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Abstract

Ba/Caghen, Mo/Caghen, and Li/Cagnen chronologies of Pecten maximus can provide information on past
phytoplankton dynamics. Distinct Ba, Mo, and Li peaks in the shells are associated with algal blooms. This
study evaluated the underlying hypothesis that respective element profiles reliably record variations in phyto-
plankton dynamics occurring within the water column. Therefore, the chemical content of scallops from the
Bay of Brest, France, that lived on the sediment surface was compared to conspecific specimens living in a cage
above the seafloor and compared with the phytoplankton abundance and the physicochemical properties of
the water column. As demonstrated, Ba/Cagnen and Mo/Caghen peaks occurred contemporaneously in specimens
within the cage and on the sediment, but were higher in the latter. Furthermore, element/Ca peaks agreed with
the timing of particulate Ba and Mo enrichments in the seawater. These data support the assumption of a die-
tary uptake of both elements. Differences in peak heights between shells living in a cage and on the seafloor
were controlled by rates of filtration and biomineralization. While the timing and magnitude of Ba/Cagne; peaks
were linked to Ba-containing diatoms, Mo/Casne peaks were related to blooms of Mo-enriched dinoflagellate
and diatom aggregation events. Two episodes of slight Li enrichment occurred synchronously in cage and sedi-
ment shells. Although the exact mechanism causing such Li increases remains unresolved, the findings suggest
a link to large diatom blooms or the presence of a specific diatom taxon. This study refines previously hypothe-
sized relationships between trace element enrichments in scallop shells and phytoplankton dynamics.

The health of aquatic ecosystems is strongly influenced by
phytoplankton. Besides producing oxygen and sequestering
atmospheric CO, (Field et al. 1998; Westberry et al. 2008), phy-
toplankton also impacts marine food webs (e.g., Turner and
Tester 1997). Increasing surface water temperature (Winder
and Sommer 2012), ocean acidification (Iglesias-Rodriguez
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et al. 2008) and imbalanced levels of nutrients caused by
inputs of anthropogenic pollutants and artificial fertilizers
(Vitousek et al. 1997) can affect the phytoplankton species
abundance and community structure. Nearshore areas that pro-
vide the habitat for many organisms and serve as valuable sites
for human activities (e.g., Worm et al. 2006; Barbier et al. 2011)
are particularly vulnerable to eutrophication-induced changes
in the phytoplankton species composition. For example, the
transition from a phytoplankton community dominated by
diatoms to such largely dominated by non-siliceous species
such as dinoflagellates (e.g., Wasmund et al. 2017; Spilling
et al. 2018) can lead to an increase in harmful algal blooms
(Hallegraeff 1993; Lewitus et al. 2012). To evaluate future
trends in phytoplankton community structures, it is crucial to
understand the preindustrial phytoplankton dynamics. Such
an approach requires temporally well-constrained archives, for
example, shells of bivalve mollusks, which reliably record
ephemeral variations in phytoplankton species dynamics.
Bivalves record paleoenvironmental information in their
shells at high temporal resolution, specifically in the form of
geochemical properties, including stable isotopes (e.g., Schone
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et al. 2003; McConnaughey and Gillikin 2008) as well as trace
and minor elements (e.g., Thébault et al. 2009h; Zhao
et al. 2017; Schoéne et al. 2021). Daily, fortnightly and annual
growth increments and lines (e.g., Chauvaud et al. 1998;
Clark 2005) can be used to temporally contextualize these
geochemical properties. Temporally constrained barium-
to-calcium ratios in shells (Ba/Caspney) of different bivalve spe-
cies, for example, Arctica islandica, Glycymeris pilosa, and Pecten
maximus, were identified as proxies for phytoplankton dynam-
ics (e.g., Stecher et al. 1996; Gillikin et al. 2006). Respective
time series were characterized by a low background that was
interrupted by sharp, erratic peaks. Notably, Ba/Cashen peaks
occurred highly synchronously among specimens growing at
the same locality and time (e.g., Gillikin et al. 2008; Barats
et al. 2009; Thébault et al. 2009a). Whereas Ba/Cashe; peaks
typically correlate weakly with chlorophyll a concentration
(e.g., Gillikin et al. 2008; Frohlich et al. 2022b; Schone
et al. 2023), they seem to be strongly linked to blooms of spe-
cific phytoplankton taxa, especially diatoms containing species-
specific loads of cellular Ba (e.g., Roth and Riley 1971; Fisher
et al. 1991; Sternberg et al. 2005). Furthermore, profiles of
molybdenum-to-calcium ratios (Mo/Ca) and lithium-to-calcium
ratios (Li/Ca) in scallop shells exhibited similar patterns as
Ba/Caspen- These patterns include a low background level inter-
rupted by sharp peaks and were likewise associated with phyto-
plankton dynamics (Thébault et al. 20094, 2022; Barats
et al. 2010; Thébault and Chauvaud 2013). However, the
underlying mechanisms leading to the formation of Mo/Cagpep
and Li/Cagney peaks differed notably from those of Ba/Cagnen
peaks. Enhanced dietary uptake of Mo by P. maximus (Barats
et al. 2010; Tabouret et al. 2012) seems to be related to the
ingestion of small Mo-enriched aggregates of phytoplankton
cells (Thébault et al. 2022) and specific dinoflagellates with a
high load of cellular Mo (Frohlich et al. 20224). Yet, it remains
unresolved if these mechanisms provide sufficient quantities of
Mo that can explain the formation and magnitude of
Mo/Cagnenn peaks. The timing of Li/Cagnen peaks in shells of
P. maximus suggested a relationship to blooms of diatoms
adsorbing Li from the water column (Thébault and
Chauvaud 2013; Thébault et al. 2022). Thus, Ba/Cagpen,
Mo/Cagpen, and Li/Cagpey profiles of scallops seem to serve as
highly valuable sclerochronological tools to derive information
about past phytoplankton dynamics. However, despite an
increasing number of implications for a trophic uptake of Ba,
Mo, and Li, uncertainties remain to what extent the complex
dynamics of phytoplankton contribute to the shell geochemis-
try and which pathways (uptake of these elements, transport
within the body and incorporation into the shell) are involved.
For instance, the large variation of cellular Ba reported in vari-
ous marine phytoplankton taxa (e.g., Fisher et al. 1991;
Masuzawa et al. 1999; Lobus et al. 2021) makes it difficult to
precisely attribute Ba/Cagpe peaks to the presence of specific
phytoplankton taxa. To use Ba/Cagpen, M0/Cagpen, and Li/Cagpen
as qualitative and quantitative proxies for phytoplankton
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dynamics, more detailed information is required on the ele-
mental uptake and shell incorporation, which control the for-
mation of peaks in the trace element-to-calcium profiles.

This study combines highly resolved time series of Ba/Cagper,
Mo/Cagpe, and Li/Cagpep measured in  contemporaneous
P. maximus specimens (Bay of Brest, France) with detailed envi-
ronmental monitoring data (Siebert et al. 2023), aiming to ver-
ify and refine proposed hypotheses about the uptake of Ba, Mo,
and Li from the ambient environment into the shells. Specifi-
cally, it was tested that phytoplankton-related processes occur-
ring within the water column affect the chemical composition
of scallop shells, substantiating these shells as reliable geochem-
ical archives to accurately record respective events. This was
achieved by comparing element chemical properties of scallops
that thrived naturally on the sediment surface to such speci-
mens that lived inside a cage deployed above the seafloor. Geo-
chemical data from the two settings (sediment floor and cage)
were also compared with the chemistry of the ambient seawater
and the prevailing phytoplankton dynamics. Together with
specimen-specific physiological parameters, the molar element-
to-calcium ratios were used to deduce absolute concentrations
of trace elements that were potentially taken up by the scallops.
This novel approach allowed us to quantitatively evaluate if the
proposed uptake mechanisms provide sufficient quantities of
trace elements to explain their enrichment in the shells. The
results of this study can increase the understanding of how
Ba/Casnen, Mo/Caghen, and Li/Cagpe of P. maximus respond to
variations in the ambient environment and facilitate the use of
the shells as archives for past phytoplankton dynamics.

Material and methods

Study locality, shell collection, and experimental setup

In October 2021, living specimens of P. maximus were col-
lected by SCUBA divers in the southern part of the Bay of
Brest (Pointe de Lanvéoc, 48°17'39”N, 004°27'12"W [WGS84];
Supporting Information Fig. S1). The bay is a typical shallow
(8-15 m depth) and semi-enclosed coastal ecosystem in north-
western France that has been extensively researched in ecolog-
ical and phytoplankton-related studies over the past years. This
constitutes the Bay of Brest as an ideal location to study poten-
tial geochemical responses in scallop shells to environmental
signals such as large phytoplankton blooms whose initiation is
largely controlled by sea surface temperature, nutrient inputs,
light conditions, and ocean currents (e.g.,, Poppeschi
et al. 2022). Six specimens were collected from their natural
habitat, specifically, scallops that lived and grew on the sedi-
ment surface (at approximately 8 m below sea surface; hereaf-
ter, these shells are referred to as “sediment shells”), and six
specimens were retrieved from cages (hereafter referred to as
“cage shells”) positioned about 1 m above the sediment-water
interface (i.e., thin layer at the boundary between sediment sur-
face and water column; SWI) (see Supporting Information
Table S1). These large-meshed cages (approximately 0.5 cm
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mesh size, 60cm x 80 cm x 25cm) were deployed on
22 February 2021 and juvenile scallops (obtained from the Tin-
duff Hatchery in Plougastel-Daoulas, France, with a shell height
between 2.5 and 3 cm) placed inside (30 scallops per cage). All
specimens used in this study have encountered one winter (age
class 1) showing a prominent winter growth line (Supporting
Information Fig. S1). P. maximus precipitates most of the shell
carbonate during the second year of life. The respective shell
portion, therefore, provides the highest temporal resolution for
sclerochronological analyses. After collection, the bivalves were
dissected, eviscerated, and epibionts gently removed with a
nylon brush. For shell growth pattern and element chemical
analyses (for a detailed description of LA-ICP-MS and growth
pattern analyses as well as temporal contextualization of geo-
chemical data, see Supporting Information), only the left (flat)
valves were utilized because these valves show the most distinct
daily growth patterns (growth increments and growth lines, aka
“striae”; Chauvaud et al. 1998). In all cage specimens, shell por-
tions representing the beginning of the growing period in
March/April were infested by epibionts, leading to difficulties in
the identification of individual growth increments and in situ
element analyses. Accordingly, only shell portions without epi-
bionts were used in this study. Water samples collected at the
same locality as the scallop specimens were analyzed for their
phytoplankton compositions, element chemical properties in
the particulate fraction (PBa, PMo, and PLi) as well as for their
particulate organic carbon (POC) content (details provided in
the Supporting Information).

Trace element uptake by scallops and relation to
phytoplankton

Based on the molar trace element-to-calcium ratios mea-
sured in the scallop shells, the absolute amount of trace ele-
ments incorporated into the shell per day was calculated
following the method described by Thébault et al. (2009a). In
addition, the quantity of a trace element contained in each
liter of filtered seawater was deduced from the Ba/Cagpey,
Mo/Cagpep, and Li/Cagnen profiles. Briefly, the calculations
were based on the following model, with daily growth rates
and molar element-to-calcium ratios as input parameters
(model described and illustrated in the Supporting Informa-
tion and Supporting Information Fig. S2A): (1) The shell
growth rates were used to calculate the total shell height at
each day. (2) The soft tissue dry weight was estimated using
the previously determined relationship between shell height
and soft tissue dry weight that was previously described for
P. maximus (Lorrain et al. 2004). (3) Similarly, the shell height
was used to account for the shell weight using the shell
height-to-shell weight relationship of P. maximus (Lorrain
et al. 2004). (4) Daily filtration rates were deduced from the
soft tissue weight and a soft tissue dry weight-standardized fil-
tration rate of ~5Lh 'g ! (Palmer 1980; Laing 2004;
Thébault et al. 20094a). (5) The shell weight was used to esti-
mate the amount of shell material that was precipitated each
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day. (6) The absolute amount of a trace element that was
incorporated into the shell during each day was estimated
according to the measured trace element-to-calcium ratios and
a relative Ca content of 38 wt% (determined for P. maximus
by Richard 2009 and A. islandica shells by Marali et al. 2017)
of the total shell material. Background subtraction was per-
formed for the Ba/Cagne and Mo/Cagpe profiles to remove the
influence of dissolved Ba and Mo on the measured element-
to-calcium ratios, using the partition coefficient for Ba
(Dga, = 0.11; Barats et al. 2009) and Mo (Dyo = 1.5 x 107%
Barats et al. 2010). The relationship between daily growth
rates and Li/Cagpen background was used to account for excess
Li/Cagpen (Thébault and Chauvaud 2013). (7) The amount of
trace elements that was contained in each liter of filtered sea-
water (hereafter referred to as TEgjiered seawater) Was estimated
considering the total load of trace elements incorporated into
the bivalve (assuming that 63% of the total Ba and 27% of the
total Mo ends up in the shell matrix according to preliminary
data from Barats 2006) each day and the daily filtration rate.
Absolute estimates of Ligjtered scawater WeIe not obtained as the
relative distribution of Li among the soft tissue and shell
material was not available.

To quantify the potential trace element content in phyto-
plankton, the estimated TEgjtered seawater l€Vels were compared
with the measured phytoplankton cell concentration data
based on previously hypothesized relationships between trace
element incorporation rates and phytoplankton dynamics.
The uptake mechanisms were quantitatively evaluated for Ba
and Mo, but only qualitatively for Li because absolute values
for Ligitered seawater COUld not be obtained (see above). Accord-
ingly, MOgitered seawater 1€Vels were related to the cell concentra-
tion data of the dinoflagellate genus Gymnodinium spp.
(Frohlich et al. 2022a). In contrast to Mo/Cagpe, the patterns
of the Ba/Casne profiles were hypothesized to be controlled
by the abundance of multiple phytoplankton species, primar-
ily diatoms (Thébault et al. 20094a; Frohlich et al. 2022a,b). To
detect potential patterns between the Ba/Cagne profiles and
diatoms, the pseudo-random Monte Carlo (MC) approach
described in Frohlich et al. (2022a) was used. Given the pre-
mise that Ba/Casne peaks follow the timing and intensity of
phytoplankton blooms, along with species-specific amounts
of cell-associated Ba, this method evaluated numerous poten-
tial scenarios (i.e., 1.8 x 10°) and identified the statistically
most relevant one. To this avail, combinations of phytoplank-
ton cell concentration data (determined for specific phyto-
plankton taxa) were pseudo-randomly selected, temporally
shifted (within a predefined time window, i.e., time lag),
weighted (between 0 and 1), and merged into artificially gen-
erated time series (for details see Frohlich et al. 2022a). Then,
the resulting time series were correlated with the Ba/Cagpen
profile using the Pearson correlation coefficient as a metric.
Note that uncertainties in the temporal alignment of the geo-
chemical shell data, as well as the low sampling frequency of
the phytoplankton data (i.e., the exact timing when a
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phytoplankton bloom reaches the highest cell concentration
remains unknown), largely influence the direct assignment of
a given phytoplankton bloom to a Ba/Cagpe peak during the
MC calculations. In addition, a short time lag of up to 12d
between the occurrence of a given phytoplankton species and
a Ba/Cagpen peak had to be assumed (Frohlich et al. 2022a,b).
Therefore, stepwise testing of different time windows (i.e., 4-d
window) was necessary to determine the combination of dif-
ferent phytoplankton species that agreed best with the mea-
sured Ba/Cagney profile. As no phytoplankton data were
available for the time between late July and early September,
the MC approximations were performed, excluding this time
interval. The MC-estimated species-specific weighting coeffi-
cients served as relative Ba-enrichment factors and were used
together with Bagitered seawater tO0 account for the minimum
content of diatom-associated Ba in 1 L of seawater that was
potentially ingested by the scallops (see Fig. S2B).

Results

Ba in shells, seawater, and relation to diatom blooms

All studied cage shells (Fig. 1A; Supporting Information
Fig. S4A) showed one prominent Ba/Cagp peak at ca. 08 June
that occurred simultaneously in all specimens from the cage
(on average, 5.23 + 0.79 umol mol™Y). This peak was followed
by another, smaller Ba/Caype enrichment (04 July; on average
2.37 ygmol mol '), which was, however, only well-pronounced
in one of the three studied specimens (Shell B; Supporting
Information Fig. S4A). Similarly, in late July, another
Ba/Casnen peak was only observed in one of the three speci-
mens (Shell C; Supporting Information Fig. S4A). On average,
the measured Ba/Cagpe background in cage shells was around
1.73 £ 0.41 ymol mol~*. In the ontogenetically older shell
portions (starting from mid-August), larger deviations from
this background level were observed as short-term (<2 d)
enrichments showing Ba/Casney ratios reaching up to
8.23 umol mol ' on 05 September in Shell A (Fig. 1A).

In contrast to the cage shells, the Ba/Cagpe) profiles of sedi-
ment specimens revealed a more stable background level of
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about 0.96 4 0.20 yumol mol~! (Fig. 1A). This background was
interrupted by a large double peak between late May and end
of June, with average values of 9.50 and 4.80 ymol mol~! on
08 June and 01 July, respectively (Fig. 1A). Although the first
Ba/Caghen peak occurred nearly synchronously in all three
specimens (i.e., within a few days), the peak magnitude of
Shell D (18.58 umol mol~!) was notably larger than that
of Shell E and F (5.95 and 7.43 ymol mol !, respectively;
Supporting Information Fig. S4A). In late July, another
Ba/Cagpen enrichment episode was observed in all three shells
with average values of up to 2.43 ymol mol ' (25 July). The
fourth and last Ba/Cage; enrichment (3.86 ymol mol~!) was
recorded in August in only one specimen from the sediment
(Shell F), while no peak was present in the other two shells
(Shells D and E; Supporting Information Fig. S4A). The average
background signals differed significantly between cage and
sediment shells (approximately 80% higher median in cage
shells than in sediment shells), as indicated by a Kruskal-
Wallis test (p<0.001, H[y?] = 135.7; details about statistics
provided in the Supporting Information).

Ratios of PBa to POC (PBa/POC) range from 1.86 to
904.58 ymol mol~' in bottom waters and 5.23 to
1098.04 ymol mol~* in surface waters (Fig. 2). PBa/POC pro-
files at both settings (surface and bottom) were characterized
by a very low and flat baseline episodically interrupted by
sharp peaks. The largest values were recorded on 07 June in
bottom waters and 06 September in surface waters. Notably,
all episodes of enhanced PBa/POC ratios that were measured
in bottom waters occurred simultaneously with PBa/POC
peaks in surface waters, although to different magnitudes. A
significant correlation existed between Ba/Cagpnep profiles (cage
and sediment) and PBa/POC ratios of bottom waters (see
Supporting Information Fig. S5).

The different Ba/Cag,e;; enrichments were associated with
unique diatom assemblages (Fig. 2). For instance, the two large
Ba/Cagpnen peaks in shells from the sediment (i.e., in early June
and early July; Fig. 2) occurred contemporaneously with
blooms of the diatom genus Leptocylindrus (i.e., Leptocylindrus
danicus on 03 June and L. danicus + Leptocylindrus convexus on
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Fig. 1. Averaged Ba/Cashen (A), Mo/Caghen (B), and Li/Caghen (€) profiles (+16) obtained from three Pecten maximus specimens grown inside a cage
(black) and on the sediment surface (red) during 2021. Box plots indicate differences in the background signals between cage and sediment shells of
average Ba/Cagne and Mo/Cagne profiles and the average signal of Li/Cagpe ratios.
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30 June, respectively), while different diatoms of the genus
Chaetoceros made up the majority of diatom cells on 21 June
that coincided with only a very small Ba/Cage enrichment in
the cage shells (Fig. 2). No apparent correlation existed
between bulk diatom dynamics and Ba/Casnen profiles.
Instead, the pseudo-random MC method revealed potential
patterns between Ba/Cagney profiles and the main abundant
diatom taxa (see caption Fig. 2). The strongest correlation
(Pearson  coefficient: 0.91 with p<0.05) between
MC-approximated patterns and the Ba/Cagney profile was
obtained for a time lag of 5-8 d (Supporting Information
Fig. S6). However, the timing and magnitude of the diatom
occurrences agreed better with the Ba/Cagne profiles at a
shorter time lag of 4-7 d (with slightly lower Pearson correla-
tion coefficients). According to this, the best diatom combina-
tion (hereafter referred to as “scenario 1,” containing the
diatom species Lennoxia faveolata, Chaetoceros socialis and
Chaetoceros laciniosus, and Tenuicylindrus belgicus) coincides
with the timing of the two large Ba/Casne peaks in June and
July and the smaller enrichment at the end of July (Fig. 3;
Supporting Information Fig. $6). In a second, slightly modified
set of MC calculations, the cell concentration data of
L. danicus were forced to be included in each tested combina-
tion performed by the pseudo-random simulation (set 2;
Supporting Information Fig. S6). The reason for considering
set 2 is that the mass occurrence of this specific diatom taxon,
by far the most abundant diatom species in the studied year
(Fig. 2), coincided with the timing of the largest Ba/Cagnen
peak in cage and sediment shells and thus suggested to be
directly related to the Ba enrichment in the shell. In agree-
ment with simulations of set 1, the most suitable combination
was detected for a potential time lag of 4-7 d (in the following
referred to as “scenario 2” considering L. faveolata, C. socialis,
Chaetoceros curvisetus, T. belgicus, and L. danicus; Fig. 3;
Supporting Information Fig. S6). Because the obtained species-

Scallop shells as phytoplankton proxy archives

specific weighting factors were affected by the time lag that
was artificially applied to each diatom species, various tested
time lags produced slightly different outcomes (Supporting
Information Fig. S6). In this study, the short time lag (i.e., in
the expected range which was previously approximated
between phytoplankton bloom and geochemical response;
Frohlich et al. 2022a) was exclusively used to determine the
potential phytoplankton combination (with weighting fac-
tors) that best matched the Ba/Cagne profile. As depicted in
Supporting Information Fig. S7, the daily amount of Ba that
ended up in the bivalve varied considerably between speci-
mens in the cage (maximum of 1.6 ug d~') and on the sedi-
ment (maximum of 3.6 ug d~!). However, an almost equal
amount of Ba in 1 L of ingested seawater was needed to trigger
the formation of the largest Ba/Casnen peaks in early June
(Supporting Information Fig. S7) for shells from the cage
(approximately 23 ng L™') and the sediment (approximately
27 ng L™Y) after taking the shell growth and filtration rates
into consideration. Following the approximations performed
for scenario 1 (Fig. 3), the hypothetically calculated amount of
Ba (see Fig. S2) ranged between 52 and 221 fg cell™! (for the
diatom taxa T. belgicus and C. socialis, respectively). Based on
the estimates of scenario 2, an adequate amount of
phytoplankton-associated Ba was potentially abundant in the
seawater if the diatom cells contained between 2 (L. danicus)
and 194 (C. socialis) fg Ba cell ™! (Fig. 3).

Mo in shells, seawater, dinoflagellate blooms, and
aggregation events

Mo/Casnenp profiles (Figs. 1B, 4) of the cage shells
showed two episodes of elevated Mo content, that is, at
29 June (0.08 +0.01 ymolmol~!) and 08 September
(0.07 + 0.02 ygmol mol™!). Peak heights were nearly identi-
cal between the three specimens and clearly stood out from
the background (approximately 0.03 & 0.01 gmol mol !,

Scenario 1
30 q

Basfitered seawater S€diment
Bafiltered seawater Cage

Scenario 2

25 1

Avallable Ba
56 1 CIus
- L. faveolata (68 fg ceII )
- C. socialis (221 fg cell® )

Bafiitered seawater (NG L1

DAvailable Ba

20
- L. faveolata (77 fg ceII )
- C. socialis (194 fg cell® )

r15

r 10

15 4 - C. laciniosus (52 fg ceII ) - C. curvisetus (20 fg ceII )
- T. belgicus (57 fg cell™) - T. belgicus (46 fg ceII )
- L. danicus (2 fg cell™)
10 A
5 1 k : r5
0 T T T T T T S T T T T T T T T S T 0

Mar Apr May Jun Jul Aug Sep Oct

Fig. 3. Considering shell height, growth rates, and filtration rates (i.e., 5Lh™"' g

Available amount of Ba (ng L™1)

Mar Apr May Jun Jul Aug Sep Oct

~1 soft tissue dry weight), the Bafitered seawater CONCENtration was esti-

mated from the Ba/Cagne profiles. Two potential diatom scenarios obtained by Monte Carlo simulations were used to estimate the diatom-associated
amount of Ba following the assumption that the ingestion of diatoms triggered the formation of the Ba/Cagnei peaks (see calculations described in the

Supporting Information).
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Fig. 4. Average Mo/Caype profiles from cage and sediment shells (from 2021) and the variation in PMo/POC ratios measured in surface and bottom
waters. Note that some analyses of PMo remained below the limit of detection (indicated with a red cross).

Fig. 1B). In specimens from the sediment, a large Mo/Cagpen
peak occurred at around the same time of the year
(on 02 July) but was nearly threefold larger than in cage speci-
mens (0.22 +0.09 umol mol !, Fig. 1B). As in the cage
shells, another Mo/Cane; enrichment was observed in
early September with an average magnitude of
0.09 + 0.01 gmol mol'. Sediment specimens also revealed
elevated Mo/Cagnep values (approximately 0.08 ymol mol”) in
shell portions deposited in early April. The contemporaneous
shell portions could not be studied in cage shells due to epibiont
overgrowth. Sediment specimens contained, on average, 25%
higher Mo/Cag,e; values (0.04 4+ 0.01 umol mol ') than cage
shells (Kruskal-Wallis test; p < 0.001, H[y?] = 74). The total (shell
plus soft tissue) daily Mo incorporation ranged between 3 and
63 ng d~! for cage specimens and 8 and 147 ng d~ ! for sediment
specimens (Fig. 5A). Considering the daily filtered water volume
(Fig. 5A), MOsitered seawater Ianged between 0.03 to 0.78 ng Mo
L~ (Fig. 5B).

Levels of PMo/POC ratios likewise showed a flat baseline
(note that low PMo/POC levels were slightly below the detec-
tion limit obtained for particulate Mo) with episodes of high
PMo/POC levels (Fig. 4). In both bottom and surface waters,
three PMo/POC events were observed in late April to early
May (up to 59.10 and 63.53 yumol mol !, respectively), late
June (reaching 12.29 and 18.01 ymol mol ', respectively), and
early to mid-September (mainly occurring in surface water
samples with ratios of 14.13 ymol mol'). Eight phytoplank-
ton aggregation events were determined (V. Siebert unpubl.)
to occur in the water column during 2021 (30 March; 12 and

27 April; 13 May; 06, 14, and 27 June; 02 October). Among
these events, the aggregates observed in June showed notable
enrichment in Mo (Fig. 5). The most abundant dinoflagellate
species identified in 2021 belonged to the genus Gymnodinium
with a maximum cell concentration of 33,440 cells L™! on
04 May (V. Siebert unpubl.). More than half of these cells
(68%) were smaller than 10 um. Distinct blooms of this dino-
flagellate occurred in early May, mid-June, and mid-September
(Fig. 5B), contemporaneously with PMo/POC enrichments.
Estimating the cellular Mo content (described in Discussion)
of individual Gymnodinium spp. cells smaller than 10 ym
(in length and diameter) yielded amounts of up to 500 fg
cell ! (Fig. 5C; see Discussion for calculations).

Li in shells and seawater

Cage and sediment shells revealed similar Li/Cagpnen profiles
(Fig. 1C) that were characterized by low values in early 2021
(on average, 32.65 + 2.04 and 30.61 + 3.71 gmol mol ! until
June in cage and sediment shells, respectively) and steadily
increasing ratios during the main growing season in June and
July (on average, 37.70 +3.35 yumolmol ' in cage and
36.97 + 2.98 ymol mol ™' in sediment specimens). Between
August and mid-September, Li/Cagnenp values were slightly
higher in cage shells (49.20 + 5.77 ymol mol ') than in sedi-
ment shells (45.40 + 3.74 yumol mol'). Although no large,
distinct peaks were observed in the Li/Cagne; chronologies
(Fig. 1C), two smaller enrichment episodes were present dur-
ing late summer (August to mid-September), with average
values reaching 58.20-64.18 ymol mol~' in cage shells and
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Fig. 5. Approximated total Mo incorporation rate into the scallops and filtration rate (at 5 Lh~' g~ of soft tissue dry weight) for cage and sediment

shells (A). The MOsiitered seawater CONCeNtration (based on the total Mo incorporation rate, growth, and filtration rate) and the temporal dynamics of the
dominant dinoflagellate Gymnodinium spp. monitored at the study site (B). Periods of aggregate formation (determined by V. Siebert unpubl.) are indi-
cated as light gray, vertical bars (A and B). Dark gray bars depict aggregation episodes during which significant loads of Mo were transported from the
water column toward the SWI (V. Siebert unpubl.). The cellular Mo content at various cell volumes (C) was estimated using the cell geometry for
Gymnodinium (Hillebrand et al. 1999; Sun and Liu 2003), the volume-to-carbon relationship for dinoflagellates (Menden-Deuer and Lessard 2000) and
the elemental Mo/P (phosphorous) and C/P composition determined for the dinoflagellate Gymnodinium chlorophorum (Ho et al. 2003). The green
graphs in the three-dimensional plot (C) illustrate potential values for cell parameters (if 100%, 50%, 25%, 10%, or 5% of the Gymnodinium spp. cells
per liter were ingested by the scallops) that are required to provide an adequate amount of cellular Mo to meet the trace element requirement in the
ingested seawater (estimated in B) to explain the observed Mo/Caghe peaks.

50.73-52.99 ymol mol~! in sediment shells. Until the end of 31.52 ymol mol™'). Li/Casey data differed significantly
shell growth in early October, Li/Cagne ratios decreased between cage and sediment shells (Kruskal-Wallis test,
rapidly in both groups (cage: 40.51 yumol mol!, sediment: p < 0.05, H[y?] = 6.0). It is noteworthy that similar results were
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obtained after removing the estimated background signal from
the measured Li/Cagpe; data.

Ratios of PLi to POC exhibited values ranging between 1.15
and 1289.74 in bottom and surface waters (Fig. 6). Aside from
a large PLi/POC peak in March, two additional enrichments
occurred in bottom PLi/POC ratios on 07 June
(656.47 ymol mol~') and 15 September (384.88 ymol mol').
The latter coincided with the maximum PLi/POC ratio in sur-
face waters.

Discussion

Ba/Cagpen profiles

The synchronicity of the Ba/Casnen peaks (in cage and sedi-
ment specimens) and PBa/POC ratios of the water column
(Fig. 2) suggests that shell Ba enrichments likely originated
from the particulate phase (PBa), which is derived from the
ambient water rather than the sediment. This finding corrobo-
rates the hypothesized trophic uptake of Ba-enriched
suspended particles by scallop shells (e.g., Gillikin et al. 2008;
Barats et al. 2009; Tabouret et al. 2012) that either originate
from Ba accumulated on phytoplankton cell walls (Sternberg
et al. 2005) or from enhanced barite precipitation (during the
decay of phytoplankton blooms or the presence of acan-
tharians in the water column) (e.g., Bishop 1988; Ganeshram
et al. 2003). Direct ingestion of cellular Ba from living phyto-
plankton cells provides a reasonable explanation for elevated
shell Ba levels because Ba/Casne peaks occur simultaneously
with blooms of certain diatom species and a strong increase in
the PBa/POC ratio in early June (Fig. 2). This agrees to previ-
ous findings demonstrating that the occurrence of Ba/Cagpen
peaks is linked to the formation of phytoplankton blooms
(i.e., mainly diatom blooms) (Thébault et al. 20094; Frohlich
et al. 2022a,b). During the blooms, dissolved Ba from the
ambient water is adsorbed onto phytoplankton cell walls
(Sternberg et al. 2005) and the ingestion of those Ba-enriched
cells by scallops leads to an elevated Ba concentration in the
shell calcite after a few days. The hypothesis is further sub-
stantiated by a negative correlation between dissolved Ba and
PBa in the seawater (V. Siebert unpubl.). While large phyto-
plankton blooms generate microenvironments facilitating the
precipitation of barite (e.g., Dehairs et al. 1980; Bishop 1988),
the ingestion of such particles could not sufficiently explain
the formation of Ba/Caspen peaks in the scallop, Comptopallium
radula (Thébault et al. 2009a). Moreover, the ingestion of rap-
idly sinking barite particles in decaying phytoplankton
(Stecher and Kogut 1999) would have caused a larger Ba
uptake by sediment specimens than by cage specimens
because of the accumulation of large amounts of barite crys-
tals at the SWI. However, after removing the influence of shell
precipitation and filtration rates on the Ba/Cagney peaks, the
Bafitered seawater Was nearly identical between cage and sedi-
ment shells (see Supporting Information Fig. S7), indicating
that barite ingestion played only a minor role in the

Scallop shells as phytoplankton proxy archives

formation of shell Ba enrichments. Although the development
of barite particles potentially contributed to the observed
enrichments of PBa/POC in the water column, a pathway via
barite uptake leading to the formation of the observed
Ba/Cagnen peaks in cage and sediment shells is less likely.
Consistent with previous findings (e.g., Barats et al. 2009;
Frohlich et al. 2022b), the variation in bulk phytoplankton or
gross diatom abundance (Fig. 2) provided no striking similarities
to the Ba/Casnen chronologies within the studied year (except
the large peak in early June), reinforcing the assumption that
phytoplankton or diatoms as a whole cannot explain the vari-
ability of Ba/Cagpnen peaks. This complicates the applicability of
Ba/Cagpen as a direct paleoproductivity proxy. The quantity of
cell-associated Ba varies significantly between different phyto-
plankton species (Roth and Riley 1971; Fisher et al. 1991), indi-
cating that the ingestion of some phytoplankton taxa
contributes more to the measured Ba/Casnen peaks than other
species (Frohlich et al. 2022b). The pseudo-random MC calcula-
tions (considering species-specific amounts of cell-associated Ba)
returned two possible scenarios (Fig. 3), which qualitatively
illustrated that the dynamics of only four (scenario 1; Fig. 3) or
five (scenario 2; Fig. 3) diatom species are sufficient to explain
the observed Ba/Cagne patterns. Although both scenarios
include chain-forming diatoms (i.e., C. socialis and L. danicus),
which can potentially inhibit the shell growth of scallops due
to gill clogging (Chauvaud et al. 1998; Lorrain et al. 2000), these
diatom species cannot be excluded as potential food sources
because no distinct reductions in growth rate (details about
growth rates are provided in the Supporting Information) were
observed during the formation of Ba/Casney peaks. Aside from
the diatom genus Chaetoceros, a well-known dietary component
of P. maximus (e.g., Laing 2004), no further information about
feeding preference or gut content was available for the studied
scallops. Therefore, none of the potential diatom scenarios can
be ruled out. Moreover, the small discrepancy in the estimated
time lag (4-7 d; Supporting Information Fig. S6B) compared to
the previously reported delay between phytoplankton blooms
and geochemical response in the Ba/Cagne profiles (8-12d;
Frohlich et al. 2022a,b) were most likely due to the low tempo-
ral resolution of the phytoplankton record and small uncer-
tainties in the temporal alignment of the geochemical data. In
fact, species-specific Ba loads between 2 and 221 fg cell™! were
estimated for the selected diatom species (Fig. 3), which fall in
the range of cellular Ba content in different marine phytoplank-
ton species (up to 245 fg cell™*; Fisher et al. 1991). In particular,
a cell-associated Ba load of 60 fg cell ™! can be approximated for
Chaetoceros (using an average Ba concentration of 75.33 ug g~*
of dry weight [Lobus et al. 2021] at a maximum cellular dry
weight for C. gracilis of approximately 0.8 ng cell! [Tachihana
et al. 2020]), which is notably consistent with the cellular Ba
range computed in the present study. Such combinations of
qualitative and quantitative approaches provide ecologically
reasonable estimates and suggest that the cell abundance of
only a few diatom species containing a reasonable amount
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Fig. 6. Cell concentration time series of the diatom Pseudo-nitzschia spp. and pheophytin pigment concentration in 2021. Temporal variation of PLi/POC
recorded in surface and bottom waters with averaged Li/Cagne profiles measured in cage and sediment shells.

of Ba can induce the formation of maxima in the Ba/Cagnen
chronology of P. maximus.

Interestingly, the significant difference in peak magnitudes
of the elemental Ba/Cagpe) ratios between cage and sediment
shells in early June (Fig. 2) was diminished after converting
Ba/Cagpe profiles to Bagjtered seawater (Fig. 3; Supporting Infor-
mation Fig. S7). This suggests that the filtered seawater for
both cage and sediment scallops contained nearly the same
amount of Ba (during the formation of Ba/Cagney peaks),
which could be induced by a diatom bloom in the ambient
water. The higher Ba/Cagne peaks of sediment shells, on the
other hand, seem to be mainly controlled by higher filtration
and shell precipitation rates (Supporting Information Fig. S7).
Aside from the difference in the averaged Ba/Cagnep ratios of
cage and sediment shells, a relatively large inter-specimen var-
iation existed in the Ba/Cagne; peak heights among sediment
shells (i.e., the most distinct difference occurred between Shell
D and Shell E in early June during the formation of the largest

Ba/Caspen peak with 3.1 times higher values measured in Shell
D; Supporting Information Fig. S4A). By computing the
Bagitered seawater cONtents for Shell D and Shell E according to
their individual growth rate and filtration rate, this in situ
measured Ba/Cagnep discrepancy became less pronounced and
differed by around 16 ng L' (1.7 times higher in Shell D com-
pared to Shell E; Supporting Information Fig. S8). Neverthe-
less, it needs to be noted that an equal weight-standardized
filtration rate of 5 L h~! g~! was considered for the calculation
of Bagjtered seawater Of Shell D and Shell E. Given that asynchro-
nous, short-term changes in individual filtration activities
were observed for scallops cultured in the same tank with
identical conditions (Strohmeier et al. 2009), it is likely that
individual variations in filtration rate might have induced
such differences in peak heights. Alternatively, if the same
amount of Ba (i.e., Bagjtered seawater) Was available in the water
for Shell D and Shell E in early June, the filtration rate should
have been slightly higher in Shell D to explain the larger
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Ba/Cagnen peak magnitude (e.g., given a scenario in which
Shell D possessed a higher, yet realistic, relative filtration rate
of about 8.6 Lh™! g~! instead of 5Lh~! g~!, both specimens
exhibited similar Bagjtered seawater l€Vels; Supporting Informa-
tion Fig. S8). Therefore, small individual differences in growth
rate and filtration rate can result in significant differences in
the measured Ba/Cagpep profiles, which could affect the inter-
specimen reproducibility of Ba/Cagney profiles. These findings
suggest to adjust elemental Ba/Cagpe; ratios measured in
P. maximus for filtration rate and shell growth rate before the
data can be used as a potential quantitative indicator of past
phytoplankton dynamics. Additional information about
uncertainties in the estimations applied in this study is pro-
vided in the Supporting Information.

The Ba/Cagne background level of cage shells was signifi-
cantly higher than that of sediment shells (Fig. 1A), even after
approximating the Bagtereq seawater cONntent (Fig. 3). This find-
ing is potentially coupled to the observation of higher growth
rates measured in cage-grown specimens (Supporting Informa-
tion Fig. S3), a phenomenon previously reported for
other scallop taxa, for example, Crassadoma gigantea
(Leighton 1979), Placopecten magellanicus (MacDonald 1986),
and Lyropecten nodosus (Mendoza et al. 2003). The higher
growth rate in cage-grown scallops may be primarily associ-
ated with higher food availability (MacDonald 1986) because
the cage was placed within the water column where bivalves
potentially had better access to living planktonic organisms,
such as diatoms. Thus, the constant provision of Ba-
containing cells, selectively retained by scallop gills (Shumway
et al. 1997; Beninger et al. 2004), potentially led to elevated
Ba/Cagnenp background levels. Sediment particles within the
digestive tract of scallops from the sediment (as reported by
Shumway et al. 1987) could also affect the bivalves to effi-
ciently assimilate their food, altering the gut pH and/or the
retention time of food particles in the gut (e.g., Wang
et al. 1995). This potential influence might have contributed to
the observed differences in Ba/Cagpne; background, yet it needs
to be confirmed in future studies by analyzing the gut content
of scallops. The high variability in the Ba/Cagey profiles
observed in cage shells compared to the more stable Ba/Cagpen
background measured in sediment shells (Fig. 1A) could be
related to enhanced competition for resources between the cage
scallops, given the high specimen density in the cage and the
fact that scallops were reported to actively avoid high spatial
population densities (e.g.,, MacDonald and Bajdik 1992). An
inter-species food competition for cage scallops is also likely, as
a large number of naturally growing, filter-feeding ascidians col-
onized the cage. Accordingly, scallops living on the sediment
surface may have had limited access to large amounts of plank-
tonic diatoms, but rather fed on a mixture of detritus and ben-
thic microalgae. After phytoplankton bloom events, the
decaying cells sank toward the SWI, where they got ingested by
the scallops and triggered the formation of Ba/Cagnen, peaks
provided that the quantity of cellular Ba together with the cell

Scallop shells as phytoplankton proxy archives

abundance in the water was sufficient to cause a respective
enrichment in the shells. Although it remains unknown to
which extent the various factors (i.e., growth and filtration
rates, food availability, resource competition, the spatial distri-
bution of food, and phytoplankton dynamics) contributed to
the observed differences in cage and sediment Ba/Cagpe back-
ground levels, the findings indicate that P. maximus sensitively
reacted to changes in their direct environment which subse-
quently affected the Ba/Cagpep ratios.

Mo/Caghen profiles

Similar to Ba/Cagnen profiles, the Mo/Cagnep profiles of cage
and sediment shells shared a remarkably similar pattern with
the PMo/POC data recorded in the water column with three
contemporaneous episodes of Mo enrichment (Fig. 4). This
observation supports the assumption that shell Mo originates
from the particulate phase (PMo) (Tabouret et al. 2012;
Thébault et al. 2022). However, the magnitude of PMo/POC
elevations (e.g., during late April to early May) does not corre-
spond to the patterns measured in the Mo/Cage profiles,
suggesting that the scallops seem to have incorporated a non-
proportionate amount of Mo from the PMo pool. Interest-
ingly, after accounting for filtration (Fig. 5SA) and shell growth
rate, an episode of enhanced Mo concentration in the water
(MOgitered seawater) Was identified for cage shells in late April to
early May (Fig. 5B), which was not obvious from the original
Mo/Cagnen profile (Fig. 4). This MOgjtered seawater €nrichment
exhibited very similar levels to that determined for sediment
shells in April. Although a temporal offset exists, it can be
assumed that the enhanced MoOgiered seawater CONCeNtrations
for both cage and sediment shells were potentially induced by
the same external event that occurred in the water column.
The short temporal discrepancy between Mogitered seawater Of
cage and sediment shells during this period (late April to early
May) is likely an artifact of uncertainties in the absolute tem-
poral alignment of the geochemical data (especially in growth
increments closer to the first winter growth cessation). Fur-
thermore, the approximation of MoOfjtered seawater indicates that
a comparable quantity of Mo was filtered from the ingested
water by cage and sediment shells in early July, making the
distinctively lower Mo/Cagpe; peak magnitudes in cage shells
less pronounced (Fig. 5B). Following previous observations,
Mo/Casnen peaks in scallops (P. maximus and C. radula) are
associated with transport of Mo-enriched biogenic particles
toward the SWI where they got ingested by the bivalves
(Thébault et al. 2009a; Barats et al. 2010). More specifically,
stressed phytoplankton cells (e.g., due to nutrient limitation,
Toullec et al. 2021, or grazing by zooplankton, Toullec
et al. 2019) tend to stick together, forming large particles, such
as aggregates (e.g., Alldredge and Gotschalk 1988, 1989),
which were proposed to sequester Mo from the dissolved
phase (Dellwig et al. 2007; Mori et al. 2021) and induce
Mo/Cagnenn peaks after digestion by the scallops (Thébault
et al. 20094, 2022). Siebert et al. (V. Siebert unpubl.) identified
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multiple episodes of aggregate formations in the water column
throughout the studied year (Fig. 5A,B; gray bars) and con-
cluded that not all aggregation episodes were linked to a sig-
nificant transport of PMo toward the SWI, but only three
aggregation events in June were associated with an enhanced
PMo transfer (Fig. 5A,B; dark gray bars). Accordingly, the larg-
est Mo/Cagpey peak observed in both sediment and cage shells
occurred shortly after those three Mo-associated aggregation
episodes (Figs. 4, 5), substantiating the aforementioned rela-
tionship between scallops and potentially ingested aggregates.
However, the two remaining Mo/Cagne enrichments in April
and September did not occur contemporaneously with aggre-
gation events (Figs. 4, 5). Since the phytoplankton genus
Gymnodinium is naturally enriched in Mo (Ho et al. 2003) and
the most dominant dinoflagellate genus of the studied year, a
large bloom event may have contributed to an excessive trans-
fer of Mo from the dissolved phase to the particulate phase,
which potentially accounted for the large PMo/POC ratio mea-
sured in early May (V. Siebert unpubl.). Compelling synchro-
nicity in early May and September existed between the timing
and magnitude of blooms of this dinoflagellate taxon
(i.e., Gymnodinium spp. from the size fraction < 10 pm) and
the variation of enhanced MoOgjtered seawater 1€Vels estimated for
cage and sediment scallops (Fig. 5B). This is in agreement with
the findings by Frohlich et al. (2022a) reporting qualitative
similarities in the occurrence of small cells (< 20 ym) of the
dinoflagellate Gymnodinium spp. and peaks in Mo/Casnep pro-
files of scallop shells from three studied years. Aside from the
blooms of Gymnodinium spp. in early May and September, a
third mass occurrence of this dinoflagellate developed in June,
shortly before the largest shell Mo enrichment observed in
this year (Fig. 5B). Similar to Ba/Cagpen, a short time lag of a
few days existed between a Gymmnodinium spp. bloom and
a Mo/Cagpen peak (Frohlich et al. 2022a), but this appears to
be negligible given the uncertainties in absolute dating of the
shell data and the low temporal resolution of phytoplankton
monitoring. Assuming a linear relationship between cell abun-
dance and Mo uptake, the cell concentration of Gymnodinium
spp. during this bloom would have resembled the approxi-
mated MoOgjtered seawater CONtents, which was not observed in
this study. As described above, it is therefore likely that epi-
sodes of aggregate formation observed in June resulted in
loads of PMo transported toward the SWI (Dellwig
et al. 2007). Furthermore, the retention of small aggregate par-
ticles (Thébault et al. 2022), in addition to the ingestion of
Mo-enriched cells of Gymnodinium spp., led to an enhanced
Mo wuptake by the scallops. The contemporaneity of
Gymnodinium spp. blooms and phytoplankton aggregation
may represent an allelopathic relationship (i.e., one organism
produced biochemical compounds affecting the growth or sur-
vival of another) between dinoflagellates and other phyto-
plankton taxa. The allelopathic relation may have stressed the
phytoplankton in competition with the dominant
Gymnodinium genus (e.g., Kubanek et al. 2005). Such stress

Scallop shells as phytoplankton proxy archives

may either induce cell lysis or promote the excretion of large
amounts of sticky polymers, both mechanisms triggering the
aggregation of phytoplankton cells. The small difference in
the MOgjtered seawater CONCentration between cage and sediment
shells in early July (Fig. 5B) could be a result of aggregate parti-
cles that sank rapidly toward the SWI and resided shortly in
the water column, making them more available to scallops liv-
ing on the sediment surface. This hypothesis can hardly be
validated in the current study because the estimations contain
several uncertainties (see Supporting Information) that poten-
tially contributed to differences in the absolute trace element
uptake. However, these findings confirm that the patterns in
Mo/Cagpnen profiles are potentially influenced by phytoplank-
ton dynamics within the water column, where both
Gymnodinium spp. blooms and aggregation events play a role
in Mo/Cagpe peak formation.

Based on the hypothesis that the formation of Mo/Cagnen
peaks can be triggered by the ingestion of small Gymnodinium
spp. cells (< 10 ym), the intracellular Mo content of this dino-
flagellate was estimated to evaluate if this pathway can pro-
vide a sufficient load of PMo to explain respective trace
element enrichments in the scallop shells. Unlike most phyto-
plankton (e.g., Morris and Syrett 1963; Eppley et al. 1969), this
dinoflagellate is inferred to potentially use nitrate instead of
ammonium for nitrogen assimilation (Yamamoto et al. 2004).
The wutilization of nitrate requires the synthesis of the
Mo-containing enzyme nitrate reductase (Collier 1985; Marino
et al. 2003), which could be the cause for the enhanced Mo
content observed in Gymnodinium cells (Frohlich et al. 2022a4).
Ho et al. (2003) determined the element ratios of Mo and car-
bon (C), both normalized to phosphorus (P), in the dinoflagel-
late species Gymmnodinium chlorophorum, suggesting a molar
Mo/C ratio of 0.8 mmol mol~! (using Mo/P of 0.11 mol mol™*
and C/P of 137molmol™!). An empirical relationship
between carbon content and cell volume was defined for dino-
flagellates (pg C cell ! = 0.216 x volume®?3?; Menden-Deuer
and Lessard 2000), where the cell volume can be estimated by
a geometric model for Gymnodinium cells (Fig. 5C; Hillebrand
et al. 1999; Sun and Liu 2003). These features allowed to esti-
mate the range of absolute cellular Mo content at various pos-
sibilities in the shape of Gymmnodinium cells (i.e., length,
diameter d1 and d2; Fig. 5C). Considering that the total pool
of Gymnodinium cells within each liter of filtered seawater was
retained by the scallops, a cellular Mo load of 17.5 fg cell™*
(Fig. SC; green 100% graph) was calculated (e.g., 0.4 ng
Mo L' of filtered water at 22,880 cellsL™! in early May;
Fig. 5B). Based on the above-described cell geometry-to-Mo
content relationship, the Gymmnodinium cell volumes would
have been about 14.7 um?, considering a cell length of 7 yum
and a diameter of 2 ym for d1 and d2 (Fig. 5C), which agrees
with the observed phytoplankton in this study (a length of
< 10 um of the recorded Gymnodinium spp. cells). Given that
many species of Gymnodinium have been reported toxic and
could hamper shell growth in bivalves (Widdows et al. 1979;

2555

85U8017 SUOWIWIOD SISO 8|qedt|dde auy Aq pausenob a1e ssppie YO ‘85N J0 S3InJ oy AIq1T 8UIIUO AB|IA\ UO (SUORIPUOD-PUR-SWBH W00 A8 |ImAeIq 1 Ul UO//:SANY) SUORIPUOD Pue SWIB | 8U} 89S *[£202/2T/80] U0 ArIqI]aUIUO AB|IM ‘ZURIN SRUI0IIGSISBAIUN AQ 02T 0Ul/Z00T 0T/I0p/W0d A8 |imAteIq1pul|uo'sgndose//sdny wolj papeojumod ‘TT ‘€202 ‘065S6E6T



Frohlich et al.

Chauvaud et al. 2001), cells of Gymnodinium are likely not the
preferred diet of P. maximus and only ingested by smaller
amounts. In fact, a reduction in growth rate was observed for
sediment scallops during the first large Gymnodinium bloom in
early May (Supporting Information Fig. S3). Therefore, a sce-
nario in which only 5% of the total Gymnodinium spp. cells
were ingested (i.e., corresponding to a cell concentration as
low as 1144 cells L' in early May) is likely, which would
result in a cellular Mo load of up to 349.7 fg cell™! to account
for the estimated MoOgitered seawater e€quirement of 0.4 ng
Mo L™! for the cage and sediment shells (in early May). Inter-
estingly, even this high cellular Mo content can be contained
in Gymnodinium cells with a length and diameter not exceed-
ing 10 um (e.g., at a length of 8.4 and 9 ym in diameter d1
and d2; Fig. 5C; green 5% graph). In other words, the inges-
tion of cells of only a very small portion (< 5%) of the total
Gymnodinium spp. (< 10 yum) pool provided a sufficient con-
centration of MoOgjtered scawater tO induce the formation of the
Mo/Cashen peaks in the cage and sediment shells. Although
these calculations were based on multiple assumptions, this
line of evidence supports that a potential link exists between
the dinoflagellate genus Gymnodinium and Mo/Cagnen peaks.
Despite the fact that ammonium assimilating diatoms leading
to the formation of Ba/Cagne peaks are assumed to contain
only low amounts of cellular Mo (repressed synthesis of the
Mo-containing enzyme nitrate reductase), such diatom
blooms could have eventually contributed slightly to the large
Mo/Cashen peak during summer. To investigate the impact of
various phytoplankton taxa cultivated using different nitrogen
sources on the Mo content in scallop shells, future studies
should incorporate feeding experiments. These experiments
will provide valuable insights into the relationship between
phytoplankton composition and nitrogen sources in relation
to Mo accumulation in scallop shells.

Despite small differences observed in the Mo/Cagne back-
ground levels (Fig. 1B), after accounting for growth and filtra-
tion rates (Fig. S5A), the MOgitered seawater cCONcCentration
revealed closely similar levels between cage and sediment
shells outside Mo enrichment episodes (Fig. 5B). Compared
to the significant deviations in the Ba/Casne; background
levels that can be explained by small differences in the ambi-
ent environment of the scallops, the more similar Mo
requirements in cage and sediment shells suggest that such
small environmental variations did not affect Mo/Cagnen
background levels. Instead, only during distinct events in the
water column (e.g., aggregation episodes and/or large dinofla-
gellate blooms), enhanced loads of Mo enter the scallops and
lead to the formation of Mo/Casne peaks. This is in agree-
ment with previous findings showing that the digestive gland
is the most Mo-enriched organ (about 69% of the total shell
Mo content; Barats et al. 2010; Thébault et al. 2022) and that
variations of dissolved Mo in seawater contribute insignifi-
cantly to the Mo/Casnep profiles (Barats et al. 2010; Tabouret
et al. 2012).

Scallop shells as phytoplankton proxy archives

Li/Cagpen profiles

Unlike past Li/Casnhen chronologies of P. maximus, respective
profiles of cage and sediment specimens in the present study
did not show large and distinct peaks (e.g., a Li/Casne peak of
approximately 159 ymol mol~' was measured in scallops by
Thébault et al. 2022). However, two small Li/Cagne enrich-
ments in August and September occurred contemporaneously
in cage and sediment shells (Fig. 6). These Li enrichments
were even more pronounced when converted to an absolute
daily Li incorporation rate (Supporting Information Fig. S9),
using the relationship between daily shell growth rates and
the Li/Cagnen background (Thébault and Chauvaud 2013)
together with the daily Ca precipitation rate (Supporting
Information Fig. S2). This indicates a common environmental
forcing acting upon Li incorporation into the shells. It was
previously hypothesized that Li from the dissolved phase is
removed by the production of biogenic opal (Coplen
et al. 2002) in diatom frustules that can lead to the transport
of large quantities of Li toward the SWI, triggering the forma-
tion of Li/Cashen peaks in scallops (Thébault and
Chauvaud 2013; Thébault et al. 2022). The large diatom
blooms in early June and mid-September (Fig. 2) occurred con-
temporaneously with increased PLi/POC levels in bottom
waters, while increased PLi/POC values were only detected at
the surface water in mid-September (Fig. 6). The latter
PLi/POC event (September) also coincided with a Li/Cagpen
enrichment, corroborating a link between diatom abundance
and shell Li enrichments. However, no respective Li/Cagpen
peak occurred in June after the formation of the largest diatom
bloom (Fig. 2). A possible explanation for the absence of a
respective Li/Casnhe enrichment in early June is that either
particulate Li was associated with a diatom species that was
not ingested by the scallops or another process was involved
that caused the recorded peak in PLi/POC at the SWI, such as
the resuspension of Li-enriched sediment particles (Tardy
et al. 1972) that were not filtered and retained by the scallops.
Alternatively, Thébault et al. (2022) demonstrated that after
large diatom blooms, the recycling of biogenic silica at the
SWI also releases frustule-associated Li into the ambient water,
causing distinct Li/Cagney peaks in scallops. The lack of a
Li/Cashen peak following the large diatom bloom in June could
potentially be linked to the observation that a large number of
epifaunal brittlestars, Ophiocomina nigra, colonized the seabed.
This omnivorous echinoderm species could have consumed
most of the organic-enriched particles at the SWI, including
deposited diatom frustules, which, in turn, prohibited the dis-
solution of Li into the water column. Unfortunately, no envi-
ronmental monitoring data are available for August during the
formation of the first small Li/Cagnep enrichment to further
constrain these links.

Another proposed hypothesis describes a potential relation-
ship between the diatom genus Pseudo-nitzschia spp. and the
formation of transient Li/Cashen peaks in P. maximus
(Thébault and Chauvaud 2013; Frohlich et al. 2022a). Under
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stressful conditions, such as nutrient limitations and/or
enhanced predatory activity by zooplankton (Pan et al. 1996;
Bates et al. 2018), Pseudo-nitzschia spp. cells produce the neu-
rotoxin domoic acid which requires the presence of intracellu-
lar Li (Subba Rao et al. 1998). The ingestion of those cells by
scallops can lead to elevated Li/Casnep levels. In the studied
year, several Pseudo-nitzschia spp. blooms were recorded
(Fig. 6), including large blooms in June, at the end of July
(i.e., the most abundant diatom genus; Fig. 2), and in
September. However, only during the end of July high con-
centrations of pheophytin pigments (an indicator for
increased predation activity of zooplankton; Lorenzen 1967)
were observed at the beginning of the development of a
Pseudo-nitzschia spp. bloom (Fig. 6), generating conditions for
this diatom to produce the Li-associated neurotoxin. Consid-
ering a short time lag between the timing of the diatom
bloom and the formation of Li/Cag; enrichments
(cf. Frohlich et al. 2022a), this pathway seems to provide a
possible explanation for the Li enrichment in cage and sedi-
ments shells in August. A similar pattern occurred in
September, during the presence of elevated pheophytin levels
(2ugL™") and the development of a Pseudo-nitzschia spp.
bloom (Fig. 6). This may have induced the formation of the
second episode of elevated Li/Cagne. However, as blooms of
this diatom also occurred prior to the two Li/Cagne; enrich-
ment episodes (i.e., in April and June) at slightly increased
pheophytin pigment concentrations (Fig. 6), the absence of
respective trace element peaks in the scallop shells argues
against the proposed link. The observed discrepancies may be
explained by a species-specific filtration of scallops because
these blooms were composed of different Pseudo-nitzschia
species.

The exact uptake mechanisms of Li from the water column
to the incorporation into the scallop shells need to be further
validated by a longer time series of Li/Cagne and environmen-
tal records. Nonetheless, the hypotheses of Li formation in
scallop shells discussed in this study may also apply to the for-
mation of larger, distinct Li/Caghen peaks (e.g., Thébault
et al. 2022), making Li/Cagney chronologies a geochemical
proxy for recording short-term changes in the water column.
A reliable estimation of the absolute amount of Li filtered
from the water (hke Baﬁltered seawater and Moﬁltered seawater) could
not be performed because no information about the relative
distribution of this trace element in soft tissue and the shell
was available. However, when considering differences in the
volume of filtered seawater between cage and sediment speci-
mens (Supporting Information Fig. S7), it can be estimated
that scallops from the sediment filtered seawater that con-
tained about 36% less Li relative to cage scallops during the Li
enrichments in August and September (Supporting Informa-
tion Fig. S9). Accordingly, Li potentially derived from plank-
tonic particles which might have been more accessible to the
cage scallops, analogous to the observation of the enhanced
ingestion of Ba-enriched phytoplankton for cage shells.

Scallop shells as phytoplankton proxy archives

Summary and conclusions

Shell Ba/Ca and Mo/Ca profiles of P. maximus differed
among specimens grown on the seafloor and in a cage 1 m
above the sediment-water interface. A close link existed
between elements bound to organic particles in the water col-
umn and Ba/Cagne and Mo/Cagpep data, supporting previously
proposed hypotheses on the trophic uptake of those elements
by scallops. Computing the trace element concentrations in
the seawater filtered by the scallops using a novel model that
combines element-to-calcium ratios with physiological param-
eters such as shell height, growth rates, and filtration rates
showed that the theoretical filtered Ba and Mo loads in the
seawater were nearly identical between sediment and cage
scallops during Ba/Cagne; and Mo/Cagne peak formation. The
observed geochemical differences were rather related to
growth conditions than different food or water conditions.
The approximations obtained from the MC simulations indi-
cated that the timing and magnitude of Ba/Cag,e peaks can
be quantitatively modeled by blooms of specific diatom spe-
cies containing different amounts of cellular Ba. The
Mo/Cagnen profiles appeared to be related to the timing of Mo-
enriched dinoflagellate species (Gymnodinium spp.) as well as
to the occurrence of aggregate-forming diatoms transporting
particulate Mo toward the SWI. Li/Cagpey profiles did not show
distinct peaks. However, two small Li enrichments occurred in
all studied shells contemporaneously with elevated particulate
Li concentration in the water, supporting assumptions
according to which Li is derived not only from the dissolved
phase but also from the particulate fraction. These findings
add new insights into uptake mechanisms of Ba, Mo, and Li
from the seawater into the shells of scallops, allowing further
refined Ba/Caghen, M0o/Cagnen, and Li/Cagpep ratios as proxies
for short-term phytoplankton dynamics. However, future
studies should focus on the geochemical records of Li/Caghen
ratios before considering their application as a potential phy-
toplankton proxy. As demonstrated herein, the strong influ-
ence of specimen-specific physiological parameters (filtration
rate, growth rate, and shell height) on shell chemistry high-
lights the necessity to adjust element chemical data before
they can serve as quantitative paleoenvironment proxies.
Since each element alone suggests to be a potential indicator
for phytoplankton dynamics, future studies might also focus
on determining whether the combination of all three ele-
ments in a multi-proxy approach can be effective and what
additional information about marine biogeochemical cycles
can be derived from it.

Data availability statement

The data used and analyzed in this study are published in
Siebert et al. (2023) and available at the SEANOE data reposi-
tory (https://www.seanoe.org/data/00808/92043/). All addi-
tional supporting materials are provided in the Supporting
Information.
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