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ARTICLE INFO ABSTRACT

Keywords: Primary producers are essential organisms for marine ecosystems because they form the basis of food webs,
Phytoplankton produce half of atmospheric oxygen and are involved in various biogeochemical cycles. At the end of a bloom
Biogeochemistry event, phytoplankton cells are known to produce organic compounds that act as a ‘cement’, allowing the cells to
&gogl;i%tsim stick together and form large sinking structures called aggregates. These aggregates are microenvironments with
Barium chemical properties that are very different from the surrounding water. The main objective of this study was to

determine how the temporal variations in cell assemblages over time and the formation of aggregates following a
bloom affect the concentrations of molybdenum (Mo) and barium (Ba) in the water column, which are elements
typically measured within accretionary hard tissues (e.g., mollusc shells) to track phytoplankton dynamics in the
environment. To do so, we performed an environmental monitoring from March to October 2021 at Lanvéoc in
the Bay of Brest (France) during which several biological (e.g., variations in phytoplankton assemblages) and
chemical (e.g., chemical properties of the water column) parameters were measured once to twice per week. Our
results show that spring and summer blooms of Gymnodinium, known to be enriched in Mo, could be one of the
reasons explaining the particulate Mo enrichments in the water column. In addition, large phytoplankton ag-
gregates transported a significant amount of Mo to the seafloor and associated suspension feeders. In contrast,
the temporal variations in dissolved and particulate Ba concentration were strongly influenced by the formation
of diatom blooms. Interestingly, there was a significant shift in Ba from the dissolved to the particulate fraction
during the largest diatom bloom in late spring, associated with a significant Ba transport to the seafloor, which
may be explained by the adsorption of this element onto diatom frustules. This study therefore highlights the
impacts of phytoplankton on the dynamics of these elements in coastal ecosystems.

Benthic-pelagic coupling

1. Introduction

Marine phytoplankton are among the most important organisms of
the biosphere. They are responsible for nearly half of the global primary
production (Field et al., 1998). One fourth of this primary production
occurs in coastal ecosystems (Boyce et al., 2010), although they repre-
sent only 2% of the earth surface (Charpy-Roubaud and Sournia, 1990).
Moreover, microalgae are at the base of the trophic network and are
involved in several biogeochemical cycles. In light of the events caused
by their seasonal development (bloom, appearance of harmful algae,

* Corresponding author.

etc.), phytoplankton strongly modify the physical and chemical condi-
tions of the water column on seasonal scales (Redfield, 1958) and these
changes strongly affect organisms and ecosystems.

Naturally or under stressful conditions such as nutrient limitation
due to a bloom event, high hydrodynamic energy or changes in tem-
perature or light conditions, phytoplankton cells can excrete large
amounts of extracellular polysaccharides (EPS) (Myklestad, 1995). In
particular, one form of EPS has been studied and is now
well-documented: transparent exopolymer particles (TEPs) (e.g., All-
dredge et al., 1993; Passow and Alldredge, 1994; Passow, 2002). The
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presence of TEPs in the water column appears to be essential for the
formation of most phytoplankton aggregates, because they act as an
organic ‘cement’ that will bind the cells together along with other
inorganic particles of the environment (Passow and Alldredge, 1994;
Dam and Drapeau, 1995; Logan et al., 1995). These so-called aggregates,
also known as ‘marine snow’, can reach a few centimetres in diameter
(Alldredge and Silver, 1988). Due to their fast sinking rates that average
50 m d~! - but can reach several kilometers per day in the open ocean
(Diercks and Asper, 1997; McDonnell et al., 2015; Toullec et al., 2021;
Laurenceau-Cornec et al., 2020) — these aggregates have a major impact
on ecosystems, being important vectors of organic matter export to the
seafloor in shallow water as well as in the open ocean and also affect the
biological carbon pump (Turner, 2015). These structures form ‘micro-
environments’ that are highly porous and are known to transport not
only particulate matter, but also dissolved elements after scavenging on
these sinking particles (Carlson et al., 1994; De La Rocha et al., 2008;
Moriceau et al., 2014).

Phytoplankton aggregates have their own internal chemical and
biological dynamics that are quite different from those of the sur-
rounding water (Alldredge et al., 1986; Alldredge and Cohen, 1987;
Alldredge and Gotschalk, 1990; Kigrboe and Jackson, 2001; Garvey
et al., 2007; Moriceau et al., 2007; Ploug et al., 2008). Several studies
have recorded high heterotrophic activity and high phytoplankton cell
viability within aggregates, which may explain their lower oxygen
concentrations and pH values in comparison with surrounding water
(Alldredge and Cohen, 1987). The combination of these factors, taken
together with the high potential of the aggregate matrix to bind trace
metals and other elements (Gutierrez et al., 2012; Tercier-Waeber et al.,
2012), suggests that the elemental composition of the water mass can be
modified when aggregates form and sink through the water layers. In
particular, sinking aggregates may especially affect trace elements that
are sensitive to redox conditions and ligand concentrations. Aggregate
formation may therefore have a significant impact on the concentration
of trace elements in water, as well as on their availability for living or-
ganisms and their transport toward the sediment/water interface (SWI).

Establishing the link between phytoplankton aggregate formation
(or phytoplankton dynamics in general) and element composition of
seawater remains an important challenge. Over the past two decades,
attempts have been made to identify links between trace elements,
specifically molybdenum (Mo) and barium (Ba), incorporated into the
shells of bivalves and changes in micro-algae communities (e.g. Vander
Putten et al., 2000; Barats et al., 2009; Thébault et al., 2009; Tabouret
et al., 2012; Doré et al., 2021; Thébault et al., 2022; Frohlich et al.,
2022a). This field is known as bivalve sclerochronology and aims to
reconstruct past phytoplankton dynamics from times prior to major
anthropogenic impacts on coastal ecosystems as well as times and places
for which instrumental records of phytoplankton abundance are not
available. For example, Mo enrichments recorded into bivalve hard and
soft tissues have already been observed in the periostracum of Mytilus
edulis (Kowalski et al., 2013) and in the carbonate shell of Pecten max-
imus (Thébault et al., 2022). These enrichments have been attributed to
the sinking of organic matter such as Mo-rich aggregates (e.g., Thébault
etal., 2022), or Phaeocystis sp. blooms (Kowalski et al., 2013), which can
contribute to a significant Mo transport toward the seabed (Dellwig
et al., 2007; Kowalski et al., 2013). Moreover, previous studies high-
lighted that Ba incorporated in higher rate into scallop shells could be an
indicator of a higher amount of phytoplankton cells in the water column,
and especially diatoms (Frohlich et al., 2022b), since Ba can be adsorbed
on their frustules (Dehairs et al., 1980; Fisher et al., 1991; Sternberg
et al., 2005). However, to be considered as proxies for phytoplankton
dynamics or for the presence of aggregates in the water column, it is
necessary to understand how variations in phytoplankton assemblage
and the formation of aggregates impact the availability of Mo and Ba for
suspension feeders, as well as their transport toward the seafloor, which
are still poorly known. Furthermore, it is crucial to differentiate these
processes from other important scavenging mechanisms on other types
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of particles, such as the scavenging of Mo on Mn oxides (Berrang and
Grill, 1974) or the partitioning of Ba through the formation of barite
crystals (Dehairs et al., 1980).

The specific objective of this paper is to assess potential links be-
tween phytoplankton dynamics (temporal variations in micro-algae as-
semblages, aggregate formation) and Mo and Ba concentrations in the
Bay of Brest. We explored the processes related to phytoplankton dy-
namics that control the distribution of these elements between the
particulate and dissolved compartments and their transport to the SWI
during the productive season. This study will therefore provide new
insights into the behaviour of these elements with regard to phyto-
plankton and aggregation dynamics, enabling future sclerochrono-
logical studies using these elements to refine their hypotheses.

2. Material and methods
2.1. Study site

The Bay of Brest, France, is a semi-enclosed, macrotidal marine
ecosystem of 180 km? with a connection to the Iroise Sea to the west,
separated by a narrow (2 km width) and deep strait (40 m max. depth)
(Fig. 1). Freshwater input occurs from the east via two main rivers: the
Aulne flows from the south and the Elorn from the north of the bay. The
present study was carried out in 2021 and took place at Lanvéoc
(48°17'39"N, 004°27'12"W), a site located in the southern part of the Bay
of Brest (Fig. 1). This site was chosen because several ecological and
sclerochonological studies have already been conducted at this locality,
making it possible to compare our new data with those from the past 10
years (e.g., Frohlich et al., 2022a, 2022b; Thébault et al., 2022). Lanvéoc
is characterized by shallow (6-13 m depending on tides, with a mean
depth of approx. 10 m at mid-tide) and well-mixed waters, with a
salinity ranging from 32 to 35. The study site is also characterized with a
seafloor consisting of sandy and silty sediment.

2.2. Environmental monitoring

The study covered seven months of the year 2021 during which
several chemical, physical and biological parameters were recorded at
Lanvéoc. From 16 March to 14 October 2021, water samples were
collected by SCUBA diving in surface (1 m depth) and bottom waters
(approx. 20 cm above the sediment) using two different types of sam-
pling bottles placed horizontally in the water column. Due to the high
sampling frequency (twice per week), samples were not collected under
the same tidal conditions. Firstly, two 5-L Niskin bottles (one for surface
water and the other for bottom water) were used to collect seawater
dedicated to measurements of nutrients, particulate organic carbon
(POC), chlorophyll a (Chl) and pheophytin a (Pheo; degraded form of
the Chl) as well as nano- and micro-phytoplankton (cell size >5 pm)
species determination and cell counts. Analyses of these latter parame-
ters were performed following protocols given in Siebert et al. (2023).
Analytical precisions (expressed as relative standard deviations) were
below 5% for each of them. On some days, bottom water samples were
collected with a benthic syringe, which was positioned closer to the
sediment than the Niskin bottle. Secondly, two 5-L GO-Flo, Teflon
coated, water samplers were used in the same manner to collect water to
measure particulate and dissolved trace elements. After collection, 2-L
PTFE bottles were filled until further filtration at the home lab. These
PTFE bottles were used to prevent the adsorption of elements on the
bottle walls. In parallel, two NKE/Sambat probes positioned on the
seafloor continuously recorded dissolved oxygen (DO) concentration
and salinity every 20-min.

Besides, a HYDRO-BIOS Multi Sediment Trap with 12 collecting
bottles was installed on the seafloor to trap sinking particles, allowing us
to measure their chemical composition. It was equipped with a cylin-
drical sampling body with a catchment area of 154 cm? and an entrance
situated 1 m above the seafloor. The rotation frequency was set to one
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Fig. 1. Locality of the study site (Lanvéoc: red filled circle) (modified after Thébault et al., 2022). (single column). (For interpretation of the references to colour in

this figure legend, the reader is referred to the Web version of this article.)

every three days between 2 March and 25 May, and one every four days
between 26 May and 29 July. Before installation, each bottle was
poisoned with mercury chloride (180 pM HgCly, Lee et al., 1992) to
prevent any biological activity and thus the degradation of organic
matter. Parameters to be measured from this material included the
fluxes of particulate Mo and Ba, POC and biogenic silica (BSi) following
the methods described in following sections or in Siebert et al. (2023).
All fluxes are expressed in mmol h™! m™2. Prior to filtration, samples
were shaken to break up aggregates and passed through a 1-mm mesh
screen to avoid heterogeneity due to large mineral particles or
zooplankton.

Finally, aggregate dynamics was measured throughout the year by
using a compact and autonomous underwater imaging system initially
constructed and developed at the Laboratoire d’Oceanographie de
Villefranche-sur-Mer (LOV - France), i.e., the Underwater Vision Pro-
filer 6 (UVP6) (see Picheral et al. (2021) for a complete description of
the instrument). The device consists of a camera coupled to a light
source that can take pictures of particles in a precisely defined volume of
water (0.65 L) at a pre-defined frequency (Fig. 2A). This instrument was
designed for intermittent profile measurements, but we used it to mea-
sure particle dynamics as a continuous time-series; we thus modified the
design of the UVP6 accordingly. Several environmental parameters may
have influenced measurements and biased the results, such as sun
exposure, bioturbation, particle resuspension from the sediment and
hydrodynamic conditions. To limit these potential biases, the UVP6 was
placed in a PVC cylinder (diameter = 50 cm; height = 70 cm) which was
open at the top and closed at the bottom. To prevent large organisms

A Light source

Processing unit

Image volume
(150x180x23 mm)

Collimated light beam

from entering the cylinder and to ensure that constant hydrodynamics
prevailed within the cylinder, a 5-cm thick grid with a1 x 1 cm mesh
size was placed on top of the cylinder (Fig. 2B). The UVP6 was installed
on the seafloor at Lanvéoc on 16 March 2021. Data acquisition took
place every hour for 30 min. During that time, the UVP6 took pictures of
particles every 20 s. With the chosen settings, the UVP6 worked
autonomously for approx. 21 days. Every 3 weeks, the UVP was recov-
ered, data were downloaded and the batteries were recharged. The
pictures were later processed using the UVP application, which can
automatically detect particles on pictures, count them and measure their
size in equivalent spherical diameters (ESD - Jennings and Parslow,
1988). However, measurements acquired 1 h before and 2 h after each
cruise were removed to prevent potential bias induced by the divers (e.
g., particle resuspension). After processing, the database contained
measurements of particle concentration divided into 25 particle size
classes ranging from 80.6 pm to 26 mm (ESD).

Table 1 gives an exhaustive list of all parameters that were measured
and used for this study.

2.3. Mo and Ba analysis

Samples collected with GO-Flo bottles for the water column and with
sediment trap for sinking material were filtered through 0.45 ym MF-
Millipore™ mixed cellulose ester filters within 3 h after collection. Fil-
ters were then rinsed with ultra-pure (UP) water from a Milli-Q element
system, air-dried and stored in a dark and dry place to measure the trace
elements in the particulate fraction. The filtered water, dedicated to

Fig. 2. (A) Expanded view of the UVP6 showing the main features of the instrument (modified after Picheral et al., 2021). (B) Picture of the UVP6 deployed at
Lanvéoc showing the modifications made to adapt the UVP deployment for continuous measurements in a coastal ecosystem. (two columns).
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Table 1
Summary of the parameters that were measured and used during the survey. (two columns).
Parameter Date of first Date of last Frequency Surface/bottom Sampling
acquisition acquisition water method
Salinity 01 January 2021 31 December 2021 Every 20 min Bottom water Sambat probes
Dissolved oxygen (DO) 01 January 2021 31 December 2021 Every 20 min Bottom water Sambat probes
Nutrients 16 March 2021 14 October 2021 - Twice per week (from 16 March to  Surface water SCUBA diving
28 June)
- Once per week (from 05 July to 14 Niskin bottle
October)
Biogenic silica (BSi) 16 March 2021 14 October 2021 - Twice per week (from 16 March to  Sediment trap
28 June)
- Once per week (from 05 July to 14
October)
Chlorophyll a (Chl) and pheophytin (Pheo) 16 March 2021 14 October 2021 - Twice per week (from 16 March to Surface water SCUBA diving
28 June)
- Once per week (from 05 July to 14 Bottom water Niskin bottle
October)
Particulate organic carbon (POC) 16 March 2021 14 October 2021 - Twice per week (from 16 March to  Surface water SCUBA diving
28 June) Bottom water
- Once per week (from 05 July to 14  Sediment trap Niskin bottle
October)
Phytoplankton determination and counts 07 January 2021 13 December 2021 Every second week Surface water SCUBA diving
Niskin bottle
Particulate °>Mo (PMo) and '3®Ba (PBa) 16 March 2021 14 October 2021 - Twice per week (from 16 March to Surface water SCUBA diving

concentrations

Dissolved **Mo (DMo) and '3®Ba (DBa) 16 March 2021

concentrations

Size-dependent particle concentration 16 March 2021

14 October 2021

14 October 2021

28 June) Bottom water

- Once per week (from 05 July to 14  Sediment trap GO-Flo bottle
October)

- Twice per week (from 16 March to  Surface water SCUBA diving
28 June) Bottom water

- Once per week (from 05 July to 14  Sediment trap GO-Flo bottle
October)

Every hour Bottom water UVP6

trace element analyses in the dissolved phase, was stored in 15-mL
polypropylene (PP) tubes at 4 °C. The filters and PP tubes were pre-
washed by soaking them for at least 24 h in a pH~1 solution made by
diluting concentrated nitric acid (HNOs, Suprapur 65%, Merck, Darm-
stadt, Germany) with UP water by a factor 100. The filters were then
soaked in UP and thoroughly rinsed with UP before use.

Trace element analysis of particulate matter — For the analysis of
particulate %Mo (PMo) and particulate 138p4 (PBa) in the water column
and in sediment trap samples, the filters were rinsed with UP water after
filtration and digested at 80 °C for 3 h in closed 30-mL PTFE screw-cap
vials (Savillex, Minnetonka, MN, USA) by adding 2 mL of 65% HNO3
(Suprapur, Merck) and 500 pL of 30% hydrogen peroxide (Suprapur,
Merck). The elemental analyses of *>Mo and '*®*Ba isotopes were then
conducted on diluted mixtures (2.3% HNOs, dilution factor = approx.
25) with a X-series II, quadrupole inductively coupled plasma mass
spectrometer (Q-ICP-MS) (Thermo Scientific) equipped with a Hy colli-
sion cell at the Pole Spectrométrie Océan (Plouzané, France). The data
were corrected for instrument drift by inserting multi-element standard
solutions every two samples. The procedural blanks were determined
after digestion of cleaned filters and analyses of the resulting solutions.
The obtained values were 0.029 nmol for Mo and 0.026 nmol for Ba.
Only values significantly above the procedural blank were interpreted.
All PBa data and 76% of the PMo data significantly exceeded the pro-
cedural blank. Measurements were conducted with a precision (relative
standard deviation) of 2.9% for Mo and 1.7% for Ba. To detect PMo and
PBa enrichment episodes in the organic matter of the water column,
results will be given as ratios of these elements relative to POC con-
centration (PMo:POC and PBa:POC, respectively).

Trace element analysis of dissolved matter — Dissolved %Mo (DMo)
and '°®Ba (DBa) concentrations were measured in low resolution using
an Element XR HR-ICP-MS at IFREMER (Plouzané — France). Seawater
samples were diluted 100 times with 2% HNOs3 solutions in order to
preserve the instrument from the salt matrix. The drift of the instrument
was also taken into account and the data were corrected accordingly
using indium (In) as an internal standard. The accuracy of the method
was verified using a NASS-6 (National Research Council, Canada)

certified reference seawater (precision of 1.87 % and 2.02 % for Mo and
Ba, respectively). Note that no certified values are provided for Ba in the
initial certificate of the NASS-6 standard material. We thus used the
indicative Ba value provided by GeoReM (http://georem.mpch-mainz.
gwdg.de/; last access: 7 November 2023). LOD values were 0.04 nM
and 0.01 nM for DMo and DBa, respectively, and 100% of the data
exceeded these LODs. DMo deficit was quantified, at a given salinity
(salinity measured at our study site was in the range of approx. 32-35 —
Siebert et al., 2023), by difference between (i) the expected value for a
conservative mixing between the Aulne River end-member (DMo = 1
nM) (Waeles et al., 2013) and the oceanic end-member (DMo = 107 nM,
Morris, 1975) and (ii) the measured DMo concentration.

2.4. Aggregate dynamics and particle abundance

Based on the data produced by the UVP, a first overview of aggregate
dynamics was obtained by calculating the sum of particles larger than
512 pm (ESD). We thus avoided including large phytoplankton cells that
can reach this size; for example, cells of Coscinodiscus spp. (among the
largest phytoplankton species) can have a cell diameter of up to 500 pm
(Kithn and Raven, 2008). We also excluded particles larger than 26 mm
to avoid counting debris or macroparticles other than organic aggre-
gates. Following these rules, an event was considered as an aggregation
episode when the maximum value (peak) of the particle concentration
exceeded the width of its base peak by two-fold.

To better characterize the aggregation episodes, particle size spectra
were obtained by computing the concentration of particles as a function
of their size range on each day of monitoring, as previously done for
aggregates artificially produced in rolling tanks (Laurenceau-Cornec
et al., 2015). For each spectrum, the slope of the linear regression be-
tween particle size and concentration was then calculated, providing
information on a potential transition between small and large particles,
and therefore, on the occurrence of an aggregation event. For instance,
higher slope values (closer to 0 since slopes are negative) indicate that a
high number of small particles have agglomerated with each other to
form larger particles. This indicates the presence of large aggregates
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occurring at high concentrations, thereby revealing an aggregation
event. Combined with the previous method, these daily measurements
of aggregate dynamics were very useful because they identified other
aggregation episodes that were composed of larger particles, likely
otherwise undetectable due to their very low concentrations. For every
detected aggregation event based on these two methods, their slopes
were compared using an analysis of covariance (ANCOVA) to observe
differences in the structure of the aggregation episodes.

3. Results
3.1. Nutrients

At Lanvéoc in 2021, all macronutrients followed more or less the
same general trend (Fig. 3). The maximum concentrations were
observed during winter, followed by a rapid decrease to low concen-
trations in mid-spring. Concentrations remained low until mid-summer
before they gradually increased until the end of the monitoring survey
(Fig. 3A). Episodes of nutrient limitation were defined by comparing in
situ concentrations to the half-saturation constant for nutrient uptake
(K. Values below this threshold correspond to stressful nutrient con-
ditions limiting phytoplankton development (K, = 2.0 pmol L ™! for DIN
and Si(OH)4; K;;, = 0.2 pmol L~! for PO3™; Del Amo et al., 1997). PO3~
was the first limiting nutrient with concentrations below the K, value
between the end of March and late summer. DIN was physiologically
limiting a few weeks after PO3 ", between mid-April and late summer, i.
e., when concentrations began to rise. NO3 constituted most of the DIN
(80% throughout the year; Fig. 3B), but all three nitrogen co-products
showed the same trends. Silicic acid had the shortest limitation period
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(from early April to mid June), which was interrupted by a low
enrichment at the end of May, before becoming limiting again from
early to mid-June.
3.2. Properties of particulate organic matter
Fig. 4 presents Chl:Pheo and POC:Chl ratios in surface and bottom
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Fig. 4. Chl:Pheo and POC:Chl ratios measured at Lanvéoc in bottom and in
surface waters. Horizontal dashed grey lines represent the threshold values
indicated in the text for the Chl:Pheo and POC:Chl ratios. (single column).
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Fig. 3. (A) Dissolved inorganic nitrogen (DIN — blue line), silicic acid (brown line), phosphate (red line) concentrations with their respective periods of limitation
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waters. Chl:Pheo (expressed in g g 1) gives information on the degree of
phytoplankton degradation. According to Savoye (2001), a value below
1 indicates degraded organic matter and a value greater than 2 describes
fresh phytoplankton. At Lanvéoc in 2021, Chl:Pheo ratios were almost
entirely greater than 2 in the surface layer, suggesting active phyto-
plankton growth with the exception of two time intervals: early June
(1.69) and late September (1.00) (Fig. 4). In the bottom layer, this ratio
occasionally fell below 1, e.g., in late March (0.82) and early April
(0.76). Moreover, a Chl:Pheo ratio close to 1 was also recorded in early
June in the bottom layer (1.16), and a minimum of 0.15 was recorded a
few days later, on mid-June. With the exception of the minimum value
recorded on mid-June, it is important to note that all these low values in
the bottom water were obtained on samples collected with a benthic
syringe, thus closer to the sediment than with the Niskin bottle.

POC:Chl ratio (expressed in g g~1) provides information on photo-
synthesis efficiency: values greater than 200 are used as a threshold to
detect time intervals during which the efficiency of photosynthesis is
reduced, and mixotrophy and heterotrophy dominate (Bentaleb et al.,
1998). In surface water, the POC:Chl ratio remained relatively constant
throughout 2021, with values oscillating between 65 and 251 (Fig. 4).
However, values barely never exceeded the threshold of 200. The POC:
Chl signals in bottom water roughly mirrored those recorded in the
surface layer, with the same low values (fluctuating between 55 and
173) interrupted by episodic sharp peaks. These peaks were much higher
and significantly exceeded 200 in mid-May (570), early June (344),
mid-July (1860) and late July (1351) (Fig. 4). As for Chl:Pheo, it is
noteworthy that all the cited time intervals corresponded to a high POC:
Chl ratio in water samples collected with a benthic syringe, with the
exception of mid-July, when the bottom seawater sample was collected
with a Niskin bottle.

The POC signal obtained throughout the year with the sediment trap
showed episodes of low and high fluxes of organic carbon toward the
SWI (Fig. 5). In total, five main episodes of high carbon flux were
detected. The first occurred in late March (5.7 mmol h™! m‘z), the
second in late April (3.7 mmol h! m’z), the third in late May (4.6 mmol
h! m’z), the fourth in mid-June (1.9 mmol h™! m~?) and the fifth in
late June (5.0 mmol h™! m~2). Fig. 5 also shows the BSi:POC signal
recorded in the sediment trap samples. This ratio (expressed in mol
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Fig. 5. POC concentration (upper panel) and BSi:POC ratio (lower panel)
measured in the sediment trap samples at Lanvéoc in 2021. Black asterisks
indicate the aggregation episodes that were defined in Section 3.3. (sin-
gle column).
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mol!) is representative of phytoplankton composition since more than
88% of diatom species have a Si:C signature between 0.05 and 0.19
(average = 0.14) (Sarthou et al., 2005). In our study site, it oscillated
between 0.01 mol mol™! and 0.44 mol mol~! and was quite variable
throughout the year. As explained above, this ratio can be used to detect
whether the sedimented organic matter reflects the presence of diatoms.
Two time intervals of significant diatom sedimentation were identified
(with BSi:POC values close to 0.14). The first occurred between early
and mid-May, with a BSi:POC values ranging between 0.12 and 0.18, the
second one between early and late June, with a ratio varying between
0.09 and 0.16 (Fig. 5).

3.3. Phytoplankton and aggregates dynamics

Every fortnight, surface seawater was sampled at Lanvéoc to monitor
the development of the phytoplankton community throughout the year.
Three main events can be noticed in the annual phytoplankton dynamics
(Fig. 6A). While minimal cell counts occurred at the beginning of the
year (approx. 100,000 cells L™1), a small elevation appeared in mid/late
April (340,980 cells L™!) before values slightly dropped close to the
baseline value in mid-May (Fig. 6A). The main phytoplankton bloom
occurred a few days later in early June (2,258,580 cells L™!) and a
second important bloom was detected in mid-September (1,516,940
cells L™Y) (Fig. 6A). Throughout the year, the phytoplankton community
was mostly composed of diatoms (88%), with dinoflagellates (4%) and
other taxa (e.g., Cryptophyceae and Chrysophyceae; 8%) accounting for
the remaining minority.

Through the calculation of the biovolumes of certain cells, it was
possible to detect five dominant diatom species that occurred succes-
sively and formed a total of six significant blooms: Coscinodiscus wailesii
(mid/late March), Cerataulina pelagica (mid/late April), Guinardia spp.
(mid-May), Leptocylindrus danicus (early June and mid-September) and
Chaetoceros spp. (mid-June) (Fig. 6B). On the other side, dinoflagellate
species were mainly represented by three species, namely Gymnodinium
spp. which bloomed thrice (late April, mid-June and mid-September),
Protoperidinium spp. (ealy June) and Prorocentrum triestinum (mid-
September) (Fig. 6C).

The daily mean concentration of particles above 512 pm (ESD) at
Lanvéoc showed a succession of high and low values, with a minimum
concentration of 4.9 part Lt (23 March) and a maximum value of 151
part L™! (30 March) (Fig. 7A). Four aggregation periods occurred, with
maximum particle concentration value exceeding by more than two-fold
the value at the base of each peak (vertical grey intervals on Fig. 7A and
B). The first and highest peak was observed on 30 March (151 part L’l),
the second on 27 April (128 part L1, the third on 13 May (78 part L™hH
and the fourth on 6 June (113 part L.

From the slope of the regression line between daily particle size and
concentration, four additional aggregation episodes were detected (red
vertical areas on Fig. 7A and B). It is noteworthy that each of the four
periods detected above corresponded to a peak or at least a change in the
slope of the regression lines. These four new aggregation events
occurred on 12 April, 14 June, 26 June and 2 October 2021 (Fig. 7B).
Even if the concentration of particles above 512 pm remained relatively
low on these dates, the concentrations of large particles were high
relative to the concentration of smaller particles. Fig. 7C shows the
particle size spectra obtained for the eight days during which aggrega-
tion events were detected, offering a better picture of the aggregate
structure on these dates. The slopes of these eight spectra were then
compared pairwise using ANCOVA. Accordingly, three aggregation
episode groups can be distinguished: one including the dates of 30
March, 12 April and 13 May; another with the dates of 14 June, 27 June
and 2 October; and a last group with the dates of 6 June and 27 April.
The slopes recorded on 30 March, 12 April and 13 May were signifi-
cantly lower than those obtained on 14 June, 27 June and 2 October.
This indicates that the aggregation events that occurred on 30 March, 12
April and 13 May were characterized by aggregates that were
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significantly smaller than those observed on 14 June, 27 June and 2
October, which showed the largest aggregates. Finally, aggregation
events of 27 April and 6 June had an intermediate status and were highly
similar to all other events. Therefore, they were either mainly composed
by aggregates of intermediate size or evenly distributed aggregate sizes.

3.4. Dissolved and particulate trace element concentrations

3.4.1. Molybdenum

The concentration of DMoy,m, remained relatively stable, with
values generally oscillating in the range 70-80 nM in surface and bottom
waters, of which signals are significantly similar based on Spearman’s
rank correlation (rho = 0.50, p < 0.01) (Fig. 8A). However, two slight
decreases in DMoy,m Were observed in late April and late June, with
values dropping from 76.2/76.9 nM to 63.2/65.2 nM in late April and
from 75.9/77.4 nM to 68.1/69.7 nM in late June in bottom/surface
waters (Fig. 8A). In parallel, three PMo:POC increases can be observed in
surface and bottom water (Fig. 8B). In bottom water, PMo:POC ratios
reached maxima in late April (59.6 pmol mol’l), late June (12.4 pmol
mol~1) and mid-September (12.4 pmol mol™1). In surface waters, PMo:
POC ratios followed the same trend as near the seafloor since PMo:POC
profiles between surface and bottom water did not differ significantly
(rho = 0.81, p < 0.001) (Fig. 8B). To detect episodes of Mo enrichment
in sinking particles, the PMo:POCy,), ratio was also calculated from the
sediment trap samples (Fig. 8C). The single large PMo:POCy,p, increase

observed in early June was uncoupled from the high PMo:POC peaks
measured in the water column. This main PMo:POCy,p increase lasted
27 days (from late May to late June) and reached a maximum of 51.8
pmol mol ! (Fig. 8C). Besides, three smaller increases were observed on
the PMo:POCqp profile, one occurring in late April (16.2 pmol mol ™),
another in mid-May (16.7 pmol mol™ 1 and finally one in late June (21.9
pmol mol ™) (Fig. 8Q).

Fig. 8D and E also present parameters that could affect the behaviour
of Mo in the environment. Fig. 8D presents the Gymnodinium spp. dy-
namics in the water column in cell count, which follow the same trends
as presented in Fig. 6C (biovolumes). Besides, Fig. 8E presents the dis-
solved oxygen (DO) concentrations close to the SWI. DO concentrations
oscillated between 7.8 and 10.9 mg L™!. Between January (8.1 mg L™1)
and mid-April (10.9 mg L™Y), a progressive increase in DO was detected
and a short depletion was then recorded in late April (9.8 mg L™?) before
values rose up again until early May (10.7 mg L) (Fig. 8E). A decrease
in DO values was observed until late May (8.8 mg L’l) and DO con-
centrations were then relatively stable until the end of the survey, with
values ranging from 8.6 to 9.2 mg L™! (Fig. 8E).

3.4.2. Barium

DBa concentrations exhibited values which ranged from 133 to 304
nM. Trends were similar between surface and bottom water and similar
to DMoporm, and no significant difference was found between DBa pro-
files between surface and bottom water (rho = 0.83, p < 0.001)



V. Siebert et al.

Acao
8 =
§ & 150
0 & 125
a9
S W 100
©
a £
75
s E
5 & 50
EE L A
& E 0
g:l" Jan  Feb Mar Apr May Jun Jul Aug Sep Oct Nov
(O3]
B g
g -3.5
o & W{\
L =
t 0 -40
8% | ‘/\'\j i i
B €
2 & -45 W
o =
o 3
P2 50
[}
& Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov
Cc 1le+07
—~ 2021.03.30
& 1e:00 — 2021.04.12
E 1ev0s ~— 2021.04.27
IS —~ 2021.05.13
", let04 ~ 2021.06.06
£ — 2021.06.14
§ 1et0s 2021.06.27
g le+02 — 2021.10.02
B 1e+01
g
8 1e+00
g
=)
©  le-01
@
£ 1e02
T
o  1e-03
{2
o ~
~

0.1 1.0 10.0
log(Size (in mm ESD))

Fig. 7. (A) Average daily concentration of particles >512 pm recorded at
Lanvéoc with the UVP6. (B) Slope of the daily size spectra of particles (black
line) with the annually averaged slope value (horizontal red line). Vertical grey
intervals represent the four aggregation events that were detected by calcu-
lating the sum of particle concentrations larger than 512 pm, while the vertical
red areas correspond to the four aggregation events that were detected with the
size spectra method. (C) Size spectra of the eight dates when aggregation epi-
sodes were observed. Dashed black line represents the average slope of daily
size spectra. (two columns). (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)

(Fig. 9A). A gradual decline in DBa was observed between mid-March
(304/272 nM) and late May (231/230 nM) in bottom/surface waters.
Then, a sharp depletion was observed in early June with minimum
values of 155/133 nM in bottom/surface water (Fig. 9A). After this
event in mid-June, the DBa values rose up to 220/238 nM and remained
relatively constant (between 200 and 260 nM until the end of the survey;
Fig. 9A). In parallel, seven PBa:POC peaks were observed in surface but
the main ones occurred in early September (1130 pmol mol 1) and early
June (404 pmol mol ™) (Fi 2. 9B). The latter coincided with the main DBa
depletion (Fig. 9A). However, contrary to PMo:POC profiles, bottom
PBa:POC did not exhibit the same number of enrichment periods than in
surface, which is reflected in a lower, but still significant Spearman’s
correlation (rho = 0.63, p < 0.001). In bottom water, four enrichments
were recorded, with the main one occurring in early June (918 pmol
mol_l) (Fig. 9B). In sediment trap samples, the PBa:POC,, values
oscillated between 1 and 132 pmol mol~! until late May (Fig. 9C). Af-
terwards, one large PBa:POC,p increase was recorded between late May
and mid-June (437 pmol mol™H) (Fig. 9C), indicative of a strong Ba
transport event that occurred contemporaneously to the main PBa:POC
peak recorded in the water column (Fig. 9B).

Because Ba was assumed to be linked with diatom cells, Fig. 9D
presents the diatom dynamics expressed as cell counts, which can be
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useful to detect bloom composed with small cells, in opposition to re-
sults presented in Fig. 6B that were based on cell biovolumes. However,
the observed dynamics remained similar as described above, with the
occurrence of the same species with the exception of Co. wailesii.
Moreover, a new small and important species (Tenuicylindrus belgicus),
for which biovolume data were not available in our database, formed a
bloom simultaneously with L. danicus in early June (Fig. 9D).

4. Discussion
4.1. Phytoplankton dynamics: triggers of aggregation episodes

To our knowledge, this is the first study to use the UVP6 as a
continuous recorder. Typically, this instrument is used for discrete
particle measurements in the open ocean (Stemmann et al., 2012). To
validate the data generated by this instrument, we compared them with
other parameters that can indicate the presence of aggregates, such as
the carbon transport toward the seafloor measured on sediment trap
samples. Carbon fluxes are not exclusively related to the formation and
sedimentation of aggregates, but can also be associated with free
phytoplankton cells or detrital material (Durkin et al., 2016). None-
theless, several major POC transport events took place at the same time
as detected aggregation events (Fig. 5). On the other hand, the POC
transport that took place in late May might have been caused, by the
collapse of Guinardia spp. or cells of other species present in lower
amounts (Fig. 6B). This corroborates the interpretation of the data on
aggregate concentration produced by the UVP.

At Lanvéoc in 2021, eight major periods were detected during which
significant amounts of aggregates were present in the water column.
Each of these episodes occurred a few days after the formation of a
diatom bloom. For example, the first event occurred on 30 March
following a Co. wailesii bloom that occurred on mid/late March, and the
third aggregation event occurred in late April, a few days after a
C. pelagica bloom (Fig. 6B). These results are consistent with the
observation that aggregates could be formed at the end of phytoplankton
blooms, which is also in line with the validation based on UVP6 data.

As explained above, the formation of aggregates can occur at the end
of phytoplankton blooms, i.e., when the cells decayed under highly
stressful conditions (e.g. Alldredge et al., 1993; Passow and Alldredge,
1994; Passow, 2002). Several factors can explain the formation of these
aggregates in the water column at Lanvéoc in 2021, including nutrient
limitation and allelopathic interactions.

It can be observed that nutrient limitation preceded most aggrega-
tion events. For instance, the first aggregation episode in late March
occurred when phosphate became the limiting factor in the water col-
umn. Similarly, the second and third aggregation episodes occurred
when DIN and Si(OH)4 became limiting in early and mid-April,
respectively (Fig. 3A). Finally, the main diatom bloom detected in
early June (Fig. 6B) was likely initiated by a re-enrichment in Si(OH)4,
Then, this nutrient became limiting again, leading to the collapse of the
bloom, triggering the formation of the subsequent aggregates. However,
nutrient stress is not the only parameter that can induce a stress and
explain the formation of aggregates in the water column.

When several phytoplankton species develop at the same time, some
of them can have a negative effect on the development of others,
becoming a source of stress contributing to their collapse and the sub-
sequent formation of aggregates (Legrand et al., 2003). Some species of
mixotrophic or heterotrophic dinoflagellates are known to have
so-called allelopathic effects, specifically species in the genus Gymno-
dinium (G. impudicum, Band-Schmidt et al., 2020; G. nagasakiense (now
named Karenia mikimotoi), Legrand et al., 2003). In the present study,
the most frequently encountered dinoflagellates belonged to Gymnodi-
nium (55% of total dinoflagellate), a common genus found in the Bay of
Brest (e.g., Chauvaud et al., 1998; Frohlich et al., 2022a) (Fig. 6C).
Although aggregation episodes occurring on 30 March and 27 April
could have been caused by nutrient limitation stress, the simultaneous
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development of Gymnodinium may also have favoured cell agglomera-
tion (Fig. 6C). This phenomenon can also be observed for the aggregates
that formed on 26 June, when a significant development of Gymnodi-
nium spp. took place at the same time as the bloom of the diatom
Chaetoceros spp. (Fig. 4B and C).

Finally, other parameters that were not quantified in this study, such
as hydrodynamics, light stress, viruses, intense grazing activities by
zooplankton and the production of fecal pellets, or higher microbial
activity could also initiate the formation of aggregates (e.g., Passow,
2002; Lunau et al., 2006; Arsenieff et al., 2022). It is thus important to
study variation in phytoplankton assemblages as well as the chemical or
physical conditions of the water column to better understand what
triggers aggregation.

4.2. Relationship of molybdenum dynamics with primary producers

Mo concentrations in the dissolved (DMoyorm range: 60-80 nM) and
particulate (PMo:POC range: 0-60 pmol mol 1) fractions measured at
Lanvéoc in 2021 (Fig. 8A and B) were comparable to data collected in
2011 (Waeles et al., 2013; Thébault et al., 2022). The DMo concentra-
tion is below values expected for a conservative mixing at salinity 32-35
as measured in situ during our survey (Siebert et al., 2023), resulting in a

DMo deficit of about 20-40% as observed at the same site in 2011
(Waeles et al., 2013). Various explanations have been proposed for this
deficit, including biological processes such as phytoplankton assimila-
tion, as well as physico-chemical processes such as scavenging on
phytoplankton aggregates. In parallel, several episodes of PMo:POC
enrichment as well as one major episode of high PMo transport were
detected in surface and bottom waters (Fig. 8B and C). The reasons
behind these signals are discussed below.

4.2.1. Impact of phytoplankton cells on molybdenum concentrations
Given that the phytoplankton community structure changed on short
time-scales, the chemistry of the water column is expected to be strongly
affected by the succession of microalgal species. Here, we aimed to
identify one or several species that would explain the three PMo:POC
peaks (Fig. 8B). The best candidate was the dinoflagellate Gymnodinium,
which bloomed thrice in 2021 (in late April, in mid/late June and in
early/mid September) (Fig. 8D). PMo:POC peaks were recorded in late
April, late June and early September, i.e., the dates between Gymnodi-
nium blooms and PMo:POC peaks almost match exactly (Fig. 8B and D).
The reason for this slight mismatch may be that the frequency of
phytoplankton identification and counts was too low (one measurement
every two weeks) to accurately capture the exact timing of the bloom.
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Previous studies have suggested that Gymnodinium cells could impact
Mo dynamics of the water column. For instance, Frohlich et al. (2022a)
proposed that the Mo peaks measured in Pecten maximus shells are
linked to the presence of Gymnodinium spp. cells and different reasons
can explain this link. Firstly, the cells from this genus have been reported
to be naturally enriched in Mo in comparison to other phytoplankton
taxa (Ho et al., 2003). For example, in this latter study, Gymnodinium
chlorophorum (renamed Lepidodinium chlorophorum) showed an Mo
content 2.7 times higher than Thalassiosira eccentrica, the second most
Mo-rich phytoplankton species reported by the authors. Overall,
microalgae cells have a greater affinity with ammonia because it is the
form of nitrogen that requires the least energy to assimilate even if
phytoplankton cells can assimilate nitrate. Nonetheless, Gymnodinium
cells present a higher affinity with nitrate (Yamamoto et al., 2004),
which is the nitrogen source that supports fastest growth for this genus;
in contrast, ammonium leads to a growth rate that is two times lower
(Yamaguchi and Itakura, 1999). The assimilation of nitrate requires the
synthesis of an enzyme, nitrate reductase, of which Mo is an essential
co-factor (e.g. Nicholas and Nason, 1955; Eppley et al., 1969). At
Lanvéoc in 2021, the first two Gymnodinium blooms occurred simulta-
neously with a slight decrease of DMoyorm concentrations in the water
column and an increase in PMo:POC values, suggesting a higher Mo
uptake due to the presence of a higher amount of cells (Fig. 8A and B and
D). Furthermore, the high affinity of Gymnodinium cells with nitrate was

10

also visible because this first two blooms collapsed when nitrate con-
centrations fell below 0.1 pmol L™ (0.06 pmol L™! in late April and 0.09
pmol L~ ! in late June; Fi g. 3B), which is the concentration below which
nitrate uptake is likely impossible for most phytoplankton species (Rhee,
1974). This relationship may contribute to explain why DMoyerm con-
centrations decreased during the first two Gymnodinium blooms,
simultaneously to the increase in PMo:POC (Fig. 8B), suggesting a Mo
uptake for the synthesis of nitrate reductase.

4.2.2. Aggregate involvement in molybdenum sedimentation

Mo is among the best studied redox-sensitive element. Although its
behaviour in coastal waters has already been documented, processes
controlling its dynamics are still poorly understood (e.g., Adelson et al.,
2001; Dellwig et al., 2007; Kowalski et al., 2013, Waeles et al., 2013).
Scavenging on Mn oxides has long been advanced as a possible expla-
nation for this DMo deficit in reducing waters (Berrang and Grill, 1974).
However in coastal sites of the Wadden Sea, Dellwig et al. (2007) did not
find strong evidence of a relation between Mn-oxidation and Mo
depletion. At Lanvéoc, Waeles et al. (2013) attributed a similar removal
of DMo, to Mo adsorption on iron oxides, a process occurring in the inner
Aulne estuary. Moreover, the PMo concentrations, in the range of 0-0.5
nM throughout the year, as well as the maximum PMo peak measured
during the survey in late April (up to 2.5 nM; Fig. 8A) were too low to
completely explain such a DMo deficit and to influence DMo
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concentration.

Mo mainly occurs as stable molybdate ion (MoO3") in well-
oxygenated waters. On the other hand, it could be found enriched in
anoxic and euxinic sediments (Helz et al., 1996; Morford and Emerson,
1999; Chaillou et al., 2002). In euxinic conditions, thiolation of Mo is
thought to be the reason of its higher reactivity towards particles
allowing its important scavenging (Adelson et al., 2001; Tribovillard
et al., 2004). Previous studies have shown that marine aggregates could
be significantly depleted in oxygen in comparison to the surrounding
waters (Alldredge and Cohen, 1987; Ploug et al., 1997; Ploug, 2001).
They can also reach euxinic conditions as found by Shanks and Reeder
(1993) with significant sulphide concentrations of about 25 pM. The
onset of euxinic conditions within aggregates should be determinant to
promote the conversion of Mo, by thiolation, from DMo species (in the
water inside the aggregates) towards PMo species (in the matrix of the
aggregates).

In the present study, the aggregate dynamics was assessed using the
UVP6 (Fig. 7). Three of the eight aggregation episodes led to a signifi-
cant transport of PMo toward the seafloor (Fig. 8C). Although the
different aggregation episodes were observed in well-oxygenated wa-
ters, some of them were associated with the occurrence of very large
aggregates (Fig. 7). Indeed, those formed in June would be more oxygen-
depleted in comparison to late April aggregates. Combined with the
potential production of sulphide within these particles, these aggregates
would scavenge higher amounts of Mo, resulting in the observed Mo
transport (Fig. 8C). Nonetheless, it is noteworthy that the oxygen mea-
surements were performed in the vicinity of the sediment, and this may
not reflect the actual concentrations of the water column. Moreover,
oxygen as well as sulphide concentration within aggregates formed
during our survey were not quantified, preventing us from providing
more relevant hypothesis.

Adelson et al. (2001) proposed some hypotheses that could explain
the scavenging and fixation of MoO5~ in the anoxic Chesapeake Bay
sediments. MoOZ~ ions could diffuse from the water column until they
encounter organic thiols or HyS at sufficient concentration. As a result,
MoO3~ would be converted to a solid form including thiomolybdates
and/or inorganic Mo-Fe-S clusters (Adelson et al., 2001). Within the
aggregates of the Bay of Brest, it is more probable that the excess Mo is
associated with thiols because the formation of inorganic Mo-Fe-S
clusters is thought to require the occurrence of FeS; at significant levels
(Adelson et al., 2001), which seems very unlikely here. These organic
thiols could be found on the organic matrix of these aggregates (i.e.,
EPS). Therefore, the production of EPS, which are known to present high
affinities with trace elements or metals (Decho, 1990), could cause Mo
enrichment in aggregates, and therefore an increase of the PMo content
in the water column. But while large aggregates may be ideal micro-
environments for such scavenging of DMo, they are not sampled using
Niskin bottles and may be undersampled in sediment traps with a 154
cm? opening as the one used in the current study (Drago, 2023),
explaining why the observed DMo deficit may not be reflected by a
similar increase of the PMo.

This latter assumption still needs to be addressed and the relation-
ship between Mo and aggregates remains poorly understood in coastal
ecosystems as well as the associated chemical processes. To better un-
derstand the underlying mechanism, the trace element content of
differently sized aggregates and data on their exact oxygen and sulphide
content are needed. However, in the natural environment, this type of
study may be very challenging, because large aggregates are under-
sampled by common sediment traps and in situ sampling of single ag-
gregates by divers is extremely difficult due to their fragility. However,
laboratory studies using rolling tanks (e.g., Moriceau et al., 2007; De La
Rocha et al., 2008) or mesocosms (Mori et al., 2021) can overcome these
issues and investigate the chemical composition of individual aggre-
gates. For example, experiments using monospecific and/or plurispecific
phytoplankton strains (with or without zooplankton to quantify the
impacts of fecal pellets production on aggregation processes) could
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assess the interaction of Mo with aggregates as well as the associated
chemical processes involved (i.e., precipitation, adsorption, scavenging
etc.). These experiments would be very important to refine our knowl-
edge on how aggregation influences the availability of Mo for organisms
and its transport toward the seafloor.

4.3. Relationship between barium and phytoplankton dynamics

In the Bay of Brest, Ba concentrations have never been measured or
reported. However, the total Ba values measured at Lanvéoc during our
study (on average, approx. 250 nM) are in agreement with the range
commonly observed in other coastal ecosystems, i.e., approx. 100-200
nM as recorded in the Humber, Chesapeake or Delaware estuaries
(Coffey et al., 1997). At Lanvéoc, successive periods of enrichment in
PBa:POC were detected in bottom and surface waters including a major
event that took place in early June, when a sudden increase in PBa:POC
and drop in DBa were detected (Fig. 9A and B). According to Waeles
et al. (2013), particulate Pb (PPb) can be considered as a good proxy of
lithogenic suspended particulate matter in the Aulne estuary. This
element has been measured following the same method as PMo and PBa
measurements (Waeles, M., unpublished). Comparison of PBa values to
PPb values showed that this early June bloom was associated with high
PBa:PPb ratio (up to 27) which was well above the lithogenic back-
ground ratio of 2.

Ba is not known to be an essential element for the proper functioning
of phytoplankton cells (Sternberg et al., 2005). Nonetheless, several
studies have recorded an accumulation of Ba in various species, gener-
ally attributed to the adsorption of Ba?" onto the silica matrix of diatoms
(Dehairs et al., 1980; Fisher et al., 1991; Ganeshram et al., 2003;
Sternberg et al., 2005). Adsorption can also occur on ferric hydroxides
(as long as the environmental parameters allow their precipitation),
which are associated with the surface of the diatom cells (Sternberg
et al., 2005). DBa would then move into the particulate fraction when
diatom frustules form and return into the dissolved phase during
dissolution of frustules after cell decay. However, some Ba would remain
in the particulate fraction because frustule dissolution is a process that
requires more time than POC degradation (Moriceau et al., 2009; Bou-
torh et al., 2016), or because barite crystals are formed (Dehairs et al.,
1980). In the present study, the main PBa:POC peak recorded in early
June (Fig. 9B) corresponded to the timing of the main diatom bloom
(Fig. 9D), alongside a peak in PBa:POC in surface and bottom waters
(Fig. 9B). Therefore, Ba was likely bound to L. danicus, T. belgicus or
Chaetoceros spp. cells, which are the dominant species found in early
June (Fig. 9D). A few days later, the bloom collapsed and the cells
decayed, which was accompanied by a low Chl:Pheo ratio and a high
Chl:POC value on mid-June (Fig. 4). These values indicated a high
phytoplankton degradation rate and a reduction in the effectiveness of
photosynthesis, respectively, especially in bottom waters after the
bloom. A portion of the diatom-linked Ba would then have returned to
the dissolved fraction, with approx. 2-4% forming barite crystals
(Ganeshram et al., 2003). These dynamics are also revealed by the DBa
data of surface and bottom waters (Fig. 9A). Before the depletion (260
nM in surface and 231 nM in bottom water), concentrations were 7%
and 5% higher than after depletion, in surface (242 nM) and bottom
(220 nM) water, respectively. Some of the Ba released by the phyto-
plankton may thus remain in the particulate fraction and form barite
crystals. Even if the Ba that precipitated as barite crystals remained at a
higher proportion than that recorded by Ganeshram et al. (2003), the
values from our study represent approximations, because the method
used here is not appropriate to accurately capture the amount of Ba that
precipitates as barite crystals. Another explanation could be that even if
a significant amount of the diatom-linked Ba would have returned to the
dissolved fraction after the collapse of the early June bloom, a portion of
Ba might remain trapped on diatom frustules since they are not all
instantaneously dissolved on such short time scales. Furthemore, the
fact that samples before and after these events were recovered under
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different tidal states might also explain this offset. In addition to this
main event, other PBa:POC elevations may be related to diatom blooms.
In particular, the PBa:POC peaks that occurred on early and mid-April
were synchronous to the first elevation in the diatoms counts (mainly
composed with Chaetoceros spp. and C. pelagica; Fig. 9D), and that the
mid/late June PBa:POC peaks in surface water was synchronous with
the Chaetoceros spp. bloom (Fig. 9D). At these time intervals, the
adsorption process may be similar to the mechanism described above,
but lower in scale, because the recorded blooms were not as intense as
the early June diatom bloom and also because diatom species may have
different abilities of trapping Ba (due to differences in frustule surface
area, composition or thickness). However, some other PBa:POC peaks (e.
g., late May, late June) were not strictly aligned with a diatom bloom
and potential reasons for this will be discussed further below (Fig. 8B
and D).

Because the presence of diatoms in the water column has an impact
on the temporal variation of Ba in the ecosystem, diatom are likely
involved in the transport of that element to the SWI. Based on the Pba:
POCy,p data (Fig. 9C), it appears that a major Ba transport event took
place simultaneously with the early June diatom bloom. To verify this
hypothesis, the Bsi:POCy,p ratio was used to assess if the main Ba
transport was induced by diatoms. The typical Si:C value of a mono-
specific culture of L. danicus is 0.11 (Brzezinski, 1985), which roughly
corresponds to the Bsi:POCy,p value measured at the same time (0.08 on
1-3 June; 0.10 on 4-6 June; 0.12 on 7-9 June; Fig. 5). This pattern
suggests that the main episode of Ba transport was linked to the early
June diatom bloom which is mainly composed with L. danicus (68%)
alongside other less abundant species such as Chaetoceros spp. (7%),
which present similar Si:C ratios (Brzezinski, 1985), or T. belgicus (21%)
(Fig. 9D). These results are also in line with the fact that not all diatoms
adsorb Ba in the same way; Ba content of cells varies among species
(Fisher et al., 1991). However, interpretations of BSi:POC results
recorded in natural environment to track diatom cells must be
approached with caution, as other parameters can also influence vari-
ations of this ratio (e.g., sponge spicules).

Other parameters can explain some of the PBa:POC peaks observed
and the differences in PBa:POC signals between bottom and surface
waters (Fig. 9B). Specifically, the PBa:POC peak measured in early June
was twice as high in bottom water as in surface water and our data
cannot be used to explain the underlying reason. Nevertheless, other
phytoplankton species, possibly not detected with the current sampling
method, may be present at the onset of the Ba enrichment in the water
column. For example, coccolithophorids are phytoplankton organisms
with an external calcium carbonate skeleton (see Paasche (2001) for
review), that is known to partition Ba (Langer et al., 2009). We did not
detect coccolithophorids in this study, but this does not necessarily
mean that they were absent since coccolithophorids cells have already
been observed in the past in the Bay of Brest. Cell counts were only
measured in the surface layer, but due to the high density of the cell
skeleton, their sedimentation rate is much higher than that of other
phytoplankton taxa (Young, 1994). Coccolithophorids are therefore
common in bottom waters, which may explain why the Ba peak in early
June was twice as high near the seafloor than in surface water. In
addition, the use of acidic Lugol’s rather than neutral Lugol’s, may have
partially degraded the coccoliths prior to analysis, rendering them un-
identifiable under the microscope. Finally, other organisms such as
zooplankton may also have the ability to adsorb Ba onto their exo-
skeletons and cause the formation of barite crystals after death, e.g.,
acantharians (Bernstein and Byrne, 2004). Nonetheless, their presence
and dynamics have never been officially reported or studied in the Bay
of Brest. Finally, even if typical phytoplankton dynamics were recorded
at Lanvéoc in 2021, it would be interesting to renew that type of envi-
ronmental survey to confirm or not the hypotheses put forward so far,
because phytoplankton community structures can vary from one year to
another, with differences in the main diatom species at Lanvéoc being
either Chaetoceros spp. or L. danicus (Thébault et al., 2022; Frohlich
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et al., 2022a).
5. Conclusion and perspectives

The present study reported Mo and Ba concentrations in the water
column in the Bay of Brest between mid-March and mid-October 2021.
Our results suggest that phytoplankton dynamics significantly influence
the availability of particulate Mo and Ba for primary consumers and
benthic organisms. We corroborated the hypothesis that Mo is linked to
aggregation episodes, although our results suggest that not all aggre-
gates transport significant amounts of Mo toward the SWI. Apparently,
large and therefore more oxygen-depleted aggregates associated with
the presence of sulphide compounds would be at the origin of Mo
scavenging and the transport of this element to the seafloor. Moreover,
Gymnodinium spp. are present at the onset of the changes in PMo:POC
content in the water column. On the other side, the enrichment of PBa
and depletion of DBa was most likely associated with diatom cells.
Furthermore, aggregation episodes may also be vectors facilitating the
transport of Ba to the sediment. Understanding the processes behind the
enrichment of Mo and Ba in the water column requires future moni-
toring surveys, allowing comparisons between years and thus the
detection of common patterns. Furthermore, aggregates should be arti-
ficially generated in the laboratory using rolling tanks to test the hy-
potheses raised by our results. These new findings might be very helpful
for interpreting temporal variations of Mo and Ba measured in the shells
of Pecten maximus specimens to reconstruction past phytoplankton dy-
namics in the Bay of Brest, which is the subject of recent investigations
(Frohlich et al., 2022a, 2022b; Thébault et al., 2022).
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