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Abstract. Sediment transport and seabed composition can
both be influenced by bioturbation and hydrodynamically
driven sediment mixing and deposition. In a dynamic inter-
tidal environment, it is challenging to distinguish the relative
contribution of both processes. We aim to unravel their rel-
ative importance by combining several tracers, each having
its own specific timescale and target particle size. We com-
bined (1) 219Pb 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 sig-
nal by light to assess mixing of sand and thereby quanti-
fies long-term mixing. Single grain feldspar luminescence
is here for the first time applied in the intertidal environ-
ment. We compare results for a sandy and a muddy intertidal
flat at the island of Texel (Wadden Sea, the Netherlands),
each with their own characteristic benthic community. Re-
cent bioturbation became apparent from Chlorophyll a and
luminophore profiles: particles were rapidly reworked to a
depth of decimetres. 2'Pb also suggested mixing and non-
local exchange of particles by bioturbation. The combina-
tion of luminescence signals suggested that after deposition,

not all sand grains did resurface repeatedly and for longer
time periods through bioturbation. Coarse- and fine-grained
tracer profiles show the differential behaviour and rework-
ing of the mud and sand fraction within the sediment matrix:
as expected with particle-selective bioturbation, mud is pref-
erentially bioturbated and infiltrates passively, while sand
grains have a higher ability to conserve layering. Single-grain
feldspar luminescence is a promising technique to demon-
strate 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.

1 Introduction

In dynamic, soft-sediment seafloors, such as intertidal flats,
sediment grain size is influenced by physical and ecologi-
cal processes. The grain size composition of sediments deter-
mines 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 ecologi-
cal factor, as it shapes the benthic community (e.g., Compton
et al., 2013; Gray, 1974; Kooistra et al., 2025). It is there-
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fore important to understand the drivers of grain-size distri-
bution on intertidal flats. However, obtaining such knowledge
is complicated, as the relevant interacting physical and eco-
logical 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 and Nowell 1984; Rhoads and Boyer 1982;
Widdows and Brinsley 2002). This bioturbation has impli-
cations for biochemical cycling and carbon storage by rem-
ineralisation and burial of organic matter (Aller, 1982; Snel-
grove et al., 2018). The mode of bioturbation differs per
species: some randomly displace sediments over short dis-
tances (diffusive mixing), while others convey sediment up-
wards or downwards (advective transport) (Frangois et al.,
1997; Queirds et al., 2013). Moreover, bioturbators can be se-
lective for particle size and type (Jumars et al. 1982; Taghon
1982).

Physical sediment deposition and reworking is dependent
on periodic hydrodynamics, such as tidal currents, as well
as waves and currents induced by meteorological 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 re-
sult in a dynamic morphological equilibrium with bed level
changes of 5-10cmd~" 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, rework-
ing sediment down to 15cm 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 inun-
dation 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 com-
position (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 deposi-
tion (Wheatcroft, 1990).

It is challenging to disentangle the biological from the
physical control on sediment composition, i.e. to determine
the extent to which “(per)turbation” is actually “bio”. While
on short timescales (days—weeks) and in controlled experi-
ments, grains reworked by bioturbation can be clearly iso-
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lated from those reworked by hydrodynamics, on longer
timescales (years—centuries) and in dynamic natural environ-
ments, this is nearly impossible. Furthermore, the relative
magnitude of these processes is highly site-specific. To ob-
tain insight in the reworking processes in intertidal environ-
ments, 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 spatial
and temporal scale of sampling should match mixing inten-
sity (Meysman et al., 2010). Long-term tracers may instead
provide a more integrated result than short-term tracers, re-
flecting both long-term sediment dynamics, as well as recent
reworking. Vertical profiles can then inform on the short-
and long-term reworking and deposition history. A strongly
stratified profile might point to episodic deposition events,
while a homogeneous signal over depth might indicate in-
tense mixing by biota or hydrodynamics. Bioturbation might
also cause sub-surface supply of young material through ad-
vective 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.

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 con-
text of timescale and grain size. Tracers that give informa-
tion 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 herbivorous biota may ac-
tively select for Chl a (Taghon, 1982). Luminophores are flu-
orescent coated particles that are commonly used to describe
bioturbation over timescales of days to months to study par-
ticle size-specific and species- or community-specific mix-
ing (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 envi-
ronments. One example is lead-210 (>'°Pb), which is pro-
duced in the atmosphere and water column in the natu-
rally occurring uranium decay chain and is deposited on the
seafloor. After burial, 21Pb activity decays until it reaches
background levels. >!Pb has been used to determine deposi-
tion and mixing of sediments, from the deep sea to estuarine
and intertidal environments (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 grains is their lumines-
cence signal (Madsen and Murray, 2009). This is a latent
light signal that builds up in minerals in response to exposure
to ionizing radiation from the natural environment. The lumi-
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Figure 1. (a) mixing processes with their occurrence frequency and energy; (b) sediment tracers with their relevant investigation timescales
and potential target sediment fraction. 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.

Table 1. Tracers used in this study with their target grain size fraction, half-life time (Chl a and 210pp) 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 (subaerial)  Investigation timescale
Luminophores ~ 0-500 um - 1-30d
0-125 um (this study)
Chlorophyll a organic 3-250d 15-3 years
210py, < 63 um, organic 22.3 years 111.5 years
Luminescence ~ 6-250 um (multi-grain) 10 years—5 x 100 years
212-250 pm (single-grain, this
study)
Quartz OSL seconds upto 1.5 x 10° years
Feldspar IRSL seconds—minutes up to 5 x 10° years
Feldspar pIRIR minutes—hours upto 5 x 10° years

nescence signals are reset upon exposure to light and thereby
provide an estimate of the last light exposure of these miner-
als (i.e. the time grains were last at the surface). The light ex-
posure needed to fully reset luminescence signals varies for
minerals and the luminescence signal used. For quartz OSL
a few tenths of seconds of direct sunlight is sufficient for re-
setting (Lindvall et al., 2017) while feldspar post IR IRSL
signals reset much slower (de Boer et al., 2026b). Moreover,
ambient light levels vary in time and space as they are af-
fected wide range of aspects including time of day, latitude
and inundation (de Boer et al., 2026b).

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 ter-
restrial environment, luminescence methods are increasingly

https://doi.org/10.5194/bg-23-2477-2026

used to shed light on sediment mixing processes (Heimsath
et al., 2002; Kristensen et al., 2015; van der Mejj et al., 2025;
Reimann et al., 2017; Stockmann et al., 2013; Zhang et al.,
2025). Madsen et al. (2011) estimated sedimentation and bio-
turbation rates on an intertidal sandflat using large-aliquot
quartz OSL on the grainsize 90-250 um. However, this tracer
only gives the average age of all luminescing grains in a
subsample (often referred to as aliquot), which may be bi-
ased by a few older grains (Kristensen et al., 2015; Wallinga,
2002; Wallinga et al., 2019). Small-aliquot quartz OSL and
single-grain feldspar luminescence advances the applicabil-
ity of luminescence for studying mixing. Measuring the sig-
nal on individual grain level produces more meaningful re-
sults regarding mixing, as it also shows the fraction of re-
worked grains, and therefore the effectiveness or reworking
(Reimann et al., 2017; Wallinga et al., 2019). Single grain

Biogeosciences, 23, 2477-2501, 2026
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luminescence has been successfully applied in terrestrial
systems to determine effective bioturbation rates (Romén-
Sénchez et al., 2019) and has potential to quantify mixing
by different bioturbation modes (van der Meij et al., 2025).
Feldspar infrared stimulated 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 expo-
sure to be fully reset and can therefore hold additional infor-
mation 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 differ-
ential bleaching rates can inform about the light exposure du-
ration 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 po-
tential is low during storms and strong hydrodynamic con-
ditions, due to high turbidity and low light exposure, while
biotic mixing also takes place during calm conditions and in-
tensifies 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 contributions of bioturbation and phys-
ical dynamics to sediment mixing in a (micro)tidal flat en-
vironment, using tracers that act on different timescales and
on different sediment fractions. Secondly, we test the appli-
cation of single-grain luminescence to study sand grain re-
working 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 ques-
tions: (i) how do short- and long-term tracers aid in distin-
guishing bioturbation from physical mixing? And (ii) can
single-grain luminescence be meaningfully applied as a bio-
turbation tracer in such dynamic environments? We hypoth-
esise that, if biotic mixing dominates, we 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 lu-
minescence signals will be poorly bleached. We compare two
adjacent intertidal locations: a sandy and a muddy flat in the
Dutch Wadden Sea.

Biogeosciences, 23, 2477-2501, 2026
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2 Methodology
2.1 Site description

The sampling site is located in the western Dutch Wad-
den Sea, near the northern tip the island of Texel (Fig. 2).
We selected two adjacent intertidal locations: a muddy site
(53°9.074' N, 4°53.67' E; —0.055 m relative to Dutch ordi-
nance datum (NAP) — approximately mean sea level), with
visible benthic activity (small cast mounds, burrows), and
a sandy site (53°9.013’N, 4°53.931’ E; 0.004 m), with pres-
ence 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 station (Oudeschild). This im-
plies that during high tide the maximum water depth is 0.7 m
(0.8 m during spring tides). The sites are located approxi-
mately 5km south-eastwards of the tidal inlet and are rel-
atively sheltered from the prevailing south-westerly winds.
Our findings apply therefore to similar microtidal sites.

2.2 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 encountering the first shell
layer (depth approximately 0.25 m). The core sample was
sieved over 1 mm mesh size and the remaining coarse frac-
tion 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 mea-
sured after drying at 60 °C for 2-3 d and ash free dry weight
(AFDW) was measured after combustion at 560 °C for 5h,
to yield biomass per taxon. Due to the limited area and depth
of our samples and the lower density of larger Arenicola ma-
rina individuals, we did not capture this species in our sam-
ples. 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 pic-
tures per site). To estimate individual biomass, we actively
collected A. marina from both sites with a spade (N = 17),
which were dried in the same way as the benthic commu-
nity samples. We derived bioturbation traits and living depth
from a trait database (Beauchard et al., 2023) and calculated
the total biomass per trait group.

2.3 Sampling of long cores

Two replicate sediment cores were collected at each site in
August 2023 for grain size analysis, geochemical compo-
sition (X-ray fluorescence, XRF), 210py 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

https://doi.org/10.5194/bg-23-2477-2026
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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 (¢ — brown); (d) core scan from long cores
from both sites, with the sampling intervals for 210py, (green) and luminescence (yellow) samples indicated.

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 luminescence and 2!°Pb sampling, the other was kept
for XRF scanning and sediment composition. We subsam-
pled luminescence and 2!°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 Al for intervals). The inner portion of each slice
was used for luminescence equivalent dose (De, Sect. 2.6.1)
estimation and 219Pb 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 en-
vironment to separate the grain-size range of 212-250 pm,
used for luminescence analysis, from the fraction smaller
than 63 um, used for 2!'°Pb analysis. We measured >!°Pb for
five additional samples of each core, amounting to a total of
13 219pb samples per core.

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

For grain size distribution, half of each long core was sub-
sampled in 25 mm slices. These samples were freeze-dried,

https://doi.org/10.5194/bg-23-2477-2026

sieved over 1000 um and measured by laser diffraction (Mas-
tersizer 2000, Malvern Instruments). We determined the vol-
umetric content of sediment size fractions from mud to
coarse sand, and the median grain size (dsg), and 10th and
90th percentile of the grain size distribution (d¢ and dso).

We measured bulk elemental composition over the entire
depth of the long cores at 10 mm resolution by X-ray fluo-
rescence, 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 sup-
ply of 10kV/0.60 mA, or 30kV/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 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 indi-
cator; Ziegler et al., 2008).

Biogeosciences, 23, 2477-2501, 2026
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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) 0,14,2.38,5.6,11.3,0,1.4)
2 Preheat at 200 °C (10s) Preheat at 200 °C (60 s)
3 IRSL at 30°C (40s) IRSL at 50 °C (108 s) IRSL-50 Li
4 OSLat 125°C (205s) OSL-125Li IRSL at175°C°C (1085s) IRSL-175 Li
5 Testdose (4.7 Gy) Test dose (2.8 Gy)
6  Preheat at 180°C (10s) IRSL at 50 °C (108 s) IRSL-50 Li
7 OSLat 125°C (205s) OSL-125Li IRSL at 175°C (108s) IRSL-175 Li
8  Bleach with OSL at 190 °C (40s) Hot bleach with IR-LEDs at 210 °C (108 s)

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

2.5 219Ph 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 grandchild 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 I mL of a stan-
dard solution of 2°Po in 2M HCI, and then leached for 6 h
in 10mL of concentrated HCI, heated in a hotblock to
85 °C. After diluting the fluid with 45 mL of Milli-Q water
and adding 5mL of an aqueous solution of ascorbic acid
(40gL_1), natural 21%Po and added 2°Po were collected
from the fluid by spontaneous electrochemical deposition
on silver plates, with the fluid kept at 75 °C in a hotblock
for 16 h. For subsequent alpha-spectrometry, Canberra Passi-
vated implanted Planar Silicon detectors were used. 2!°Pb
activity was calculated from the measured >!°Po activity,
assuming secular equilibrium and correcting for the time
elapsed since collection of the samples.

2.6 Luminescence measurements

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

2.6.1 Equivalent dose (D) measurements

Quartz and feldspar luminescence samples were prepared
following a standardised protocol (Appendix A2.1). The
multi-grain quartz aliquots (48 per sample) were measured
using an automated Risg TL/OSL DA-15 reader, follow-
ing a Single-Aliquot Regenerative-dose protocol (SAR) (Ta-
ble 2). The single-grain feldspar measurements were per-
formed 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 measurement protocol was used

Biogeosciences, 23, 2477-2501, 2026

(Table 2) (de Boer et al., 2024b; Li and Li, 2011). Three
single-grain discs per sample were used, resulting in approx-
imately 250 grains measured per sample. For more details on
the measurement procedure, see Appendix A2.1.

2.6.2 Dose rate (D°) measurements

Environmental dose rates, the natural amount of natural ion-
izing radiation absorbed by a sample per unit of time, were
determined with gamma-ray spectrometry (Appendix A2.2).
Results are combined with information on burial history, wa-
ter 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 as-
sumption given the episodic nature of deposition and po-
tential reworking of grains after deposition in this environ-
ment. 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 sam-
ples closest to the surface). Per core, the average water con-
tent 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 ac-
count for attenuation. We included an internal alpha dose
of 0.01040.005Gyka™! for quartz (Vandenberghe et al.,
2008) and 0.050 £ 0.025 Gyka™! 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).

2.6.3 Data analysis
The sample age is calculated by dividing the equivalent

dose value by the mean dose rate: age (years) = D (Gy)/D
(Gyyr™!) (Rhodes, 2011). To interpret the quartz OSL

https://doi.org/10.5194/bg-23-2477-2026



T. J. Kooistra et al.: Worms and storms

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 dat-
apoints that deviate more than two standard deviations 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. Finally, the logged bootstrapped
Minimum Age Model (btMAM) (Cunningham and Wallinga,
2012; Galbraith et al., 1999) with a sigma-b of 0.25 4 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 di-
rect 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).

2.7 Luminophore tracer experiment

Simultaneous to the long core sampling, we started a lu-
minophore tracer experiment adjacent to both sampling loca-
tions. Fluorescent coated luminophores (red/pink tracer, size
range: 0—125 pm) 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 15cm x 15 cm x 0.5 cm frozen tiles. Per site, three exper-
imental plots were created by aligning four of these tiles —
thus each covering a total area of 30 cm x 30 cm. These were
sampled on day 2, 16 and 30 by pushing a PVC tube (diam-
eter 36 mm) at least 20 cm deep into the sediment. The re-
sulting sediment cores (one per plot) were frozen upright. In
order to find evidence of recent bioturbation of the fine par-
ticles, the frozen cores were sliced in length direction with a
tile saw. The cutting surface was scraped clean in lateral di-
rection 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 pho-
tographed in a dark room under ultraviolet light, with a ruler
for scale reference. The images were processed using ImageJ
(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 depth slice by extracting RGB val-
ues 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 av-
erage number of pixels per depth interval were averaged over
both core halves.
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2.8 Chlorophyll a sampling and measurements

Chlorophyll a cores were collected next to the luminophore
tracer experiment. Cores (inner diameter 36 mm) were col-
lected on 22 August and 5 October 2023 (day 1 and day 45 of
the luminophore experiment, respectively 2 and 3 cores per
site). The cores were pushed into the sediment as deep as pos-
sible, 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
72h 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 SmL 90 % ace-
tone in 50 mL centrifuge tubes and running them in a bul-
let blender (BB50-AUCE, Next Advance) for 15 min, after
which 5mL 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).

3 Results
3.1 Benthic community

Macrozoobenthic community biomass and abundance (ex-
cluding Arenicola marina) were higher on the muddy site
(approximately 19 g AFDWm™2) than on the sandy site
(3.8gm™~2; Appendix A3, Table A2). Both locations con-
tained 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. Den-
sity of downward conveying lugworms (A. marina) was
higher on the muddy site (98 442 individuals m~2 versus
44 + 11 individuals m~2 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 AFDWm™2 versus 5.1 g AFDW m~?2), and
to form a substantial part (approximately 60 %) of the total
biomass at the sandy site, compared to 20 % at the muddy
site.

3.2 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 gradually 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 dog
(Fig. 3b) We observed shell layers between 0.27-0.29 and
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0.44—0.47 m, also reflected in increased Ca : Fe ratios from
the XRF measurements. Below the second shell layer, the
marine pore water (Cl:Fe) decreases and organic matter
content (based on the Br indicator) increases (Fig. 3e—1).

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. 3c and d). A shell layer was present between 0.18—
0.34 m. Between 0.2-0.45 m, some layers contain coarse par-
ticles (500-1000 um), which is also reflected in peaks in dgg.
The amount of marine pore water (ClI : Fe) slightly increases
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 anthro-
pogenic influence and suggests a relatively young deposit.

3.3 Long-term tracers: 21°Pb and luminescence profiles

Above the first shell layer at the sandy site, 2!°Pb activity
was lowest in the surface slice (0-0.025 m depth), and in-
creased to a subsurface peak at 0.15m (Fig. 4a). Below the
first shell layer (< 0.29 m), activity decreased, to a nearly
constant level below 0.5m. At the muddy site, 2!°Pb ac-
tivity slightly decreases down to 0.15 m, peaked in the first
shell layer at 0.225m (Fig. 4b). Until down to 0.4 m, be-
low the second shell layer, 2!°Pb activity remained high.

Biogeosciences, 23, 2477-2501, 2026

Activity then decreased to an apparently constant level of
~22mBqg~! between 0.5-0.6m.

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 expo-
sure this provides the best estimate of the last light exposure
of the majority of the grains. Quartz bootMAM ages indicate
the last time of introduction 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.

The quartz OSL iterated ages suggest last light expo-
sure 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. 31) (Appendix A4, Table A3a). A jump in age is ob-
served 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 IRS0 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
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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 ob-
tained through quartz OSL iterated mean, while bootMAM
derived pIRIR175 ages are significantly older (typically by a
few centuries, Table A3b and 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.

3.4 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. 5a and b;
at 3, 15 and 6-8 cm depth, respectively), in the other cores
the Chl a concentration showed a more exponential de-
crease with depth. At the bottom of the cores in all sites,
still some Chl a was present above the analytical detection
limit (0.2ugg™"), 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 18cm (sandy site) and 20cm (muddy site) within 2d
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(36h) after initiation of the experiment (Fig. 5c and d). In
these cores, the reworking could be clearly linked to bio-
turbation, as two bivalves were found in the cores with
increased luminophore concentration around their burrows
(Appendix AS, Fig. A2; Scrobicularia plana at 12-15cm
depth at the sandy site and Cerastoderma edule at 0—
3cm depth at the muddy site). Similar high subsurface lu-
minophore concentrations were not observed in the cores
collected at later time points, although some luminophores
could be found at greater depths. We saw similar between-
core and thus spatial variability as in the Chl ¢ measurement.

4 Discussion

The signal-depth profiles were tracer-dependent. We ob-
served 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 0.15-0.25m also showed in the 2!°Pb profiles
and to some extent in the feldspar pIR175 luminescence
profiles. The quartz and feldspar IR50 luminescence results
rather suggested that at least the top 0.15-0.2 m of the sed-
iment 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

Biogeosciences, 23, 2477-2501, 2026
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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 21 August 2023). Note that the x-axis of the luminophore plots was square-root-transformed to increase the
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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 will provide
a combined interpretation of what these results tell about de-
position and mixing processes in dynamic intertidal environ-
ments.

4.1 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 deposition. 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 cen-
timetres (Zhou et al., 2022). 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 and Cochran, 2019; Bent-
ley and Nittrouer, 2012) thus resulting in variable sorting
of individual sediment samples (Rhoads and 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.
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The tracers targeting the fine-grained sediment fraction
showed clear signs of bioturbation. During the luminophore
experiment, no storms or strong winds occurred, there-
fore vertical luminophore displacements can solely be at-
tributed to bioturbation. Both the short-term (luminophores
and Chl a) and the long-term (219Pp) tracers showed sub-
surface peaks, illustrating that advective vertical transport
of particles occurred. This is coherent with the observed
macrozoobenthic species that are known non-local mixers
(see Sect. 4.3). In addition, the gradual vertical gradients of
210pp, and of Chl « till 0.15-0.2 m point to substantial dif-
fusive bioturbation in the top decimetres of the sediment, or
rapid deposition within the previous months.

The luminescence data gives more details on the deposi-
tion and reworking of sand grains. The narrow age distribu-
tions 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 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 depo-
sition was limited. Especially old (> 500 years) pIRIR175
measurements in the top 0.10m 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
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age were only found below the shell layer at 0.35-0.5m
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 reli-
able depositional ages while the feldspar IRSL and pIRIR
results overestimate the burial age due to incomplete reset-
ting 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 0.15m,
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 condi-
tions during deposition of these layers. Given the combina-
tion of bioturbation 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. Possi-
bly, 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 hy-
pothesis is supported by Bentley et al. (2014), who described
a shallow (1-4 cm) stratified top layer, which was not yet bio-
turbated, above a more intensely bioturbated zone in a muddy
intertidal environment. Secondly, the luminescence data pro-
vides some evidence for exchange of grains between strati-
graphic 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.

Madsen et al. (2011) also reported quartz OSL profiles on
an intertidal flat and attributed a change in apparent sedimen-
tation rate to bioturbation. Their site was not very dynamic,
and bioturbation was more likely to be the main mixing pro-
cess present. The combined evidence of small aliquot quartz
OSL and single grain feldspar IRSL50 and pIRIR175 sug-
gests that deposition at our site was episodic and that biotur-
bation was less efficient in bleaching these signals by resur-
facing 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).
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4.2 Age gaps and sedimentation rates

We could not derive sediment accumulation rates, because
our combined signals pointed to a combination of sedi-
ment mixing and episodic deposition. Therefore, assuming
the age-depth profiles to be the result of gradual sedimenta-
tion 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 210pp also indicated a hiatus in activ-
ity at the muddy site only (Fig. 4a). Such age gaps can be
caused by erosion followed by rapid accumulation, mound-
ing 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 de-
posits (Madsen et al., 2011). The opposing gaps of the ra-
dionuclide and luminescence tracer profiles could be an ef-
fect of an age underestimation of 2!°Pb compared to OSL of
older sediments (Madsen et al., 2007). However, the 210py,
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 a role.

Combining the information from luminescence signals,
deposit composition and 2!°Pb, we propose the following
possible scenarios for sedimentation history (Fig. 6):

— On the 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 physical resuspension and
deposition, although incidentally some grains were still
exchanged with the bottom layer. Through bioturba-
tion, 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
(*'9Pb) 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 grad-
ually deposited, starting approximately 500 years ago.
The layer that is now at 0.35 m then fell below the bio-
turbation 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
210pp activity below the shell layer could be due to pas-
sive infiltration of fines through the porous shell layer.
The strong break in luminescence age suggests little ex-
change of sand grains through the shell layer, and thus
differential displacement of coarse and fine particles.

Biogeosciences, 23, 2477-2501, 2026
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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 schematically
with a lower species abundance and biomass, but larger lugworms (Arenicola marina) on the sandy compared to the muddy site.

4.3 Differences between sites: hydrodynamics and
community type?

The sandy site was relatively more exposed to energetic hy-
drodynamic conditions than the muddy site. This may have
caused the surprisingly low surface 2'Pb activity, as waves
and tidal currents may resuspend and wash away the recently
settled 2!°Pb-rich material at each tide. The Chl a concen-
trations 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
luminescence signals could differ between the muddy and
sandy tidal flats (Pannozzo et al., 2023). When submerged,
higher loads of suspended sediment will decrease subaque-
ous light penetration during transport and (re)deposition on
the muddy site (de Boer et al., 2026b). The sandy site is
more elevated and therefore slightly more often exposed to
subaerial bleaching than the muddy site due to its lower in-
undation 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 com-
munity. The muddy site contained a relatively higher abun-
dance and biomass of taxa that could be classified as biodif-
fusers and surficial modifiers. This leads to a higher contri-
bution 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
advective vertical bioturbation at the sandy site (van der
Mejj et al., 2025). Subsurface maxima of fine-grained trac-
ers, 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
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the muddy site contained a higher density of small individu-
als, 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 dom-
inate 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; Riisgard and Banta, 1998;
Volkenborn et al., 2007b). These lugworms were probably re-
sponsible for the subsurface accumulations of 2!Pb at feed-
ing depth, as the 2!°Pb-rich organic material is filtered from
the ingested sand (Longbottom, 1970).

Other bioturbators might also have contributed to non-
local transport of fine tracers at both sites, either by ac-
tive particle transport or through passive processes 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, accu-
mulating particles at the lower end of the gallery network
due to passive sloping, burrow infilling and during rapid re-
traction (Foster-Smith, 1978; Herringshaw et al., 2010; Ouel-
lette 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 and Doering, 1986). Pygospio
elegans, a tube-building worm present in high densities at
both sites, constructs tubes 0.15 m into the sediment, and en-
hance transport of fine particles down to 3—5 cm depth (Bo-
lam and Fernandes, 2003). Lanice conchilega feeds on or-
ganic particles from the sediment surface or the water col-
umn and builds long tubes, down to 0.3-0.4 m into the sedi-
ment (Carey, 1987). Although this species was only present
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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 and 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 sug-
gested by luminophores that had moved rapidly to the liv-
ing depth of this bivalve (Fig. A2). Similar discrepancies be-
tween “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 potentially 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.

4.4 Why are results tracer-dependent?

The differences between tracers are likely the result of parti-
cle size-specific physical and biological sorting mechanisms.
Fine particles are more easily eroded and transported from
the sediment surface by currents and waves. They are there-
fore less prone to remain on the surface for a prolonged pe-
riod, whereas coarser sand grains are more stable on the sed-
iment 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 lay-
ers of the deposit. This particle selectivity is common among
benthic taxa (Self and Jumars, 1988).

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

It has been demonstrated that benthic fauna select for par-
ticle quality as well and prefer organic over inorganic parti-
cles (Taghon, 1982). Although we saw some advective trans-
port of luminophores (Fig. 5c,d and A2), we did indeed not
observe large sub-surface accumulation over time. One ex-
planation might be that these inorganic particles do not accu-
mulate at the organism’s feeding depth in the same way as the
organic matter-associated tracers that are retained in the di-

https://doi.org/10.5194/bg-23-2477-2026

2489

gestive system. This is contrary to Gerino et al. (1998), who
observed subsurface peaks of luminophores after 15d, 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 eas-
ily 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 pro-
cesses when the timescale of a tracer (e.g., radionuclide de-
cay 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 fast bleaching signals (e.g.
quartz OSL). They thus require a higher frequency of rework-
ing events to be fully bleached. If sediments are however too
young or intensely mixed, no recently reworked grains can be
distinguished, as the sediment 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. There-
fore, these signals can show subsurface supply of young sand
grains (Fig. 4e and h) and incomplete bleaching during depo-
sition (Fig. 4d, e, g, and 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 bioturba-
tion 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 vari-
ability 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 dis-
tribution 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.

4.5 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 corrob-
orates Gerino et al. (1998), who showed that to accurately
model bioturbation modes, measurements of multiple tracers
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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 responses, 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.

with different characteristics are required. A multi-tracer ex-
periment is however time- and resource intensive, and align-
ing tracer sampling protocols to improve intercomparison is
not always feasible. Therefore, we propose a framework for
deciding on the type of tracer to use, depending on the re-
search question at hand (Fig. 7). The process timescale, grain
size fraction of interest and spatial density need to be con-
sidered. Depending on the rate and dominant mode of bio-
turbation, a short- or long-term tracer may be more appro-
priate (Lecroart et al., 2010; Meysman et al., 2010). Also,
the potential targeting of organic food particles (e.g., Chl a,
210pp) may be considered. Furthermore, the physical condi-
tions at the field site determine the suitability of a tracer. If
the field site is erosive or exposed to higher dynamics, fine lu-
minophores 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.

4.6 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 informa-
tion on long-term deposition and reworking of sand grains
than other existing tracers can. We recommend testing this
method in a less dynamic setting, where bioturbation domi-
nates 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
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rather than a quantitative description of mixing processes.
Given the young age of the sediments and the dynamics
of the environment, a quantification of bioturbation as at-
tempted 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 inter-
tidal settings.

Our results highlight differences between the behaviour
and bioturbation of sand and mud within the sediment
matrix. This distinction matters for stratigraphy: 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 par-
ticles 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
process-based sediment transport models that quantify the
mixing of specific sediment fractions within the bed (Ar-
manini, 1995). Bioturbation increases the exchange of par-
ticles 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 influ-
ence on sand transport may thus be smaller than its role
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in sediment biogeochemistry and carbon storage. By mod-
ifying sediment mud content, bioturbators can modify their
own habitat conditions. In sandy sediments, preferential re-
working of fines can increase subsurface mud content. Such
“muddification” by cockles was demonstrated in a flume ex-
periment (Soissons et al., 2019) and by Ensis leei in a field
experiment (Witbaard et al., 2017). On the other hand, resur-
faced fines may be mobilised from muddy sediments, de-
creasing the sediment mud content (Montserrat et al., 2009;
Volkenborn et al., 2007a; Wendelboe et al., 2013). These
two-way processes affect large-scale intertidal flat morphol-
ogy and sediment composition (Briickner et al., 2021; Le Hir
et al., 2007). Finally, the integrated contribution of bioturba-
tion and storms may be comparable when event energy and
frequency are considered 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 (Kooistra et al., 2025),
such episodic resetting does not necessarily result in a ma-
jor community shift, and during calmer periods, bioturbators
can once again modify sediments at smaller scales, poten-
tially enhancing their own habitat suitability.

5 Conclusions

The aim of this study was to distinguish physical from bio-
logical mixing over timescales, using tracers that target dif-
ferent grain size fractions. We did not observe clear layer-
ing 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 bioturba-
tion. Over long (decadal) timescales and in dynamic or young
environments, it remains impossible to distinguish sediment
grains mixed by storms from those reworked by bioturba-
tion with full certainty. Nevertheless, the combination of lu-
minescence signals with different bleaching characteristics
can give a more complete picture of the deposition and re-
working of sand grains. Multi-grain quartz luminescence was
suitable for dating sand grains, while single-grain feldspar
luminescence gave information on mixing processes. If ap-
plied 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

https://doi.org/10.5194/bg-23-2477-2026

2491

needed to draw robust conclusions on sediment mixing pro-
cesses at dynamic intertidal sites.

Appendix A

Al Core samples

Table Al. 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 0.74 0.65
core (m)
Length luminescence and 0.75 0.72
210p core (m)
Number of luminescence 8 8
samples
Number of 210Pb samples 13 13
Sample intervals for 2!0Pb and 0-2.5 0-2.5
luminescence (cm) 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

A2 Luminescence analysis
A2.1 Equivalent dose measurements

The luminescence samples were prepared at the Netherlands
Centre for Luminescence Dating (NCL) under amber light
conditions. After obtaining the 212-250 pym grain size frac-
tion 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;O» solution. Magnetic par-
ticles were removed by using a Frantz magnetic separator at a
current of 1.4 A on the magnet and under an angle of 10° (Po-
rat, 2006). A K-feldspar-rich fraction was extracted through
density separation using a separating funnel and LST Fast-
float© with a density of 2.58 gcm™> and washed with dem-
ineralized water. A quartz-rich fraction was subsequently iso-
lated from the heavy fraction by performing an additional
density separation with LST of 2.70 gcm™3. The quartz frac-
tion 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.
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Afterward, the material was rinsed with HCI, demineralized
water, dried, and sieved.

Each multi-grain quartz sample was measured using
an automated Risg TL/OSL DA-15 reader with a cali-
brated 90Sr/gOY beta source. Blue (~470nm) light emit-
ting 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
(0.020s per datapoint). Channels 1 up to 25 (0.5s) were
taken as initial integration interval; the background interval
was set at channel 26 up to 88 (1.24s). A linear fit was used
for dose-response curve fitting, and the curve was forced
through the origin. Rejection criteria (recycling ratio, recu-
peration rate, and test dose error) were set at 15 %. The recu-
peration 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 au-
tomated detection and stimulation head (DASH) and an EM-
CCD camera (Kook et al., 2015). The system is equipped
with a calibrated 90Sr/90Y 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., 2024b; Li and Li, 2011), a total
of 270 datapoints were recorded in 108s (0.400s per data-
point), 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 (25s)
were taken as initial integration interval; the background in-
terval was set at channel 226 up to 250 (9.6s). 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 20 %. The
recuperation rate was taken relative to the fourth regenerative
dose point.

A2.2 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 samples were grinded
and mixed with wax to create a puck of fixed geometry and
retain Radon. Activity concentrations of 40 K and several nu-
clides from the Uranium and Thorium decay chains are mea-
sured using a high-resolution gamma ray spectrometer.
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A3 Benthic community

Table A2. 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 Latin name Total density Total biomass
site (individuals m~2) (g AFDW m~—2)
Sandy Capitella capitata 226 0.12
site 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 0.15
Pygospio elegans 621 0.15
Scoloplos armiger 508 1.19
Urothoe poseidonis 226 0.18
Sum 2486 3.84
Muddy  Amphipoda 0* 0.14
site Bivalvia 113 0.13
Capitella capitata 452 0.20
Cirratulida 960 0.27
Corophium volutator 56 0.11
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
Scoloplos armiger 169 0.11
Scrobicularia plana 282 5.13
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 A1l. Bioturbation and depth traits from the benthic community, comparing both sites. Relative trait scores for bioturbation mode (a)
and living depth (b) are multiplied with total biomass per taxon. Note that this figure does not include Arenicola marina, since this species

was not present in the benthic core samples.
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A4 Luminescence modelled palaeodose, dose rate and
modelled age

Table A3. (a) Multi-grain quartz luminescence results. (b) Single-grain IRSL50 luminescence results. (¢) Single-grain pIR175 luminescence
results. Sample depths are indicated in bold.

a.

NCL-code Depth MG-QZ Palaeodose [Gy] QZ Dose rate MG-QZ Age [a]

[m] Iterated CAM bootMAM [Gyka™ 1 ] Iterated CAM bootMAM
Sandy core
NCL-2423121  0.015 0.04+0.01 0.05+0.01 0.01+0 1.22+£0.06 36.1+6.3 43+12.0 94+28
NCL-2423123 0.05 0.05+£0.01 0.09+0.02 0.034+0.01 1.34£0.06 41.6+6.2 67.6+16.8 20.4+8.5
NCL-2423125 0.1 0.044£0.01 0.09+£0.02 0.1+£0.03 1.324+0.05 32.246.7 7044142 7324199
NCL-2423127 0.15 0.024+0.01 0.094+0.02 0.06+0.04 1.27+0.06 19.6 £4.7 73.1+18 49.3+31.7
NCL-2423129 0.2 0.1+0.02 0.13+0.03 0.1+0.04 1.34 £0.06 74.1+139 95.6+19.7 78.1£26.5
NCL-2423134 033 0.06£0.01 0.09+0.01 0.094£0.02 1.23+£0.05 48.8+8.6 69.8 £8.1 74.5+16.6
NCL-2423137 04 0.08+£0.01 0.09£0.02 0.05+0 1.08 £0.04 72.5+9.4 84 +14.8 45.1+£2
NCL-2423141 0.5 0.6+0.04 0.63+0.06 0.494+0.01 1.41+0.06 428.3 +£37 44954463 345+£17.2
Muddy core
NCL-2323092 0.015 0.04+0.01 0.07£0.02 0.04+0.02 1.28+0.07 27.5+5.4 55.6+13.7 27.5+14.7
NCL-2323094 0.05 0.034+0.01 0.074+0.02 0.03+0.02 1.314+0.06 223+48 49.6+134 21.2+12.6
NCL-2323096 0.1 0.044+0.01 0.07£0.02 0.01+0.01 1.3340.06 31.3+£59 5444175 10.8+6.3
NCL-2323098 0.15 0.044+0.01 0.1£0.03 0.02+0.01 1.24+0.06 33.8+79 79+279 17.9+11.5
NCL-2323106 035 0.564+0.02 0.574+0.03 0.57+0.06 1.234+0.06 455.14+29.1 459.6+£30 458.3+51.9
NCL-2323108 04 0.634+0.04 0.63+£0.03 061+006 1.4240.07 4422433 445 +£29.7 432.3+49.8
NCL-2323112 0.5 0.81+£0.07 0.87+0.1 0.55+0.1 1.59 £0.08 508.5+£50.7 546.6+66.9 346.94+66.9
NCL-2323114 0.55 0914+0.03 0.994+0.05 0.964+0.09 1.554+0.08 585.34+347 635.1+435 619.8+66
b.
NCL-code Depth SG-FS IRSL50 Palaeodose [Gy] FS Dose rate SG-FS IRSL50 Age [a]

[m] Iterated CAM bootMAM [Gyka™ 1 ] Iterated CAM bootMAM
Sandy core
NCL-2423121  0.015 0.154£0.03 0.26+£0.07 0.16+0 2.1+0.08 7244+16.7 125.8+32.1 759433
NCL-2423123 0.05 024+£0.05 033+007 0.124£0.03 2.19+£0.08 1089+£21.1 152.6+31.3 533+15.6
NCL-2423125 0.1 021+£002 022+£0.02 0.22+0.04 2.21+£0.08 93.0+10.5 99.2+9.5 101.5£19.1
NCL-2423127 0.15 0.09+£0.02 0.15+0.04 0.154+0.06 2.16+£0.08 422+74 70.44+20.5 69.2 +28.1
NCL-2423129 0.2 0.184£0.03 0.25+£0.05 0.08+0.02 2.2340.08 79.34+12 113.1£225 33.84+11.0
NCL-2423134 0.33 0.094+0.01 0.144+0.02 0.09+0 2.124+0.07 43652 66.3+9.2 405+1.6
NCL-2423137 04 0254004 027+£0.03 027+£005 1.9640.07 126.5+18.5 137+15.2 136.1 £26.8
NCL-2423141 0.5 0.66+0.05 0.71+£0.05 0.58+0.1 2.2940.08 289 +24.7 310.6 £26.2 253.9+432
Muddy core
NCL-2323092 0.015 0.1£0.01 0.24+0.04 0.14+0.02 2.17+0.09 455+6.0 90.7+17.0 444+11.5
NCL-2323094 0.05 0.14+£0.01 0224003 0.1+0.03 2.24+0.08 64.5+7.2 100.3+£16.0 4444132
NCL-2323096 0.1 0.18+£0.02 027+£0.04 0.11+£0.04 2.21+0.08 83.6+9.5 123.0+20.7 509+16.4
NCL-2323098 0.15 0.16+0.02 0.294+0.05 0.18+0.05 2.124+0.08 754+9.0 13424+22.1 86.24+24.0
NCL-2323106 035 0.78+0.04 0.834+0.07 0.78+0.1 2.124+0.08 370.0+24.7 39294351 369.6+484
NCL-2323108 04 0.74+£008 0.82+£0.07 0.72+0.13 2.31+£0.09 322.6+38.8 356.7+345 311.9+£55.8
NCL-2323112 0.5 0.69+£007 0.76£0.07 0.72+£0.01 248+0.1 276.1+31.4 3054+31.2 291.8+£12.8
NCL-2323114 0.55 0.940.09 0974+0.08 0.954+0.02 2.44+0.09 369.6+40.7 396.0+349 3909+17
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Table A3. Continued.

c.
NCL-code Depth SG-FS pIR175 Palacodose [Gy] FS Dose rate SG-FS pIR175 Age [a]

[m] Iterated CAM bootMAM [Gyka™ 1 1 Iterated CAM bootMAM
Sandy core
NCL-2423121  0.015 0.37+£0.1 0.47+0.13  0.240.08 2.1+0.08 177.1+£47.5 222.6+61.9 944+394
NCL-2423123 0.05 0.35+£0.04 0454+0.07 0.25+£0.08 2.194+0.08 157.8+£21.0 20594+34.0 113.2+£36.2
NCL-2423125 0.1 043+0.06 0.454+0.07 037+0.12 2.214+0.08 193.2 +30.1 206.1 +32.9 166.5+53.3
NCL-2423127 015 0.2+0.04 0.38+0.07 0.32+0.1 2.16 £0.08 92.94+16.98 176.3+32.1 149.8 +46.5
NCL-2423129 0.2 033+£0.04 0.324+0.05 0.17£0.04 2.234+0.08 149.0+£20.02 14594213 7494177
NCL-2423134 033 024+0.02 0.3£0.03 0.2+0 2.12+0.07 115.6 +8.22 140.6 +14.1 93.8+3.8
NCL-2423137 04 046+£0.04 0494007 026£0.07 1.964+0.07 234.14+22.61 24994+35.0 131.0+36.5
NCL-2423141 0.5 1.08+£0.08 1.01+0.08 0.89+0.14 2.294+0.08 471.6 13792 4424+36.8 387.54+60.9
Muddy core
NCL-2323092 0.013 0.3+0.04 042+0.07 0.18+0.04 2.17£0.09 138.0 +£20.6 19144327 81.84+19.2
NCL-2323094 0.05 0.37£0.06 0.524+0.09 0.24+0.06 2.24+0.08 166.54+29.9 235.14+43.9 90.9+25.6
NCL-2323096 0.1 026£0.03 0.394+0.07 0.19£0.05 2.214+0.08 116.0+14.9 174.3+30.2 86.7+£20.9
NCL-2323098 0.15 0.4+0.06 0.37+0.07 0.16+0.04 2.12+0.08 186.4 +28.6 176.5+33.2 73.1+£17.7
NCL-2323106 035 144+£0.16 1.494+0.15 099+£0.19 2.124+0.08 681.2+78.9 705.54+75.3 466.3+91.6
NCL-2323108 04 129+£0.06 1.294+0.09 1.22+0.17 2.3140.09 558 £34.9 558.3+46.4 529.4+75.6
NCL-2323112 0.5 1.12+0.1 1.08 £0.1 1.09+0.18 2.48+0.1 452.6 +45.5 436.7+44.8 437.3+72.8
NCL-2323114 055 127+£0.14 1354+0.13 1.17£0.23 2.444+0.09 519.7 £59.1 553.54+57.8 478.9496.3

https://doi.org/10.5194/bg-23-2477-2026

Biogeosciences, 23, 2477-2501, 2026



2496 T. J. Kooistra et al.: Worms and storms

A5 Luminophore observations

Figure A2. Cores taken 36 h after luminophore application, indicating observations of downward particle transport reworking by S. plana at
sandy site (top) and C. edule at muddy site (bottom).

“Muddy” site

day 0 1 tide 3 tides day 10 day 16

Figure A3. 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.

Biogeosciences, 23, 2477-2501, 2026 https://doi.org/10.5194/bg-23-2477-2026
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Code and data availability. Data and code used for the
analysis in this study are openly available through
https://doi.org/10.25850/nioz/7b.b.ak (Kooistra et al., 2026).
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