen et al., 2015; Wallinga, 2002; Wallinga et al., 2019). Small-al-
iquot quartz OSL and single-grain feldspar luminescence advances the appli-
cability of luminescence for studying mixing. Measuring the signal on individual
grain level produces more meaningful results regarding mixing, as it also shows
the fraction of reworked grains, and therefore the effectiveness or reworking
(Reimann et al., 2017; Wallinga et al., 2019). Single grain luminescence has been
successfully applied in terrestrial systems to determine effective bioturbation
rates (Romdn-Sdnchez et al., 2019) and has potential to quantify mixing by dif-
ferent bioturbation modes (van der Meij et al., 2025). Feldspar infrared stim-
ulated luminescence (IRSL) or post-infra-red IRSL (pIRIR) measured at varying
temperatures are commonly used single-grain signals. As these signals are less
light sensitive than quartz OSL: they need longer light exposure to be fully reset
and can therefore hold additional information on the transport and deposition
history (de Boer et al., 2026b, a; Choi et al., 2024; Guyez et al., 2023).

Measuring single-grain luminescence signals with differential bleaching rates
can inform about the light exposure duration and whether bleaching occurred
under water (de Boer et al., 2026b). They can therefore be used to identify in-
tertidal storm deposits (Pannozzo et al., 2023), or to infer whether bleaching
occurred during subaqueous transport or during subaerial exposure on the tidal
flat. Bleaching potential is low during storms and strong hydrodynamic condi-
tions, due to high turbidity and low light exposure, while biotic mixing also takes
place during calm conditions and intensifies in the summer season, when light
and thus bleaching potential is higher. Moreover, biotic mixing also occurs in the
moist tidal flat during low tide, when the flat is subaerially exposed (Cadee 1976).

The goal of this case study is twofold: firstly we aim to unravel the relative con-
tributions of bioturbation and physical dynamics to sediment mixing in a (micro)
tidal flat environment, using tracers that act on different timescales and on
different sediment fractions. Secondly, we test the application of single-grain
luminescence to study sand grain reworking in the intertidal environment, and
compare tracer profiles with traditional short-term (Chl-a, luminophores) and
long-term (¥°Pb) tracers. We aim to answer the questions: (i) how do short- and
long-term tracers aid in distinguishing bioturbation from physical mixing? And (ii)
can single-grain luminescence be meaningfully applied as a bioturbation tracer in
such dynamic environments? We hypothesise that, if biotic mixing dominates, we

138



Sediment modification by bioturbation

will observe tracer-dependent mixing and, depending on the benthic community,
diffusive or advective transport. With intense bioturbation, the slow-to-bleach
luminescence signals will also be more fully bleached. If physical dynamics, such
as wind and tidal reworking, are responsible for the deposition and sediment
mixing, we expect a clearer stratification. Slow-to-bleach luminescence signals
will be poorly bleached. We compare two adjacent intertidal locations: a sandy
and a muddy flat in the Dutch Wadden Sea.

Methodology

Site description

The sampling site is located in the western Dutch Wadden Sea, near the north-
ern tip the island of Texel (Fig. 2). We selected two adjacent intertidal locations:
a muddy site (53°9.0740 N, 4°53.670 E; -0.055 m relative to Dutch ordinance
datum (NAP)—approximately mean sea level), with visible benthic activity (small
cast mounds, burrows), and a sandy site (53°9.0130 N, 4°53.9310; 0.004 m), with
presence of large lugworms (large cast mounds and depressions). The sites are
microtidal, with a mean tidal range of 1.43 m at the nearest measurement sta-
tion (Oudeschild). This implies that during high tide the maximum water depth
is 0.7 m (0.8 m during spring tides). The sites are located approximately 5 km
south-eastwards of the tidal inlet and are relatively sheltered from the prevailing
south-westerly winds. Our findings apply therefore to similar microtidal sites.
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Figure 2. a. Map and bathymetry of the study area, located north-east off the island
of Texel Wadden Sea (Netherlands), with muddy (M) and sandy (S) sampling locations
indicated. The inset shows the location of the Wadden Sea (red) in western Europe, and
the location of the study site (blue dot); picture of sediment surface at the sandy site (b -
yellow) and muddy site (c - brown); d. core scan from long cores from both sites, with the
sampling intervals for 2°Pb (green) and luminescence (yellow) samples indicated.

Benthic community sampling and analysis

To describe the benthic community, we sampled both sites using a hand corer
(surface area of 0.0177 m?), which was pushed into the sediment until encoun-
tering the first shell layer (depth approximately 0.25 m). The core sample was
sieved over 1 mm mesh size and the remaining coarse fraction including biota
was conserved in 4 % formaldehyde, buffered with borax and stained with Rose
Bengal (CAS Number: 4159-77-7). In the laboratory, samples were sorted and
biota were identified. Next, dry weight (DW) was measured after drying at 60°C
for 2-3 days and ash free dry weight (AFDW) was measured after combustion at
560°C for 5 hours, to yield biomass per taxon. Due to the limited area and depth
of our samples and the lower density of larger Arenicola marina individuals, we
did not capture this species in our samples. From the field observations of large
A. marina casts at the sandy location, we expected this species to dominate
bioturbation. Therefore, we also derived A. marina density based on cast counts
from pictures from both locations (4 pictures per site). To estimate individual
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biomass, we actively collected A. marina from both sites with a spade (N = 17),
which were dried in the same way as the benthic community samples. We de-
rived bioturbation traits and living depth from a trait database (Beauchard et
al., 2023) and calculated the total biomass per trait group.

Sampling of long cores

Two replicate sediment cores were collected at each site in August 2023 for
grain size analysis, geochemical composition (X-ray fluorescence, XRF), 2°Pb and
luminescence analysis. The cores were obtained by hammering two PVC tubes
(inner diameter 96 mm) side by side vertically into the tidal flat deposits. After
extraction from the tidal flat, the cores were sealed and transported to a dark
container where under subdued amber-light conditions a core slicer was used
to split each core into two halves. One of the cores halves was kept for lumines-
cence and ?°Pb sampling, the other was kept for XRF scanning and sediment
composition. We subsampled luminescence and ?°Pb samples by cutting 25 mm
thick slices from the top to the bottom of each core, of which we selected eight
per core for luminescence analysis (see Fig. 2 and Table A1 for intervals). The
inner portion of each slice was used for luminescence equivalent dose (D, Sect.
2.6.1) estimation and #°Pb analysis, while the outer material was reserved for
determining the environmental dose rate (D °, Sect. 2.6.2). The sediment was wet-
sieved in a dark room environment to separate the grain-size range of 212-250
um, used for luminescence analysis, from the fraction smaller than 63 um, used
for 2°Pb analysis. We measured 2°Pb for five additional samples of each core,
amounting to a total of 13 2°Pb samples per core.

Sediment composition: grain size and X-ray fluorescence (XRF)

For grain size distribution, half of each long core was subsampled in 25 mm slices.
These samples were freeze-dried, sieved over 1000 um and measured by laser dif-
fraction (Mastersizer 2000, Malvern Instruments). We determined the volumetric
content of sediment size fractions from mud to coarse sand, and the median grain
size (d,,), and 10" and 90* percentile of the grain size distribution (d,, and d, ).
We measured bulk elemental composition over the entire depth of the long cores
at 10 mm resolution by X-ray fluorescence, using an AvaaTech XRF core scanner
at the Royal Netherlands Institute for Sea Research (NIOZ) (Richter et al., 2006).
Each section was exposed for 10 s with a power supply of 10 kV/0.60 mA, or 30
kV/1.6 mA. This yielded bulk elemental composition as element intensities in total
counts or counts per second. We selected the following elements and ratios as
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environmental proxies: Si:K (sand indicator), Cl:Fe (saline pore water indicator,
thus proxy of porosity); Ca:Fe (shell content indicator; Croudace et al. (2006)),
Rb (silt/clay mineral indicator; Guyard et al. (2007); note that the XRF detector
window contains rubidium crystals, explaining high counts for this element); and
Br (organic content indicator; Ziegler et al. (2008)).

21°ph measurement via alpha spectrometry

The downcore distribution of 2°Pb in the mud fraction (<63 um) of the sediment
was determined indirectly through alpha spectrometry measurement of its grand-
child isotope polonium-210 (?°Po) (de Stigter et al. 2011). To this end, 0.5 g of dried
and homogenized mud, wet sieved from the bulk sediment sample, was spiked
with 1 ml of a standard solution of 2°°Po in 2 M HCI, and then leached for 6 hin 10
ml of concentrated HCI, heated in a hotblock to 85 °C. After diluting the fluid with
45 ml of Milli-Q water and adding 5 ml of an aqueous solution of ascorbic acid
(40 g L™, natural 2°Po and added 2°°Po were collected from the fluid by spon-
taneous electrochemical deposition on silver plates, with the fluid kept at 75 °C
in a hotblock for 16 h. For subsequent alpha-spectrometry, Canberra Passivated
implanted Planar Silicon detectors were used. 2°Pb activity was calculated from
the measured 2°Po activity, assuming secular equilibrium and correcting for the
time elapsed since collection of the samples.

Luminescence measurements
The luminescence samples were prepared at the Netherlands Centre for Lumi-
nescence Dating (NCL) under amber light conditions.

Equivalent dose (De) measurements

Quartz and feldspar luminescence samples were prepared following a stan-
dardised protocol (Appendix A2.1). The multi-grain quartz aliquots (48 per
sample) were measured using an automated Rise TL/OSL DA-15 reader, follow-
ing a Single-Aliquot Regenerative-dose protocol (SAR) (Table 2). The single-grain
feldspar measurements were performed using an automated Risg TL/OSL DA-20
reader with an automated detection and stimulation head (DASH) and an EMCCD
camera (Kook et al., 2015). A multiple-elevated-temperature (MET) pIRIR mea-
surement protocol was used (Table 2) (de Boer et al., 2024b; Li and Li, 2011).
Three single-grain discs per sample were used, resulting in approximately 250
grains measured per sample. For more details on the measurement procedure,
see Appendix A2.1.
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Table 2. Luminescence measurement protocols: Single-Aliquot Regenerative-dose protocol
(SAR) for multi-grain quartz measurements and multiple-elevated-temperature (MET) pIRIR
measurements for single-grain feldspar.

# Multi-grain quartz protocol OSL signal Single-grain feldspar protocol Feldspar signal
1 Natural/ regenerative dose (Gy) Natural/ regenerative dose (Gy)
(0,7.3,0,7.3,7.3) (0,1.4,2.8,5.6,11.3,0,1.4)
2 Preheat at 200 °C(10s) Preheat at 200 °C (60 s)
3 *IRSLat30°C(405s) IRSL at 50 °C (108 s) IRSL-50 Li
4 OSLat125°C(205s) OSL-125Li IRSL at175°C°C (108 s) IRSL-175 Li
5 Testdose (4.7 Gy) Test dose (2.8 Gy)
6 Preheat at180 °C (10 s) IRSL at 50 °C (108 s) IRSL-50 Li
7 OSLat125°C(205s) OSL-125Li  IRSL at175°C (108 s) IRSL-175 Li
8 Bleach with OSL at 190 °C (40 s) Hot bleach with IR-LEDs at 210 °C (108 s)

*Only in the last regenerative run to check for feldspar contamination

Dose rate (D’) measurements

Environmental dose rates, the natural amount of natural ionizing radiation ab-
sorbed by a sample per unit of time, were determined with gamma-ray spec-
trometry (Appendix A2.2). Results are combined with information on burial his-
tory, water and organic content history, and the measured grain-size fraction
to calculate the effective external beta and gamma dose rates (Cunningham et
al., 2022). For cosmic dose rate calculation (Prescott et al., 1994), we assumed
gradual burial of the samples to the present depth. This is a crude assumption
given the episodic nature of deposition and potential reworking of grains after
deposition in this environment. However, the effects of this assumption are minor
as the cosmic dose constitutes a minor fraction of the total dose rate experienced
by the grains (< 25 % even for samples closest to the surface). Per core, the aver-
age water content over all samples was used, yielding gravimetric water content
of 28.5 % (muddy core) and 25.5 % (sandy core), with a relative uncertainty of
25 % to account for variations over time. The organic content per sample was
used to account for attenuation. We included an internal alpha dose of 0.010
+ 0.005 Gy ka™ for quartz (Vandenberghe et al., 2008) and 0.050 + 0.025 Gy
ka™ for feldspar (Kars et al., 2012). An internal K-content of 12.5 % was assumed
for the K-feldspar grains. As gamma-rays penetrate 20-30 cm in the deposits,
contributions from adjacent layers are accounted for following the approach of
Wallinga et al. (2010).
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Data analysis

The sample age is calculated by dividing the equivalent dose value by the mean
dose rate: age (years) = D_(Gy) / D™ (Gy year) (Rhodes, 2011). To interpret the
quartz OSL single-aliquot (multi-grain) and feldspar IRSL and pIRIR single-grain
age distributions, we used several approaches. Firstly, a mean was calculated
after iterative removal of datapoints that deviate more than two standard de-
viations from the mean. This iterative approach aims to identify the mean age,
while minimising bias due to outliers that may be caused due to poor bleaching or
recent input of young (bleached) grains. Secondly, a logged version of the Central
Age Model (CAM) (Galbraith et al., 1999) was used to quantify the overdispersion
and obtain a mean burial age for samples that are relatively well-bleached. Fi-
nally, the logged bootstrapped Minimum Age Model (oMAM) (Cunningham and
Wallinga, 2012; Galbraith et al., 1999) with a sigma-b of 0.25 + 0.05 was used to
determine the absorbed dose of the youngest population of grains. Lastly, we
determined the interquartile range (IQR) of the age distribution of each signal,
as a direct metric of the width of the distribution for each signal (van der Meij et
al., 2025). All analyses were performed in R (R Core Team, 2024) with use of the
Luminescence package (Kreutzer et al., 2025).

Luminophore tracer experiment

Simultaneous to the long core sampling, we started a luminophore tracer experi-
ment adjacent to both sampling locations. Fluorescent coated luminophores (red/
pink tracer, size range: 0-125 um) were mixed with sieved native sediment from
each site (ratio 1:10 for the muddy sediment and 1:17 for the sandy sediment) and
applied to the sediment surface as 15x15x0.5 cm frozen tiles. Per site, three ex-
perimental plots were created by aligning four of these tiles—thus each covering
a total area of 30x30 cm. These were sampled on day 2, 16 and 30 by pushing a
PVC tube (diameter 36 mm) at least 20 cm deep into the sediment. The resulting
sediment cores (one per plot) were frozen upright. In order to find evidence of
recent bioturbation of the fine particles, the frozen cores were sliced in length
direction with a tile saw. The cutting surface was scraped clean in lateral direc-
tion until the still frozen sediment was reached. If cutting had resulted in visible
artefacts in the sediment (cavities or disturbed sediment surface), the damaged
core or half core was excluded from analysis, leaving two replicate cores per site
per time point. Next, both halves of the core were photographed in a dark room
under ultraviolet light, with a ruler for scale reference. The images were processed
using ImagelJ (Schneider et al., 2012): first, we adjusted the display settings Level
=~ 50 and Window = 100. Red and orange pixels were then identified per 2-cm
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depth slice by extracting RGB values of each pixel, and applying thresholds (R >
150, G > 40, G < R -30, B < 100). The total count of pixels meeting these criteria
was recorded as the red-orange pixel count. The average number of pixels per
depth interval were averaged over both core halves.

Chlorophyll-a sampling and measurements

Chlorophyll-a cores were collected next to the luminophore tracer experiment.
Cores (inner diameter 36 mm) were collected on August 22" and October 5, 2023
(day 1 and day 45 of the luminophore experiment, respectively two and three
cores per site). The cores were pushed into the sediment as deep as possible, or
at least 15 cm deep. We sliced the cores every 0.5 cm down to 3 cm depth, then
every 1 cm down to 15 cm depth. The samples were stored at -80 °C and freeze-
dried for 72 hours before analysis. Next, we homogenised and weighed an aliquot
of the sediment (approximately 1000-1500 mg for the sandy site samples and
300-500 mg for the muddy site samples). We extracted Chl-a by adding 5 ml 90
% acetone in 50 ml centrifuge tubes and running them in a bullet blender (BB50-
AUCE, Next Advance) for 15 min, after which 5 ml 90 % acetone was added again
and extraction was repeated for another 15 min. The extracts were measured
in a spectrophotometer (Specord 210, Analytik Jena) at 630, 647, 664, 665 and
750 nm. From the measured extinction values, we calculated Chl-a concentration
following Ritchie (2006).

Results

Benthic community

Macrozoobenthic community biomass and abundance (excluding Arenicola
marina) were higher on the muddy site (approximately 19 g AFDW m) than on
the sandy site (3.8 g m?; Appendix A3, Table A2). Both locations contained a large
fraction of taxa which could be classified as biodiffusers (Appendix A3, Fig. Al).
The sandy site contained a larger fraction of downward conveyors, while more
upward conveyors inhabited the muddy site. Density of downward conveying
lugworms (A. marina) was higher on the muddy site (98 + 42 individuals m? versus
44 + 11 individuals m2 on the sandy site), while worms were larger on the sandy
site (0.16 g individual”versus 0.05 g individual® on the muddy site). We estimate
total A. marina biomass therefore to be slightly higher on the sandy site (6.9 g
AFDW m?2versus 5.1 g AFDW m?), and to form a substantial part (approximately
60 %) of the total biomass at the sandy site, compared to 20 % at the muddy site.
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Sediment composition and grain size

On the sandy site, the top ~0.3 m of the sediment consists mainly of fine sand,
with a mud content under 10 % (Fig. 3a). From here, the coarse sand fraction grad-
ually increases to ~40 % at a depth of 0.45 m. Below 0.45 m, the sediment is less
well-sorted, containing both a 20-40 % mud fraction, as well as coarse and very
coarse sand and a variable d,, (Fig. 3b) We observed shell layers between 0.27-
0.29 and 0.44-0.47 m, also reflected in increased Ca:Fe ratios from the XRF mea-
surements. Below the second shell layer, the marine pore water (Cl:Fe) decreases
and organic matter content (based on the Br indicator) increases (Fig. 3e-i).

At the muddy site, the top 0.15-0.20 m of the sediment is less well sorted: a large
mud fraction (10-25 %), as well as a substantial fine and medium sand fraction
are present (Fig. 3¢, d). A shell layer was present between 0.18-0.34 m. Between
0.2-0.45 m, some layers contain coarse particles (500-1000 um), which is also
reflected in peaks in d,,. The amount of marine pore water (Cl:Fe) slightly increas-
es downcore, whereas sand content (Si:K), mud content (Rb) and organic matter
(Br) remain relatively constant (Fig. 3j-n). A brick present in the shell layer gives
evidence of anthropogenic influence and suggests a relatively young deposit.

Long-term tracers: °Pb and luminescence profiles

Above the first shell layer at the sandy site, #°Pb activity was lowest in the surface
slice (0-0.025 m depth), and increased to a subsurface peak at 0.15 m (Fig. 4a).
Below the first shell layer (<0.29 m), activity decreased, to a nearly constant level
below 0.5 m. At the muddy site, 2°Pb activity slightly decreases down to 0.15 m,
peaked in the first shell layer at 0.225 m (Fig. 4b). Until down to 0.4 m, below the
second shell layer, 2°Pb activity remained high. Activity then decreased to an
apparently constant level of ~22 mBq g” between 0.5-0.6 m.

In discussing the luminescence ages, we focus on the quartz OSL ages obtained
through the iterated age model; given that quartz OSL resets most rapidly upon
light exposure this provides the best estimate of the last light exposure of the
majority of the grains. Quartz bootMAM ages indicate the last time of introduc-
tion of light exposed grains through bioturbation. For feldspar, heterogeneous
bleaching is to be expected due to slower resetting of the luminescence signals
and therefore we focus on the interquartile range of the age distribution and
bootMAM derived ages to infer information on light exposure and thus process
information.
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The quartz OSL iterated ages suggest last light exposure well within the past
100 years for sediments within the top 0.4 m at the sandy site (Fig. 4c) and 0.15
at the muddy site (Fig. 3i) (Appendix A4, Table A3a). A jump in age is observed
between the samples at 0.4 and 0.5 depth at the sandy site, with an age of 430
* 40 years for the latter according to the iterated model. For the muddy site,
older ages (440 + 30 to 640 + 40 years) were obtained for the part below the
shell layer.

The feldspar IR50 and especially the pIRIR175 signals were not fully bleached in a
large fraction of the grains in the top 0.2 m of both cores. At the sandy site, grains
with a low pIRIR175 age were only present at 0, 0.15 and 0.325 m; at the muddy
site such young grains could be identified at 0.05 and 0.15 m. The ages obtained
using the bootMAM approach on the IR50 signal tend to be a few decades older
than those obtained through quartz OSL iterated mean, while bootMAM derived
pIRIR175 ages are significantly older (typically by a few centuries, Table A3b, c).
An exception is formed by the samples from the deeper parts, where IR50 results
tend to be younger than quartz OSL, while pIRIR175 agree with quartz OSL. The
single-grain age distributions obtained on both feldspar signals are also broader
than those obtained through quartz OSL.

Short-term tracers: Chlorophyll-a and luminophore profiles

Both short-term tracers show a high spatial variability. Whereas two muddy
cores and one sandy core contained sub-surface maxima of Chl-a concentration
(Fig. 50, b; at 3, 15 and 6-8 cm depth respectively), in the other cores the Chl-a
concentration showed a more exponential decrease with depth. At the bottom of
the cores in all sites, still some Chl-a was present above the analytical detection
limit (0.2 ug g7), which could indicate the supply of Chl-a younger less than 3
months ago, or reflect Chl-a adsorption to sediment.

Some luminophore particles were already worked down to 18 cm (sandy site)
and 20 cm (muddy site) within 2 days (36 hours) after initiation of the experiment
(Fig. 5¢, d). In these cores, the reworking could be clearly linked to bioturbation, as
two bivalves were found in the cores with increased luminophore concentration
around their burrows (Appendix A5, Fig. A2; Scrobicularia plana at 12-15 cm depth
at the sandy site and Cerastoderma edule at 0-3 cm depth at the muddy site).
Similar high subsurface luminophore concentrations were not observed in the
cores collected at later time points, although some luminophores could be found
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at greater depths. We saw similar between-core and thus spatial variability as
in the Chl-a measurement.
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Figure 5. Chlorophyll-a (a, b) and luminophore (c, d) profiles from the sandy site (top) and
muddy site (bottom), sampled at different time points (day, starting from August 21<t, 2023).
Note that the x-axis of the luminophore plots was square-root-transformed to increase
the visibility of low pixel counts. The dashed line indicates the depth of the top of the shell
layer, as determined from the deep cores.

Discussion

The signal-depth profiles were tracer-dependent. We observed subsurface
maxima of Chl-a and luminophores on both the sandy and the muddy site down
to a depth of 0.15-0.25 m. This rapid translocation of young particles to depths
of 0.15-0.25 m also showed in the ?°Pb profiles and to some extent in the feld-
spar pIR175 luminescence profiles. The quartz and feldspar IR50 luminescence
results rather suggested that at least the top 0.15-0.2 m of the sediment was
deposited recently, hampering identification of even younger sand grains mixed
in through bioturbation. The slow-to-bleach feldspar signals were not fully reset
in the top layer, although some input of young grains to deeper layers could be
identified. This suggests episodic deposition of the top layers, or insufficient
mixing to expose all grains long enough to unfiltered light. In what follows, we
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will provide a combined interpretation of what these results tell about deposition
and mixing processes in dynamic intertidal environments.

Worms or storms?

In the sediment composition, we did not observe any clear layering in the top
decimetres of sediment at both sites which could be attributed to storm depo-
sition. This may be due to an overly coarse vertical sampling resolution, even
though our resolution of 25 mm should have been sufficient to capture storm
deposited layers, which can have a thickness of centimetres (Zhou et al. 2022b).
At the sandy site the top of the profile was relatively homogeneous. The top
decimetres of the sandy core also appeared to be better sorted than the top
part of the muddy core (Fig. 3a-d). Generally, hydrodynamic reworking would be
expected to result in more uniformly sorted sediment, whereas biota can create
localised patches of finer or coarser material (Aller & Cochran 2019; Bentley &
Nittrouer 2012) thus resulting in variable sorting of individual sediment samples
(Rhoads & Stanley 1965). Furthermore, the presence of shell layers may indicate
biotic influence, since bioturbators such as A. marina are unable to ingest coarse
particles like shells, which then remain at the feeding depth (Reise 2002; van
Straaten 1952), while the ingested sand will be deposited on the sediment surface
and subsequently mixed into the sediment.

The tracers targeting the fine-grained sediment fraction showed clear signs of
bioturbation. During the luminophore experiment, no storms or strong winds
occurred, therefore vertical luminophore displacements can solely be attributed
to bioturbation. Both the short-term (luminophores and Chl-a) and the long-
term (?'°Pb) tracers showed sub-surface peaks, illustrating that advective vertical
transport of particles occurred. This is coherent with the observed macrozoo-
benthic species that are known non-local mixers (see Sect. 4.3). In addition, the
gradual vertical gradients of 2°Pb, and of Chl-a till 0.15-0.2 m point to substantial
diffusive bioturbation in the top decimetres of the sediment, or rapid deposition
within the previous months.

The luminescence data gives more details on the deposition and reworking of
sand grains. The narrow age distributions obtained through quartz OSL indicate
that this signal was well-bleached. The bootMAM and iterated age estimates are
very similar, both likely reflecting the time of deposition. The narrow distributions
in the top layer (0.4 m at the sandy site and 0.15 m at the muddy site) imply that
the vast majority of grains were recently (within the past few decades) exposed to
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sufficient light to fully reset quartz OSL signals. However, the older ages obtained
through feldspar IRSL, even for the relatively fast bleaching IR50 signal, indicate
that for a large fraction of grains, full light exposure during and after deposition
was limited. Especially old (>500 years) pIRIR175 measurements in the top 0.10 m
at both sites indicate that light exposure prior to burial was insufficient to bleach
this signal. It is less likely that these grains are worked upwards by bioturbators
from deeper deposits, as other grains of this age were only found below the shell
layer at 0.35-0.5 m depth. Both feldspar signals from the top decimetres were
not as homogeneously bleached as would be expected with intensive reworking.
We conclude that the luminescence ages primarily reflect the time of deposition,
rather than the time of bioturbation. This conclusions holds for all luminescence
signals used. However, quartz OSL ages provide most reliable depositional ages
while the feldspar IRSL and pIRIR results overestimate the burial age due to in-
complete resetting of these signals upon deposition and burial.

The luminescence signals gave a few hints of bioturbation as well. Firstly, at
both sites, young grains with nearly fully bleached pIRIR175 signals are present
at larger depths. At the sandy site, such young grains can be found at 0.15 m,
coinciding with the subsurface 2°Pb peak. At the muddy site, the young grains
are only present above the shell layer, at 0.05 and 0.15 m. This could point at
the advective transport of young sand grains to this depth, or good bleaching
conditions during deposition of these layers. Given the combination of biotur-
bation evidence from the other tracers, and the lack of sedimentary structures,
we deem bioturbation to be the most likely process. Secondly, feldspar signals
in the very top layer (0-0.05 m) at both sites were less well bleached and had
wider distributions than those at 0.1-0.2 m deep. Possibly, grains that are recently
deposited under low bleaching conditions and are buried close to the surface,
are not always directly resurfaced by bioturbators. These grains require a longer
period of bioturbation to be bleached further. This hypothesis is supported by
Bentley et al. (2014), who described a shallow (1-4 cm) stratified top layer, which
was not yet bioturbated, above a more intensely bioturbated zone in a muddy
intertidal environment. Secondly, the luminescence data provides some evidence
for exchange of grains between stratigraphic layers of different depositional age.
Some grains in the luminescence age distribution had ages similar to those of
the underlying deposit, even if a shell layer is present in between. At the muddy
site, a high level of 2°Pb was also present in and below the shell layer. From
these observations combined, we conclude that transport of fine particles can
sometimes extend beyond the shell layer.
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Madsen et al. (2011) also reported quartz OSL profiles on an intertidal flat and
attributed a change in apparent sedimentation rate to bioturbation. Their site
was not very dynamic, and bioturbation was more likely to be the main mixing
process present. The combined evidence of small aliquot quartz OSL and single
grain feldspar IRSL50 and plIRIR175 suggests that deposition at our site was
episodic and that bioturbation was less efficient in bleaching these signals by
resurfacing the grains. Furthermore, given that deposition was recent, it is not
possible to clearly differentiate bioturbated grains from those grains that were
last light-exposed prior to deposition as is done in terrestrial soils (e.g., Reimann
et al. (2017)). Hence, we cannot deduce bioturbation rates from our data using
approaches as suggested by van der Meij et al. (2025).

Age gaps and sedimentation rates

We could not derive sediment accumulation rates, because our combined signals
pointed to a combination of sediment mixing and episodic deposition. Therefore,
assuming the age-depth profiles to be the result of gradual sedimentation alone
would be incorrect in this dynamic environment. Quartz OSL showed a hiatus in
age between the top and the middle part of the core at the muddy site but not
at the sandy site, while 210Pb also indicated a hiatus in activity at the muddy
site only (Fig. 40). Such age gaps can be caused by erosion followed by rapid
accumulation, mounding by bioturbators (Kristensen et al. 2015; van der Meij
et al. 2025), or switching between a depositional and an erosional regime with
bioturbation penetrating the older deposits (Madsen et al. 2011). The opposing
gaps of the radionuclide and luminescence tracer profiles could be an effect of
an age underestimation of 210Pb compared to OSL of older sediments (Madsen
et al. 2007). However, the 210Pb activity just below the shell layer in the muddy
site is too high to be fully explained by such an inaccuracy. Instead, we expect
differential transport of fine and coarse particles through the shell layer to play
arole.

Combining the information from luminescence signals, deposit composition and
210Pb, we propose the following possible scenarios for sedimentation history
(Fig. 6):

- Onthe sandy site, rapid sediment deposition took place approximately 400
years ago. The original sediment surface was covered with a new thick layer
of sand, and the benthic fauna recolonised the new layer. The quartz signals
in this new deposit were then uniformly bleached by bioturbation and physi-
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cal resuspension and deposition, although incidentally some grains were still
exchanged with the bottom layer. Through bioturbation, also the first shell
layer was formed. Recently (<100 years ago) another large, rapid deposition
event happened. This shifted the bioturbation depth upwards, forming a new
shell layer higher up. Still some fines (210Pb) moved downward through the
shell layers, but most accumulated on feeding depth of bioturbators.

- On the muddy site, the top 0.2 m of sediment were gradually deposited,
starting approximately 500 years ago. The layer that is now at 0.35 m then
fell below the bioturbation depth and was not any longer exposed to light.
The sediment has then slowly been accumulating with bioturbation resulting
in bleached OSL signals and the formation of a gradually thickening shell
layer. Elevated 210Pb activity below the shell layer could be due to passive
infiltration of fines through the porous shell layer. The strong break in lumi-
nescence age suggests little exchange of sand grains through the shell layer,
and thus differential displacement of coarse and fine particles.
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Figure 6. Conceptual diagram of sedimentation history scenarios of the sandy (left) and
muddy (right) site. Larger arrows represent more rapid sedimentation. The depth represents
the current depth in the cores. Shell layers and benthic community are represented sche-
matically with a lower species abundance and biomass, but larger lugworms (Arenicola
marina) on the sandy compared to the muddy site.
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Differences between sites: hydrodynamics and community type?

The sandy site was relatively more exposed to energetic hydrodynamic conditions
than the muddy site. This may have caused the surprisingly low surface ?°Pb
activity, as waves and tidal currents may resuspend and wash away the recently
settled 7°Pb-rich material at each tide. The Chl-a concentrations were also lower
at the sandy site than on the muddy site, but this might be due to differences in
degradation rates of Chl-a (Sun et al. 1993). The bleaching potential of the lumi-
nescence signals could differ between the muddy and sandy tidal flats (Pannozzo
et al. 2023). When submerged, higher loads of suspended sediment will decrease
subaqueous light penetration during transport and (re)deposition on the muddy
site (A. M. de Boer et al., in review). The sandly site is more elevated and therefore
slightly more often exposed to subaerial bleaching than the muddy site due to its
lower inundation times. These differences in bleaching potential and probability
may have resulted in the lesser bleaching and wider distributions (Fig. 4j) of the
luminescence signals on the muddy site.

The sandy and muddy site also differed with respect to the density, biomass and
composition of the benthic community. The muddy site contained a relatively
higher abundance and biomass of taxa that could be classified as biodiffusers
and surficial modifiers. This leads to a higher contribution of diffusive mixing
and could also partly explain the larger interquartile ranges of the luminescence
signals at the muddy site, compared to more effective bleaching through ad-
vective vertical bioturbation at the sandy site (van der Meij et al. 2025). Subsur-
face maxima of fine-grained tracers, pointing to advective transport, were more
pronounced in the sandy site. One of the main likely bioturbating agents was
conveyor-belt reworking polychaete A. marina. While the muddy site contained
a higher density of small individuals, this species comprised only a fifth of the
biomass here. The sandy site was inhibited by fewer, but larger lugworms, so
that this species was dominant in biomass here. Such large individuals live in
0.2-0.4 m deep burrows and often dominate sedimentary processes at sandy
intertidal flats. Their presence leads to 4-400 times more likely particle reworking
rates and an estimated full overturning of a 0.1-0.6 m layer of sediment per year
(Cadee 1976; Riisgdrd & Banta 1998; Volkenborn et al. 2007a). These lugworms
were probably responsible for the subsurface accumulations of 2°Pb at feed-
ing depth, as the #°Pb-rich organic material is filtered from the ingested sand
(Longbottom 1970).
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Other bioturbators might also have contributed to non-local transport of fine
tracers at both sites, either by active particle transport or through passive pro-
cesses such as burrow infiltration. Ragworms (family Nereididae), such as Hediste
diversicolor, were present at both sites. These worms build a gallery network
and can cause diffusive mixing of the surface layer, and advective downward
transport, accumulating particles at the lower end of the gallery network due to
passive sloping, burrow infilling and during rapid retraction (Foster-Smith 1978;
Herringshaw et al. 2010; Ouellette et al. 2004). Another group that we deem
responsible for non-local transport of fines are tentaculate polychaetes, which
enhance fine particle transport from the water column into the sediment (Frithsen
& Doering 1986). Pygospio elegans, a tube-building worm present in high densi-
ties at both sites, constructs tubes 0.15 m into the sediment, and enhance trans-
port of fine particles down to 3-5 cm depth (Bolam & Fernandes 2003). Lanice
conchilega feeds on organic particles from the sediment surface or the water
column and builds long tubes, down to 0.3-0.4 m into the sediment (Carey 1987).
Although this species was only present in the benthos core sample at the muddy
site, we observed their tube endings, indicating their presence, on the sediment
surface at both locations (Fig. 2b, c).

Scrobicularia plana is described as a surficial modifier in trait databases (Queirds
et al. 2013). We however observed that this species also contributes to non-local
mixing, as suggested by luminophores that had moved rapidly to the living depth
of this bivalve (Fig. A2). Similar discrepancies between ‘theoretical’ bioturbation
traits and field observations were reported by (Morys et al. 2017). Therefore, a
single trait-based community index for bioturbation (such as BP)), could poten-
tially be informative on larger spatial scales when a more extensive dataset is
available, but such an index may be less relevant for a local study.

Why are results tracer-dependent?

The differences between tracers are likely the result of particle size-specific phys-
ical and biological sorting mechanisms. Fine particles are more easily eroded and
transported from the sediment surface by currents and waves. They are therefore
less prone to remain on the surface for a prolonged period, whereas coarser
sand grains are more stable on the sediment surface. Fines are also more likely
to move down into the sediment matrix by passive as well as active processes.
In sandy, permeable sediments, fine particles can infiltrate with pore water flux
(reviewed by Huettel et al. (2014)). Above that, fine and organic particles are
more often selected by bioturbators, after which they may accumulate in deeper
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layers of the deposit. This particle selectivity is common among benthic taxa
(Self & Jumars 1988).

Although the grain size range we selected for luminescence measurements (212-
250 um) falls outside of the feeding range of many polychaetes (Jumars et al.
2015), A. marina, expected to be a dominant bioturbator especially on our sandy
site, does feed non-selectively on sediment particles below a size of 1000 um
(Baumfalk 1979). Bioturbation of this species was shown to still result in accumu-
lations of finer (130 um) as well as coarser (500-1000 um) particles at its feeding
depth (0.1-0.14 m) (Gebhardt & Forster 2018). Bivalves can also exhibit size- and
particle-type specific selection, but this usually takes place post-capture (re-
viewed by Ward & Shumway (2004)). Their burrowing movements rather than
their feeding activity may thus vertically displace sand grains. A. marina as well
as bivalves are therefore expected to have reworked sand grains and affected
the luminescence tracer profiles.

It has been demonstrated that benthic fauna select for particle quality as well
and prefer organic over inorganic particles (Taghon 1982). Although we saw some
advective transport of luminophores (Fig. 5¢, d; Fig. A2), we did indeed not ob-
serve large sub-surface accumulation over time. One explanation might be that
these inorganic particles do not accumulate at the organism’s feeding depth in
the same way as the organic matter-associated tracers that are retained in the
digestive system. This is contrary to Gerino et al. (1998), who observed subsurface
peaks of luminophores after 15 days, and additionally modelled Chl-a subsurface
mixing rates to be in the same order of magnitude as the mixing of non-organic
particles in a shallow, muddy environment. In our dynamic intertidal environment,
luminophores might have more easily eroded from the sediment surface, resulting
in a decrease in surface supply over time, which possibly underlies the lack of
later subsurface accumulations (Fig. A3).

A tracer can give meaningful information on mixing processes when the timescale
of a tracer (e.g., radionuclide decay rate) matches the timescale of the mixing
rate: the longer the tracer timescale, the more particle displacements will have
contributed to the signal distribution (Meysman et al. 2003). The luminescence
signal is of a different nature than that of radionuclides, as it builds up after
burial but resets at each sufficiently long or intense light exposure, rather than
gradually declining over a known time. Signals that are more difficult to bleach
(e.g. feldspar pIRIR175) require more light exposure to be reset compared to
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fast bleaching signals (e.g. quartz OSL). They thus require a higher frequency of
reworking events to be fully bleached. If sediments are however too young or
intensely mixed, no recently reworked grains can be distinguished, as the sed-
iment will be uniformly bleached. Under the conditions at our intertidal study
sites, only the feldspar IR50 and pIRIR175 bleached slowly enough to be not fully
reset during deposition or by bioturbation. Therefore, these signals can show
subsurface supply of young sand grains (Fig. 4e, h) and incomplete bleaching
during deposition (Fig. 4d, e, g, h). In this relatively young and more intensely
reworked sediment, where no ‘old’ never-mixed, sediment fraction appeared
to be present, single-grain level measurements cannot be used for determining
the bioturbation effectiveness (Reimann et al. 2017). Spatial scale also plays
a role, especially for the short-term tracers. The small sampling surface of the
Chl-a and luminophore cores and the patchy distribution of macrozoobenthos
resulted in high variability between cores, and a higher number core replicates
may therefore have increased consistency of tracers profiles for these short-term
tracers. For the long-term tracers, the number of replicates was lower, however
because the distribution of these tracers captures the integrated activity of the
macrozoobenthic community over a longer time period, we would expect similar
results even if we had used a higher number of replicates.

Which tracer to use when?

Although our findings on sediment reworking are site-specific, the tracers used
here are more broadly applicable, provided that the limitations of each tracer
are considered. A combination of tracers best represents the intricate reality of
physical and biotic sediment mixing processes. This corroborates Gerino et al.
(1998), who showed that to accurately model bioturbation modes, measurements
of multiple tracers with different characteristics are required. A multi-tracer ex-
periment is however time- and resource intensive, and aligning tracer sampling
protocols to improve intercomparison is not always feasible. Therefore, we pro-
pose a framework for deciding on the type of tracer to use, depending on the
research question at hand (Fig. 7).
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Figure 7. A decision tree for choosing the appropriate tracer type to identifying sediment
reworking in intertidal environments. Green boxes indicate the attributes of the research
question at hand that should be considered and orange boxes show the possible respons-
es, ultimately leading to the most suitable tracer (light blue boxes). The blue-outlined
tracers are particles that actively need to be introduced in a natural system, while the
orange-outlined tracers are native in intertidal sediments.

The process timescale, grain size fraction of interest and spatial density need
to be considered. Depending on the rate and dominant mode of bioturbation, a
short- or long-term tracer may be more appropriate (Lecroart et al. 2010; Mey-
sman et al. 2010). Also, the potential targeting of organic food particles (e.g.,
Chl-a, 2°Pb) may be considered. Furthermore, the physical conditions at the field
site determine the suitability of a tracer. If the field site is erosive or exposed to
higher dynamics, fine luminophores might not be representative over a longer
period. With low reworking or light exposure (e.g., long inundation and turbid
water), hard-to-bleach luminescence signals are less likely to be bleached by
bioturbation.

Outlook and implication

Feldspar single-grain luminescence is a promising tracer for deposition and
mixing processes in intertidal environments. Even though luminescence signals
at our study sites pointed to high dynamics and rapid deposition, rather than
being all fully bleached by bioturbation, they did give more information on long-
term deposition and reworking of sand grains than other existing tracers can.
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We recommend testing this method in a less dynamic setting, where bioturbation
dominates reworking, to improve interpretation of luminescence profiles and
further explain the limited feldspar bleaching that we observed. The aim of this
research was a qualitative rather than a quantitative description of mixing pro-
cesses. Given the young age of the sediments and the dynamics of the environ-
ment, a quantification of bioturbation as attempted by van der Meij et al. (2025)
may be challenging. Nevertheless, single-grain and slow-to-bleach luminescence
signals are a promising tool to further test and develop, for ultimately deriving
bioturbation rates of sand grains in intertidal settings.

Our results highlight differences between the behaviour and bioturbation of
sand and mud within the sediment matrix. This distinction matters for stratigra-
phy: fines are more mobile within the sediment column, while sand grains have
greater potential to preserve layered bedding. Although bioturbation is often
assumed to homogenise stratigraphic records (Wheatcroft 1990), our feldspar
results suggest that the sand fraction is not intensively reworked by the present
bioturbating community. We also observed exchange of particles through the
shell layer, suggesting that such layers do not necessarily form a hard boundary
for bioturbators. Furthermore, the grain size-specific reworking can inform pro-
cess-based sediment transport models that quantify the mixing of specific sed-
iment fractions within the bed (e.g., Armanini, 1995). Bioturbation increases the
exchange of particles between the active (transportable) and substrate layer of
the sediment, with higher exchange probability for small than for large particles.

These findings also bear ecological implications. Fine, organic-rich tracers were
rapidly carried below the aerobic zone and accumulated at depth, whereas
young sand grains were not. This indicates that bioturbation affects reactive
compounds more strongly than coarse particles. Its influence on sand transport
may thus be smaller than its role in sediment biogeochemistry and carbon stor-
age. By modifying sediment mud content, bioturbators can modify their own hab-
itat conditions. In sandy sediments, preferential reworking of fines can increase
subsurface mud content. Such ‘muddification’ by cockles was demonstrated in
a flume experiment (Soissons et al. 2019) and by Ensis leei in a field experiment
(Witbaard et al. 2017). On the other hand, resurfaced fines may be mobilised from
muddy sediments, decreasing the sediment mud content (Montserrat et al. 2009;
Volkenborn et al. 2007b; Wendelboe et al. 2013). These two-way processes affect
large-scale intertidal flat morphology and sediment composition (e.g., Brickner et
al., 2021; Le Hir et al., 2007). Finally, the integrated contribution of bioturbation
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and storms may be comparable when event energy and frequency are consid-
ered together. Whereas bioturbation is a continuous process of small particle
displacements, storms are infrequent, but high energy events (Fig. 1b). In effect,
benthic animals influence daily sediment properties, while storm events ‘reset’ the
system. Because most species have a relatively wide sediment tolerance (Koo-
istra et al. 2025c¢), such episodic resetting does not necessarily result in a major
community shift, and during calmer periods, bioturbators can once again modify
sediments at smaller scales, potentially enhancing their own habitat suitability.

Conclusions

The aim of this study was to distinguish physical from biological mixing over
timescales, using tracers that target different grain size fractions. We did not
observe clear layering in sediment composition that would point to unbiotur-
bated storm deposits. We showed that sand fractions and mud fractions are
mixed differently: fine tracers showed clear signs of bioturbation, while the
sand fraction appeared to be less intensely bioturbated than we expected. In
conclusion, mud is more mobile within the sediment matrix, due to its higher
likelihood to be mixed by bioturbation and physical processes. Sand grains are
overall more static and have a higher potential to conserve layering, although
single-grain feldspar luminescence signals also showed signs of bioturbation.
Over long (decadal) timescales and in dynamic or young environments, it remains
impossible to distinguish sediment grains mixed by storms from those reworked
by bioturbation with full certainty. Nevertheless, the combination of luminescence
signals with different bleaching characteristics can give a more complete picture
of the deposition and reworking of sand grains. Multi-grain quartz luminescence
was suitable for dating sand grains, while single-grain feldspar luminescence
gave information on mixing processes. If applied in consideration of the local
environmental conditions, the single-grain signals are a promising technique for
tracing bioturbation, but this application needs to be tested further. Until then, a
combination of short- and long-term tracers is needed to draw robust conclusions
on sediment mixing processes at dynamic intertidal sites.
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Supplementary materials

Table S1. Length per core and analysed samples from long cores. The depths from which
luminescence samples were analysed are indicated in bold.

Sandy site Muddy site
Length XRF and grain size core (m) 0.74 0.65
Length luminescence and °Pb core (m) 0.75 0.72
Number of luminescence samples 8 8
Number of 2'°Pb samples 13 13
Sample intervals for 2°Pb and luminescence (cm) 0-2.5 0-2.5
5-7.5 5-7.5
10-12.5 10-12.5
15-17.5 15-17.5
20-22.5 22.5-25
32.5-35 27.5-30
40-42.5 35-37.5
50-52.5 40-42.5
52.5-55 50-52.5
57.5-60 55-57.5
62.5-65 57.5-60
67.5-70 65-67.5
72.5-75 70-72.5

Luminescence analysis

Equivalent dose measurements

The luminescence samples were prepared at the Netherlands Centre for Lumi-
nescence Dating (NCL) under amber light conditions. After obtaining the 212-250
um grain size fraction by wet sieving, carbonates were removed by treating the
material with a 10 % HCI solution, followed by the removal of organic matter
using a 10 % H,0O, solution. Magnetic particles were removed by using a Frantz
magnetic separator at a current of 1.4 A on the magnet and under an angle of 10°
(Porat 2006). A K-feldspar-rich fraction was extracted through density separation
using a separating funnel and LST Fastfloat® with a density of 2.58 g cm and
washed with demineralized water. A quartz-rich fraction was subsequently isolat-
ed from the heavy fraction by performing an additional density separation with
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LST of 2.70 g cm. The quartz fraction was then rinsed with a 10 % HF solution,
followed by treatment with a 40 % HF solution to dissolve feldspar and/or other
contaminants and etch the outer skin of quartz grains. Afterward, the material
was rinsed with HCl, demineralized water, dried, and sieved.

Each multi-grain quartz sample was measured using an automated Risg TL/
OSL DA-15 reader with a calibrated 9°Sr/?°Y beta source. Blue (~470 nm) light
emitting diodes (LEDs) were used for optical stimulation. The quartz OSL signals
were detected through a 7.5 mm Hoya U-340 filter with a UV detection window.
A Single-Aliquot Regenerative-dose protocol (SAR) (Table 2) was used: 1000
datapoints were read out during 20 s of stimulation at 125 °C (0.020 s per dat-
apoint). Channels 1 up to 25 (0.5 s) were taken as initial integration interval; the
background interval was set at channel 26 up to 88 (1.24 s). A linear fit was used
for dose-response curve fitting, and the curve was forced through the origin.
Rejection criteria (recycling ratio, recuperation rate, and test dose error) were
set at 15 %. The recuperation rate was taken relative to the first regenerative
dose point.

All single-grain feldspar measurements were conducted using an automated
Risg TL/OSL DA-20 reader with an automated detection and stimulation head
(DASH) and an EMCCD camera (Kook et al. 2015). The system is equipped with a
calibrated 9°Sr/%°Y beta source, delivering a dose rate of approximately 0.0707
Gy/s to the feldspar grains on a single-grain disc. To target the 410 nm peak
emission of K-feldspar, a blue filter package, BG-3+BG-39 (3.0 + 4.0 mm) was
used. A fading test was not conducted. Using a multiple-elevated-temperature
(MET) pIRIR measurement protocol was used (de Boer et al. 2024a; Li & Li 2011),
a total of 270 datapoints were recorded in 108 seconds (0.400 seconds per
datapoint), with 250 datapoints collected during stimulation. For each sample,
three single-grain discs were measured, which would correspond to 300 grains if
all positions were filled. However, visual inspection revealed that some positions
were unoccupied, resulting in an estimated total of approximately 250 grains
measured per sample. Channels 11 up to 15 (2 s) were taken as initial integration
interval; the background interval was set at channel 226 up to 250 (9.6 s). Alinear
fit was used for dose-response curve fitting, and the curve was forced through
the origin. Rejection criteria (recycling ratio, recuperation rate, and test dose
error) were set at 20 %. The recuperation rate was taken relative to the fourth
regenerative dose point.
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Dose rate measurements

To prepare samples for gamma spectrometry samples were first dried and ashed,
documenting weight loss to determine water and organic content. Then the sam-
ples were grinded and mixed with wax to create a puck of fixed geometry and
retain Radon. Activity concentrations of 40K and several nuclides from the Ura-
nium and Thorium decay chains are measured using a high-resolution gamma
ray spectrometer.

Benthic community

Table S2. Benthic community composition at sandy and muddy site and biomass (g ash-
free dry weight m™) per taxon. Note that this table does not include Arenicola marina,
since this species was not present in the benthic core samples

Sample site  Latin name Total density (individuals m?)  Total biomass (g AFDW m-?)

Sandy site Capitella capitata 226 0.12
Carcinus maenas 56 0.38
Cirratulida 169 0.16
Crangon crangon 56 0.37
Eteone longa 56 0.09
Lanice conchilega 56 0.77
Macoma balthica 56 0.18
Nereididae 56 0.10
Oligochaeta 395 015
Pygospio elegans 621 0.5
Scoloplos armiger 508 119
Urothoe poseidonis 226 0.18
Sum 2486 3.84

Muddy site  Amphipoda 0" 0.14
Bivalvia 13 013
Capitella capitata 452 0.20
Cirratulida 960 0.27
Corophium volutator 56 (o]
Eteone longa 1017 0.47
Gammaridae 169 0.12
Hediste diversicolor 395 5.97
Heteromastus filiformis 1186 3.66
Macoma balthica 226 0.55
Nereididae 1017 0.26
Oligochaeta 17514 1.47
Pygospio elegans 3503 0.37
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Table S2. Benthic community composition at sandy and muddy site and biomass (g ash-
free dry weight m™) per taxon. Note that this table does not include Arenicola marina,
since this species was not present in the benthic core samples (Continued)

Sample site  Latin name Total density (individuals m?)  Total biomass (g AFDW m?)
Scoloplos armiger 169 0.1
Scrobicularia plana 282 513
Urothoe 113 0.12
Sum 27175 19.07

* as the number of individuals is determined by headcount, when only body parts without head are present,
the individuals are identified to the lowest taxonomic level and only analysed for biomass.
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Figure S1. Bioturbation and depth traits from the benthic community, comparing both sites.
Relative trait scores are multiplied with total biomass per taxon for bioturbation mode (a)
and living depth (b) based on taxon traits. Note that this figure does not include Arenicola
marina, since this species was not present in the benthic core samples.
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Luminophore observations

=

Figure S2. Cores taken 36 hours after luminophore application, indicating observations
of downward particle transport reworking by S. plana at sandy site (top) and C. edule at
muddy site (bottom).
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“Muddy” site
day 0 1 tide 3 tides day 10 day 16

Figure S3. Observations of luminophores on the sediment surface. Note the decrease in
luminophores visible on the surface. The sticks placed at the start of the experiment were
removed after 1 tide, as they were observed to trap algae.
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Synthesis

The overall aim of this dissertation was to unravel the interaction between mac-
rozoobenthos and sediment in the context of large-scale sediment nourishments
on ebb-tidal deltas of the Wadden Sea. In this synthesis section, | will give an
overview of the main findings (Fig. 1), describe their implications on a larger scale,
give recommendations and draw overall conclusions based on my research.

Chapter 2 Chapter 3
Sediment sensitivity of benthic communities Sand, food and heat wave resilience
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Figure 1. Visual overview of the content and main outcomes this dissertation.

Potential impacts of sand nourishments on
macrozoobenthos

The first main question was whether the sand of a 5 million m? nourishment on
Ameland ebb-tidal delta could have influenced the macrozoobenthic communi-
ties in the Borndiep basin and around Ameland inlet. Previously, impacts were
found on benthic community composition at the nourishment location (Escara-
vage 2022). Especially long-lived species such as bivalve species did not recover
at the nourishment site within the monitored period. Detecting far-field effects of
the nourishments was more challenging. As natural dynamics are high, the ben-
thic communities are also variable (Kroncke & Reiss 2010; Reiss & Kroncke 2005).
This is particularly the case at the ebb-tidal delta, the dynamic foreshore, and
within the gullies, where most sediment transport could be expected (Holzhauer
et al. 2020; Nehmer & Kroncke 2003; Reiss & Kroncke 2001). Furthermore, many
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other anthropogenic activities, such as bottom trawling and dredging, also take
place in the Wadden Sea and coastal zone. The impacts of these factors cannot
easily be separated from those of the nourishment.

Within the TRAILS project, large steps have been made in developing tools to
trace sand grains and predict pathways of nourished sediment (de Boer et al., in
review, 2024; van Westen et al., 2025). Despite this advancement, we do not yet
exactly know where the nourished sand ended up. Furthermore, initially modelled
sediment pathways indicated a higher likelihood of sediment being transported
to the Ameland coast rather than into the Wadden Sea (Pearson et al. 2020,
2021b). Therefore, changes in benthic communities away from the nourishment
site could not directly be linked to nourishment impacts.

Nevertheless, the extensive benthic monitoring data from the area allowed for
making predictions of the sensitivity to potential sediment changes (Chapter 2).
Although general changes in sediment composition linked to the nourishment
could not be identified, sediments in the intertidal Borndiep were overall coarser
than the optimal for many species living there. The sediment sensitivities of the
main resident benthic species suggested that an increase in median grain size
or decrease in mud content could further decrease the habitat suitability and
drive species beyond their sediment tolerance niche. Some species are more
sensitive than others and have a clear sediment preference. For one of these, the
mud-dwelling peppery furrow clam (Scrobicularia plana), this muddy sediment
preference appeared to be independent of the usually co-occurring high food
supply: mortality was highest in a sandy sediment independent of the amount of
food present (Chapter 3). This clam was relatively tolerant to heatwave exposure,
and its tolerance was not significantly affected by sediment type. Although we
did not observe clear additive effects of heatwaves and sediment on the species,
increased intensity and frequency of heatwaves combined with reduced mobility
could lower its coping capacity. Such interactions are also likely to play a role in
other benthic species, especially those that live closer to the sediment surface,
or have a lower thermal tolerance.

Together, these results demonstrate that sediment composition is an important
driver of benthic communities. Especially in several intertidal areas, sediment
composition is already beyond the preferred range of the current Wadden Sea
communities. The risks for community changes associated with “sandification”
differ between areas and between taxa.
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Feedback of benthic fauna to sediment composition

The second aim of this thesis was to unravel animal feedbacks on sand transport.
An extensive literature base already exists on the stabilising and destabilising
effects that benthic animals can have on sedimentary processes. Many of the
studies focussed on biotic effects on the resuspension of mud and the erodibility
of cohesive sediments (Arlinghaus et al. 2022; Brickner et al. 2021; Dairain et al.
2020; de Smit et al. 2021; Kristensen et al. 2013; Le Hir et al. 2007; Volkenborn et
al. 2009). Fewer studies have looked into the effects of fauna on non-cohesive
sediment transport (Dairain et al. 2020; Harris et al. 2015; Joensuu et al. 2018;
Li et al. 2017).

During field sampling in the Ameland inlet, one of the first noticeable differenc-
es between the boxcores that were brought up from the subtidal sea floor was
the amount of empty shells, variable in shape and size, present on the sediment
surface and within the core itself. In a flume experiment (Chapter 4), we saw that
shells limit sand transport, independent of shell shape. The effect was largest at
the higher current velocities that we tested (0.5 m s™). Besides by their structure,
animals can influence the sediment around them through their movement and
activity. Such bioturbation of sand is less studied than that of mud, as tracers for
sand on longer timescales were lacking. Using a novel type of long-term sand
grain tracer (single-grain luminescence) it appeared that sand was reworked
less intensely than we expected (Chapter 5). Mud was more mobile within the
sediment matrix, likely due to passive infiltration combined with the preferentially
targeting of mud by bioturbators.

These results taken together show that benthic animals and their remains can
contribute significantly to sediment transport and can influence the composition
of their sedimentary habitats. The relative magnitude of the biotic feedback on
sediment depends on the local hydrodynamic condition.

Relative importance and causality in benthos-sediment
interactions

As introduced at the start of this thesis, the strength and direction of ben-
thos-sediment interactions relative to physical dynamics is a long-debated sub-
ject. Furthermore, because the feedback between benthic animals and sediment
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goes both ways, the causality of effects is not always clear. Although answering
these fundamental questions was beyond the scope of this thesis, the main find-
ings of this work are placed in a conceptual context here.

Relative magnitude of biotic feedbacks to sediment transport and
composition

In a very dynamic environment, the impact of benthic structures and activities
may be insignificant. In less dynamic regimes, the inconspicuous, but nearly
continuous sediment displacements by benthic activity pay a fair contribution
to the total movement of sediment (e.g., Grant 1983). A conceptual model of
biotic effects on sediment mixing was proposed by Cadée (2001), with a minimal
biotic contribution at very low or very high energy levels, deemed uninhabitable
for biota, and a maximal contribution of bioturbation at intermediate levels of
environmental dynamics. Based on this thesis, the hypothetical concept can be
extended to the interaction of biota with lateral and vertical sand transport from
low- to high-dynamic habitats (Fig. 2). When current velocities increase, biogenic
structures, such as shells, have a larger effect. Above their own critical erosion
threshold, shells may however not be able to limit sand transport anymore, as
they may be washed away themselves. On a tidal flat, the reworking of sand
by bioturbators may have been substantial but had not been intense enough
to expose all grains to hours of daylight since their deposition—not all lumines-
cence signals in our experiment were fully bleached. Also here, hydrodynamics
and deposition history do therefore still play a role in the vertical distribution
of sand grains. In less dynamic sites, the relative contribution of bioturbation to
vertical sand transport is likely higher. Together, this still results in the highest
relative contribution of biota to sediment transport at low and intermediate
energy habitats.
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Figure 2. (0) conceptual model of relative physical and biological sediment reworking (sep-
arate and combined) against the total range of hydrodynamic energy in coastal sediments
(Cadée 2001); (b) a proposed hypothetical conceptual model of relative biotic feedbacks
through bioturbation and structure to vertical and lateral sand transport, over a gradient
from low to high dynamic habitats.

The causality of sediment preferences

A second main question is: do benthic animals shape the sediments they inhabit,
or are they mostly responding to physical sediment dynamics? While benthic
animals show preference for certain sediment types and their distribution is de-
termined by sediment characteristics (Chapter 2, 3), they also modify sediment
composition. By resuspending mud, reducing the erosion of sand and incorporat-
ing fine particles in the sediment matrix, they might engineer their own preferred
sediment habitat themselves. Over a large scale (tidal basin), sediment supply
and physical dynamics form the boundary conditions that drive the possible gra-
dients in sediment composition. On a smaller scale, benthic species can mediate
sediment composition and dynamics in their direct environment (e.g., Soissons
et al., 2019; Wendelboe et al., 2013). With high densities of biota and a wide
spatial distribution, these effects are substantial again on larger scales (e.g.,
Bruckner et al, 2021). In Chapter 5, we introduced the hypothesis that, by their
continuous, small efforts, biota have a similar total effect on sediment mixing
as storms do, which are infrequent but have a high energy. Whether the biotic
or the physical forces determine the sediment structure does therefore not just
depend on the physical characteristics of the studied site, but also on the moment
of sampling (calm period or just after a storm?) and the investigated temporal
and spatial scale. The results from the chapters of this thesis, and other studies
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on benthos-sediment interactions, can form a baseline to estimate effects, but
should be considered in their relevant spatio-temporal context.

Looking ahead: future research directions

Within this dissertation, several questions regarding benthos-sediment interac-
tions in the context of sediment nourishments have been addressed. However,
it has also brought up numerous new questions and follow-up research oppor-
tunities.

Sediment change and effects on benthos: monitoring is key

This research builds upon an extensive database of benthic monitoring data (Bi-
jleveld et al. 2025; Franken et al. 2025). Such large-scale and long-term datasets
are essential for addressing fundamental ecological questions, as well as for
detecting and interpreting environmental change and anthropogenic impacts.
Within the scope of this PhD, | could not directly determine the far-field effects
of coastal sand nourishments on benthic communities, partly due to the high
natural variability of these systems and the simultaneous influence of multiple
other natural and anthropogenic disturbances. However, this does not neces-
sarily imply that sand nourishments have no ecological consequences beyond
theirimmediate application sites. Over longer timescales, the cumulative effects
of near-continuous sand nourishment may become evident. To disentangle the
effects of nourishments from other drivers and natural variability, as well as to
detect potential long-term impacts, continuous monitoring of both environmental
parameters and ecological responses remains crucial.

As tracing tools for nourishment sand are advancing, the direct link between a
nourishment and its off-site impact can be made with higher certainty. This will
provide further opportunities for more robust impact assessments in dynamic
systems where multiple disturbances are at play.

The approach used in Chapter 2 for determining sediment sensitivity of benthic
fauna in the Ameland inlet and Borndiep basin can be applied in other areas
where sufficient data on benthic fauna and sediment composition are available.
Although | chose to apply this in one tidal basin where data was available for the
inter- as well as the subtidal, openly accessible data (e.g., Bijleveld et al., 2025)
can facilitate the determination of sensitivity for a larger area. These can then
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be used to identify areas at risk of “sandification”, or mud loss at a larger scale.
Chapter 2 showed that the most pronounced sediment-species mismatches lie in
the intertidal zone. It would therefore be highly relevant to investigate sediment
sensitivity in the entire intertidal Wadden Sea. When sufficient data on other
factors is available, the same tools can be used to identify sensitivity and risk
hotspots of benthic communities to other pressures such as temperature, nutrient
inputs or physical disturbance.

In Chapter 2, sensitivity was defined as the tolerance to a range of environmen-
tal conditions—in other words, the niche width. Another approach to sensitivity
is quantifying the response rate of a population or community to an environ-
mental change. Communities in dynamic habitats are relatively well-adapted to
short-term environmental fluctuations, and there were no overall linear trends
in sediment change within the studied time frame. As such, the first approach
was deemed more relevant in this case. Future investigations into organism and
community responses to sediment change could further explore the second ap-
proach to sensitivity.

Interactions between multiple stressors

When multiple stressors act simultaneously, their effects can be synergistic, an-
tagonistic, or additive (Piggott et al. 2015). The strength and direction of stressor
interaction can vary over levels of ecological organisation (Galic et al. 2018;
Simmons et al. 2021). Organisms subjected to suboptimal environmental condi-
tions may for instance have a lower resilience to climatic stressors (Hewitt et al.
2016). When non-native species display a higher tolerance to combinations of
stressors (e.g., heat and salinity: Zhou et al., 2025), or species interactions are
altered (e.g. Laukaityte et al., 2025), additive effects could drive community shifts.
Besides that, interacting environmental factors can mediate their own effects.
For instance, as heat penetration and retention differ between sandy and muddy
intertidal sediments (Liu et al. 2025), increasing heat is a potentially synergistic
or antagonistic stressor combination with sediment change.

To enable better predictions of ecological shifts, the interactions between stress-
ors should be investigated further in laboratory and field settings. Mesocosm ex-
periments can offer mechanistic understanding on the interplay of specific stress-
ors within set levels and their effects on individuals or communities. Findings from
ex-situ experiments can however not always directly be translated to ecological
effects in the field, as the natural timescale and sequence of exposure as well
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as the interaction with a multitude of ameliorating and exacerbating factors
cannot be replicated in the laboratory. In the mesocosm experiment presented
in Chapter 3, sediment type proved to be a stronger driver of the performance of
mud-dwelling clam Scrobicularia plana, compared to food availability or heat-
wave exposure. We hypothesised that the reduced mobility of this species in a
sandy sediment would ultimately determine heatwave tolerance, if the severity of
the heatwave would increase compared to the level we tested. Follow-up exper-
iments are required to test this hypothesis and to verify our findings in a natural
intertidal flat setting. The question of how such species-level responses can be
translated to effects on community-level can be approached in multi-species
mesocosm or field experiments.

Building upon biotic feedbacks to sediment

The large-scale implications of modifications of biota mediated sand transport
can be further studied through numerical models. Eventually, biotic feedbacks
can be incorporated in sediment transport models as a grain-size dependent
exchange of particles between the substrate and the active (transportable)
layers (e.g., Armanini, 1995). The sediment transport rate parameters derived in
Chapter 4 could be readily implemented in in sediment transport models such as
SedTRAILS (van Westen et al. 2025). Together with quantitative sediment shell
content data from seafloor surveys, predictions can be made on the effects that
shells have on the transport of sand in natural settings. As shells are among
the most ubiquitous biotic structures in marine sediments, their effects may be
substantial on larger scales.

In Chapter 5, we saw that the vertical distribution of sand grains is influenced by
bioturbation, albeit not at the same rate as the reworking of fine particles. Sand
is therefore more likely to conserve stratification by storms. However, several
questions remained open. To obtain more certainty in distinguishing reworking
by storms from bioturbation, controlled (flume) experiments or targeted sam-
pling is needed. Single-grain luminescence samples could for instance be col-
lected directly after a storm, so that signal profiles can directly be related to the
hydrodynamic reworking. We were also not yet able to calculate bioturbation
rates of sand grains on basis of luminescence in Chapter 5. Nevertheless, with
further development and testing of sand particle tracers, such as single-grain
luminescence, sand grain reworking rates can potentially be determined in future
studies. Combined with spatial distribution datasets of bioturbating species, such
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bioturbation rates can then also be implemented in abovementioned numerical
sediment transport models.

Besides the feedbacks studied in this thesis, many more bioengineering effects
of benthic animals on their sedimentary habitats may play a role. In addition to
moving around sediment particles, bioturbating animals also influence sediment
roughness by creating tracks, mounds and depressions. These topographical
modifications interact with near-bed flow and can influence the transportability
of sand (Dairain et al. 2020; Friedrichs et al. 2009). To obtain a more complete
view it would be interesting to compare the relative contributions of benthic
species to horizontal sand transport versus vertical reworking of sand. Such in-
tegrated quantifications of sediment transport by biota are currently still lacking,
especially on community level. Further steps can be made to translate bioturba-
tion metrics, such as community bioturbation potential (BPc) to implications on
sediment transport (Queirds et al. 2015).

Implications

Resilience of coastal ecosystems

Species living in ever-changing environments are subjected to a range of envi-
ronmental conditions and therefore relatively tolerant to fluctuations (Gray &
Elliott, 2009). They may however also be living close to the edge of their potential
niche (Tomanek 2002). Even in dynamic coastal habitats, benthic fauna can be
sensitive to sedimentary changes. Especially when multiple stressors are acting in
synchrony, benthic communities might shift. Climate change is posing large-scale
pressures that act on many different levels of coastal ecosystems (Buschbaum
et al. 2024). Sediment change in combination with these large-scale stressors or
other local disturbances may decrease ecological resilience.

In this thesis | have shown that many macrozoobenthic species are general-
ists in terms of sediment preference (Chapter 2) and species can be relatively
heat-tolerant (Chapter 3). As these systems are inherently dynamic, e.g., sediment
composition is subject to large scale fluctuations (Folmer et al. 2023), small and
single disturbances may not directly cause an impact. However, even organisms
with high adaptive capacities have limits, especially under multiple stressors. If
we cannot recognise warning signs and ensure that the environment stays within
these limits, habitats may become unsuitable for some species. It is therefore
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important that the ecological state of the system keeps being monitored, and
local pressures are reduced as much as possible, especially at sites that are
deemed sensitive or may approach a critical stress level (e.g., sediment compo-
sition beyond the optimal range, Chapter 2).

Sediment impacts and management

Sediment grain size in the Borndiep tidal basin was coarser than optimal for
the resident communities. In a few areas, communities crossed the limits of their
optimal sediment envelope. These coarser-than-optimal sediments could not
be directly linked to sand nourishments. However, the far-field effects of future
nourishments on sediment grain size should be considered. With sea level rise,
the required nourishment volumes are predicted to increase. In the Netherlands,
this increase could be up to 20 times present-day volumes by 2100 (Haasnoot et
al. 2020). Such structural sediment additions are likely to have large ecological
implications at their application site and may also increase the sand supply to
adjacent muddy coastal systems.

Apart from the potential effects of sand input, a reduction in mud content is
another risk identified in Chapter 2. A large fraction of the Borndiep basin had
a lower than optimal mud content for the resident communities. The patterns of
suboptimal mud were more conspicuous than those for median grain size. Even
though mud may be a nuisance when it causes infilling of fairways, it is a finite
resource and is already limited in eastern parts of the Wadden Sea (Colina Alonso
et al. 2024). Besides the importance of mud availability for intertidal areas to
grow with sea level rise, the ecological implications of mud loss should therefore
also carefully be considered when managing mud.

Natural values of coastal systems

The intertidal habitats and natural dynamics, as well as the high ecological pro-
ductivity and biodiversity form the unique natural values of coastal ecosystems
(Reise et al. 2010). To protect and conserve these values, management deci-
sions should be taken conscientiously. Of foremost importance is the reduction
of greenhouse gas emissions to keep warming and sea level rise at bay. On a
regional and local level, a reduction of pressures and active restoration efforts
can help conserving and restoring the natural values of these unique ecosystems
(Floor et al. 2018; Wiesebron et al. 2024). Currently, conservation efforts are
often lacking or inefficient: for instance, protected areas in the Wadden Sea are
misaligned with biodiversity hotspots (Meijer et al. 2025). Improving the spatial
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cover and distribution of protected areas can potentially enhance biodiversity
of coastal ecosystems and contribute to ecological resilience to disturbance. A
second way to achieve such goal is by aiding the recovery of foundation species
such as bivalve reefs and seagrass meadows, that have the potential to enhance
diversity and ecosystem resilience (Dickson et al. 2023, Bouma et al. 2009b;
Witte et al. 2025; Ysebaert et al. 2018). Furthermore, such bioengineers can trap
sediment on a large scale, further helping tidal flats to keep up with sea level
rise (Hoffmann et al. 2025).

Even though the Wadden Sea world heritage is considered one of the “wildest”
natural areas in western Europe, it is characterised by centuries of anthropogenic
impacts (e.g., Chapter 1, Box Il). These have driven ecological shifts during the
past century (Eriksson et al. 2010; Lotze 2005). The current state of the Wadden
Sea should therefore not be taken as the base line to be maintained, but rather
as a starting point for restoration of ecological values to a higher level.

Sea level rise may result in a loss of intertidal area (Lodder et al., 2019; Timmer-
man et al., 2021). As the intertidal flats drive productivity, hold a vast benthic
biomass and support migrating bird populations, such a shift from an intertidal
sedimentary system to a shallow subtidal coastal lagoon would have immense
implications for ecosystem structure and functioning. Sediment nourishments
placed on tidal flats could be an active measure to conserve and restore crucial
intertidal habitats (e.g. van der Werf et al., 2015, 2019). Such engineering projects
do however also form a disturbance from which the ecosystems do not easily re-
cover (Escaravage et al. 2024). Nourishing with other sediment types, for instance
mud, may enhance the ecological suitability (Baptist et al. 2019). Nevertheless,
we should ask ourselves the question whether it is preferred to actively manage
a system such as the Wadden Seaq, that has the dynamic forces of nature and
the ever-changing morphology engrained in its identity, or to minimise our own
disturbance in such systems and let nature run its course.

Coastal management and sustainable nourishment strategies

If we choose to keep low-lying coastal lands inhabited, flood defence strat-
egies need to be adapted to the global challenges of the coming centuries.
We will need sustainable nourishment strategies, which need to not only keep
our feet dry but also to work with nature, instead of against it. To make such
nourishments more effective and ecologically sound, biotic feedbacks to the
distribution and stability of sand should be considered. If we can harness the
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bioengineering qualities of biota, we could make nourishments more sustainable,
whilst increasing their ecological value. With the aim to make nourishments more
stable, borrow areas with higher shell contents could be selected. Furthermore,
the potential for recolonisation through stabilising biota could be increased by
providing the most suitable sediment type, or by enriching the nourishment top
layer with local sediment, containing the local benthos.

Alternatively, we can ask ourselves the question whether nourishments are sus-
tainable solutions. Instead of investing more money and resources to keep sandy
coastlines in place at all costs, managed retreat is another option that should be
considered (Haasnoot et al. 2021). Damage of natural hazards can be avoided
by moving the centres of economic activity and populations away from locations
that are at risk of erosion and flooding. This requires enormous reorganisation
and relocations but may be the most sensible and sustainable solution on the
long run.

General conclusions

In this thesis, | demonstrated interactions between benthos and sediment on
many different levels. Benthic animals influence the transport and composition
of sediment by bioturbation. By preferentially reworking mud, they can influence
the composition of sediments. The structures they produce, such as shells, can
stabilise sand. These bioengineering feedbacks can be significant in comparison
with physical interactions over time and space. However, the benthic species
themselves can also be sensitive to sediment change. Although many species in
coastal habitats are sediment generalists, species and communities frequently
occur beyond their preferred sediment range. Sediment in a Wadden Sea tidal
basin, especially in intertidal areas, were coarser and less muddy than optimal.
Experimental investigation into the mechanisms of this sediment preference re-
vealed that sedimentary substrate composition can be a stronger driver than
food availability or heat exposure. The outcomes from this dissertation com-
bined, underline that sediment management should be executed with care for
the ecological communities.
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