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ARTICLE INFO ABSTRACT

Keywords: Shells of the fast-growing bivalve Pecten maximus serve as a geochemical archive for the reconstruction of past
Phy.toplankton phytoplankton dynamics. Specifically, high-resolution, temporally accurately aligned molar barium-to-calcium
Ba"l‘u;; (Ba/Caghell), molybdenum-to-calcium (Mo/Cagpep) and lithium-to-calcium ratios (Li/Caghen) of the shell calcite
I::fhfumenum revealed distinct peaks which are closely linked to phytoplankton dynamics. Yet, the development and appli-
R cability of these geochemical proxies is still at an early stage and needs further calibration. In this study, we
Bivalve sclerochronology N R ) L ) K
Diatoms examined the relationship between the timing and magnitude of Ba/Caghell, M0/Caghe and Li/Caghep) peaks of
Dinoflagellates P. maximus and the occurrence of various phytoplankton species (diatoms and dinoflagellates) from a statistical

Bivalve mollusk perspective. Studied shell samples (three specimens per calendar year) as well as detailed phytoplankton

Shells observation data were derived from the well-studied costal ecosystem of the Bay of Brest (France) over three
years (2011, 2012 and 2019). An algorithm-based pseudo-random sampling simulation technique was estab-
lished that analyzed the complex phytoplankton datasets with respect to the profiles of Ba/Caghell, Mo/Caghel1 and
Li/Caghen to identify potential patterns between phytoplankton and trace element time-series. The simulation
results indicate that the timing and magnitude of Ba/Cagpen1, Mo/Caghen and Li/Cagpen peaks agreed best with the
occurrence of specific phytoplankton blooms that developed ca. one to two weeks earlier. The data suggest that
the formation of transient Ba/Caghe;p peaks had a plurispecific origin, i.e., potentially linked to blooms of
ingestible diatom, dinoflagellate and flagellate species enriched in Ba that occurred 8 to 12 days earlier.
Observed peaks in Mo/Cagpe) profiles demonstrably followed the timing and intensity of blooms of the dominant
dinoflagellate genus Gymnodinium spp. after a short time lag of around 8 days, potentially linked to an enhanced
enzyme activity of nitrate reductase that requires the presence of Mo in the dinoflagellate cells. In addition, Mo/
Caghel peaks agreed with periods of diatom aggregate formation which were hypothesized to induce the for-
mation of Mo/Caghen peaks in scallop shells. Li/Cagpey profiles revealed similar patterns as large blooms of the
diatom Chaetoceros spp. as well as to neurotoxin producing diatoms of the genus Pseudo-nitzschia when
considering a short time lag of 8 to 12 days. These findings highlight the great potential of using Ba/Cagphel;, Mo/
Caghenl and Li/Caghen chronologies in P. maximus shells as proxies of past phytoplankton dynamics.

1. Introduction

Marine phytoplankton form the foundation of marine food webs and
contribute considerably to global photosynthetic CO5 fixation and oxy-
gen production (e.g., Iglesias-Rodriguez et al., 2008; Shuter, 1979;
Sigman and Boyle, 2000; Westberry et al., 2008). Despite accounting
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for<1 % of the total photosynthetic biomass, marine phytoplankton
contribute to nearly half of the global net primary production (Field
et al., 1998). Coastal habitats are among the most precious ecosystems
(Barbier et al., 2011) that provide food for millions of people. However,
these systems are increasingly threatened by climate change (e.g., ocean
warming and acidification; Wiltshire and Manly, 2004; Winder and
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Sommer, 2012) and other anthropogenic influences (e.g., over-
exploitation, increased nutrient inputs from artificial fertilizers and
pollutants; Beman et al., 2005; Del Amo et al., 1997; Nixon, 1995; Smith,
2003), leading to changes in phytoplankton community structures and
dynamics (Hare et al., 2007; Marinov et al., 2010) as well as a loss in
biodiversity (Cardinale et al., 2006; Worm et al., 2006). One conse-
quence is the shift from a diatom-dominated ecosystem to one domi-
nated by non-siliceous phytoplankton groups such as dinoflagellates
(Cloern, 2001; Radach et al., 1990; Ragueneau et al., 1994), which can
have negative impacts on fisheries and food webs due to toxic algal
blooms. Accounting for these changes in phytoplankton dynamics over
time is essential for the reliable modeling of potential future trends of
marine ecosystems.

Detailed and long-term records of phytoplankton dynamics are
sparse and limited to a few localities (e.g., Chauvaud et al., 2000;
Richardson and Heilmann, 1995; Warner and Hays, 1994). Remotely
sensed observations (e.g., Gordon et al., 1980; Hovis et al., 1980) pro-
vide a large spatial coverage but cannot be used to assess phytoplankton
community structures on a higher taxonomic level (e.g., species) and are
only available since a few decades. Traditional microscopic in-situ an-
alyses as well as high-performance liquid chromatography of biochem-
ical markers (e.g., carotenoid pigments) allow to evaluate
phytoplankton community compositions on a fine temporal scale (e.g.,
Lionard et al., 2008; Wang et al., 2021; Wright et al., 2010), but are less
useful to reconstruct past phytoplankton dynamics. A variety of tools are
used to assess pre-industrial primary production, e.g., the biogeo-
chemical analysis of marine sediments including barite precipitation
rates, aluminum-to-titanium and barium-to-titanium ratios (e.g.,
Bishop, 1988; Dehairs et al., 1980; Dymond et al., 1997). However, these
data only provide a limited temporal resolution that is insufficient to
identify short-term phytoplankton events (days to weeks). Mollusk
shells potentially provide a more suitable archive for this purpose as
they record prevailing environmental conditions in the form of
geochemical properties over seasons, years, decades or even centuries.
These geochemical data can be temporally constrained by growth
pattern analysis (Hallmann et al., 2008; Richardson et al., 1980; Schone,
2008). To reconstruct phytoplankton dynamics, several studies used
shells of the short-lived (up to ca. 12 years) bivalve, Pecten maximus (e.
g., Barats et al., 2010; Chauvaud et al., 2011; Gillikin et al., 2008;
Tabouret et al., 2012; Thébault et al., 2022). Especially during their
second year of life (after the first winter growth cessation), these bi-
valves form distinct daily increments allowing to retrieve highly-
resolved time-series (e.g., Chauvaud et al., 2005) that provide an ideal
temporal resolution for assessing short-term phytoplankton events.
Transient peaks in trace element profiles of barium (Ba), molybdenum
(Mo) and lithium (Li) occurring synchronously among contemporaneous
P. maximus shells were proposed to originate from food sources (e.g.,
Barats et al., 2010, 2009; Gillikin et al., 2008; Thébault et al., 2009;
Thébault and Chauvaud, 2013). The formation of molar barium-to-
calcium (Ba/Caghe))) peaks are induced by the ingestion of Ba-rich
diatom frustules rather than by an increase in the dissolved Ba con-
centration of the ambient water (Barats et al., 2009; Gillikin et al., 2008,
2006) or by enhanced riverine inputs (Thébault et al., 2009). While Ba/
Cagpeyr profiles do not correlate strongly with bulk phytoplankton vari-
ations, Ba/Cagpe|) peaks correspond to the timing of blooms of individual
phytoplankton species when applying a short time lag of several days
(Frohlich et al., 2022). Given the large inter-taxa variability in phyto-
plankton cell-associated Ba (Fisher et al., 1991; Martin and Knauer,
1973; Roth and Riley, 1971), it is hypothesized that various taxa
contribute differently to the measured Ba/Cagey peaks (Frohlich et al.,
2022; Thébault et al., 2009). Yet, further studies are needed to test this
hypothesis. Similar to Ba enrichments in shells, molar molybdenum-to-
calcium (Mo/Caghe)) peaks are considered to have a dietary origin
(Tabouret et al., 2012). According to Thébault et al. (2022), the for-
mation of Mo/Cagpep; peaks in scallop shells could be induced by the
ingestion of Mo-rich diatom aggregates forming during periods of
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nutrient limitation. Molar lithium-to-calcium (Li/Caghe)) peaks have
been associated with blooms of diatoms that adsorb dissolved Li from
the water column onto their frustules and as such transport large
quantities of Li to the site of calcification when digested by the bivalves
(Thébault et al., 2022; Thébault and Chauvaud, 2013). Thus, peaks of
Ba/Caghell, Mo/Cagpel) and Li/Cagpey in scallop shells were demonstrably
linked to phytoplankton dynamics, but the mechanisms controlling the
formation of trace element peaks are still poorly understood. To improve
the applicability of Ba/Cagphell, Mo/Caghenn and Li/Caghey as reliable in-
dicators for past phytoplankton dynamics using fossil or subfossil shells,
it is necessary to further disentangle the relationship between phyto-
plankton on a species level and the formation of trace element peaks in
P. maximus shells.

This study analyzed the direct relationship between three years of
highly resolved Ba/Caghe), Mo/Caghen and Li/Caghey profiles and the
contemporaneous phytoplankton dynamics in the Bay of Brest, France.
Diatoms and dinoflagellate species were shown to be the dominant
phytoplankton taxa in the studied coastal ecosystem and are the main
food source for the studied bivalve. Therefore, the analyses conducted
herein focused primarily on the dynamics of diatom and dinoflagellate
species. The objective of this work was to examine whether the forma-
tion of transient trace element peaks could be related to the occurrence
of short-term phytoplankton events and whether a monospecific or a
plurispecific connection exists. To identify patterns within the largely
unknown relationship between phytoplankton dynamics and trace
element profiles in scallop shells, a pseudo-random sampling method
was used that calculated millions of possible phytoplankton combina-
tions at various hypothetical time lags. This computational approach
allowed to evaluate a complex ecosystem and its potential responses in
shell geochemistry from a statistical perspective and adds information
required for the interpretation of Ba/Cagpel;, Mo/Caghep and Li/Caghen
profiles as proxies for past phytoplankton dynamics. Deciphering this
link will help to further improve the applicability of shells of P. maximus
as powerful and highly resolved geochemical archives.

2. Material and methods
2.1. Sampling locality, shell collection and preparation

Nine living specimens of P. maximus were collected by SCUBA divers
at Lanvéoc (48°17°N 4°30°W), Bay of Brest, Brittany, northwest France
(Fig. 1). The bay (ca. 180 km?), a semi-enclosed ecosystem, is charac-
terized as a macrotidal regime and an average water depth of 8 m. The
sampling locality, Lanvéoc, is situated in the southern area, close to the
Aulne river (Fig. 1). Three scallop shells were collected on 30 August
2011, three on 23 October 2012 and three specimens on 15 November
2019 (Table 1) and stored at —20 °C. All shells experienced one winter
growth cessation. In order to prepare the shells for elemental analyses,
all specimens were gently cleaned with tap water using a plastic brush,
and epibionts were removed after dissecting each specimen. In this
study, sclerochronological analyses were performed on the surface of the
left (flat) valves (Fig. 2) that were rinsed ultrasonically for 3 min with
deionized water to remove sediment trapped between adjacent striae.

2.2. LA-ICP-MS analysis

In-situ chemical analyses were performed on the surface of the shell
sections that were cut along the axis of maximum growth (Fig. 2) using a
handheld drill equipped with a 150 um-thin disk (disk with galvanically
bonded diamonds; Komet — Dental Gebr. Brasseler GmbH & Co. KG;
Art.-No.: 6911H.-104.220). After cutting, the shell slabs were immersed
in acetic acid (10 vol%) for ca. 1 min and thoroughly rinsed using
deionized water, to remove potential surface contamination. All shell
samples were analyzed for their Ba (measured as 137Ba), Mo (°’Mo) and
Li ("Li) content using a Laser Ablation — Inductively Coupled Plasma —
Mass Spectrometer (LA-ICP-MS) system at the Max Planck Institute for
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Fig. 1. Map of the Bay of Brest (left panel) with the sampling locality, Lanvéoc (red circle), near to the city of Brest (red square) in northwest France (right panel).
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1

Limit of detection (LOD) and relative standard deviation (RSD) calculated from repeated measurements of the external standard material (NIST SRM 612) for their
lithium, molybdenum and barium content via LA-ICP-MS. The USGS MACS-3 reference material served as quality control samples in which the measured values (+106)
were compared to known reference values (59.6, 1.21 and 62.9 pg g~ ' for Ba, Mo and Li, respectively) obtained from the GeoReM database (http://georem.mpch

-mainz.gwdg.de/).

Ba/Caghell Mo/Caghen Li/Cashen
Sample ID Date of collection LOD RSD MACS-3 values LOD RSD MACS-3 values LOD RSD MACS-3 values

(mmol mol 1) (%) (ugg™ (mmol mol 1) (%) (gg™ (mmol mol 1) (%) (ugg™H
Shell A 30. Aug 11 9x10°° 2 56.6 + 4.8 2x107° 4.7 1.5+ 0.2 3x107° 3.2 49.9+1.9
Shell B 30. Aug 11 1x10°° 1.7 65.6 + 4.3 2% 10°° 5.7 21+02 5x 1072 1.9 56.3 + 1.2
Shell C 30. Aug 11 8x10°° 2.6 54.8 + 4.6 8x1077 3.6 1.4+0.3 2x1073 6.6 52.2 +1.6
Shell D 23. Oct 12 9x10°° 5.5 66.9 + 4.0 8x 1077 7.1 2.1+0.2 4x107° 5.1 55.5 + 1.2
Shell E 23. Oct 12 5x107° 3.1 58.8 + 2.5 9x107° 3.8 1.5+ 0.1 5x 1073 2.7 53.5+1.3
Shell F 23. Oct 12 1x10°° 2.5 66.2 + 5.8 8 x 1077 5 1.7 £ 0.2 4x10°° 2.4 53.8 + 1.1
Shell G 15. Nov 19 1x10°° 7.1 54.4 + 2.5 2x107° 4.2 1.5+0.1 1x1072 4.9 54.2 + 1.5
Shell H 15. Nov 19 2x10°° 1.9 58.9 + 2.2 3x107° 3 1.6 + 0.1 1x1072 1.7 53.5+ 0.8
Shell T 15. Nov 19 5% 10°° 3.4 49.9 +3.3 1x10°° 4.5 1.2+0.1 3x 102 4.2 49.8 £ 1.5

Chemistry (Mainz, Germany). The laser operated in a line scan mode by
ablating shell material on the outer shell surface perpendicular to the
growth direction and parallel to the striae (Fig. 2). To avoid sample
contamination, each scan was pre-ablated with a laser spot size of 100
pm at a constant speed of 80 pm s~'. Then, sample ablation was per-
formed using a laser spot size of 80 ym at a speed of 5 um s~ *. Each line
scan attained a total length of 600 um. Reference materials used for
calibration and quality control were analyzed in a similar way. Given the
high growth rates in P. maximus during the second year of growth (i.e.,
after the 1st winter growth line), a nearly daily resolution was obtained
by sampling every stria from the winter growth mark to the ventral
margin. Measured signal intensities were averaged for each line scan as
the distribution of trace elements within a single stria was considered to
be homogeneous (Barats et al., 2007).

A NewWave Research UP-213 Nd:YAG laser ablation system was
used for ablation performing at a repetition rate of 10 Hz with a laser
energy density of ca. 15.8 J cm 2. Helium (quality 5.0) served as an
initial carrier gas at a flow rate of 0.57 L/min. After ablation, ion in-
tensities were analyzed using a Thermo Fisher Element 2 single collector
sector-field ICP-MS, connected to the laser ablation system, with argon
(quality 5.0, flow rate 0.77 L min~!) as carrier gas. The synthetic silicate
glass, NIST SRM 612, was used as a reference material and served as an
external standard (values obtained from the GeoReM database version
29; http://georem.mpch-mainz.gwdg.de/; last access: 2 July 2021;
Jochum et al., 2011), and 43Ca was used as an internal standard.

Data reduction was performed according to the calculations

provided by Longerich et al. (1996) and Jochum et al. (2011, 2007)
using an in-house Microsoft Excel spreadsheet template. Detection limits
(LOD) were computed based on the 3¢ criterion using the blank signal of
each measurement, i.e., 15 s prior to sample ablation. Element-to-
calcium ratios were significantly higher than the calculated detection
limits for the target analytes (Table 1), with an average LOD of 1 x 107
mmol mol ! for Ba, 1 x 10~ mmol mol ! for Mo and 6 x 10~ mmol
mol ™! for Li. Uncertainties of reproducibility were expressed as the
relative standard deviation in percent (RSD%) and calculated from
repeated NIST SRM 612 measurements. On average, the calculated RSD
% was 3.3 % for Ba, 4.6 % for Mo and 3.6 % for lithium. In addition, the
synthetic carbonate powder pellet, USGS MACS-3, was used as quality
control material and treated as an unknown sample. Table 1 summarizes
the blindly measured MACS-3 values with an average 59.1 + 3.8 ug g !
for Ba (ref. value: 59.6 pg g™1), 1.6 & 0.2 ug g~ ! for Mo (ref. value: 1.21
pg g H and 53.2 + 1.3 pg g~ ! for Li (ref. value: 62.9 ug g~1). Published
reference values were obtained from the GeoReM database. Due to
heterogeneously sized particles of the MACS-3 carbonate pellet, changes
in the ablation behavior potentially led to differences in ionization
causing deviations between the published reference values and the
blindly measured MACS-3 samples. In addition, uncertainties of the non-
certified reference material (Jochum et al., 2019) likely also accounted
for observed deviations.
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First winter
growth line

Fig. 2. Left valve of a P. maximus specimen and a schematic representation (magnification) of the analyzed shell portion. All shells used in this study experienced one
winter growth line (dashed black line). LA-ICP-MS scans were obtained from a shell section covering the portion between the ventral margin and the winter growth
line. Each line scan was positioned on a daily increment (stria) perpendicular to the direction of growth.

2.3. Temporal alignment of geochemical information

Shells of P. maximus are known to form visible growth increments
and lines (aka ‘striae’) on a daily basis (e.g., Chauvaud et al., 1998;
Lorrain et al., 2000). By backdating from the last known increment, i.e.,
the date of collection corresponding to the last increment visible at the
ventral margin, it was possible to place each stria into a precise temporal
context (Fig. 2), as long as the shell collection was accomplished during
the main growing season. By means of image processing, the clean outer
shell surface of each specimen was used for growth pattern analysis.
With a Canon EOS 600 DSLR camera connected to a Wild Heerbrugg
binocular microscope equipped with a Schott VisiLED MC 1000 light
source (sectoral dark field), images were taken along one of the main
growth axes between the ventral margin and the first winter line. Ob-
tained, overlapping images were then stitched together using the Image
Composite Editor software (version 2.0.3.0; by the Microsoft Research
Computational Photography Group). The width of each microgrowth
increment was determined by measuring the distance between two
adjacent striae and converting the pixel distance into a um-scale. By
including the daily periodicity of striae formation, growth rates were
expressed in ym day !. Since the last formed increments were some-
times hard to identify, because of small fractures at the ventral margin, it
was necessary to compare growth patterns of contemporaneous speci-
mens and crossdate the growth curves by minimizing the sum of least
squares. As described in previous studies (Thébault et al., 2009, 2006)
difficulties in the visual growth increment determination process and
subjective inter-reader discrepancies can lead to small uncertainties in
the absolute dating of geochemical data and according to the calcula-
tions of a previous study (Frohlich et al., 2022), a small uncertainty of +
2 days in the temporal alignment of the geochemical data was
considered.

2.4. Phytoplankton determination and instrumental data

Phytoplankton data were collected between 13 January and 24
October 2011, between 17 January and 18 December 2012 and between
28 January and 18 December 2019. The sampling frequency in 2011 was
twice per week in spring to once per week during the rest of the year,

resulting in a total of 52 samples. In 2012, water samples were collected
on a weekly basis in spring and biweekly in summer to winter, providing
a total of 26 samples. In 2019, a total of 21 water samples were collected
on a biweekly basis. Each water sample was collected using a 5 L Niskin
bottle that was placed vertically, ca. 1.5 m below the water surface. For
phytoplankton species determination, 250 mL of the water sample was
carefully filled into a silicon tube, to avoid turbulence and disintegration
of intact phytoplankton cells. The phytoplankton cells were fixed in 2.5
mL Lugol’s solution within one hour after sampling and stored at a dark
place to avoid UV-damaging. The identification of phytoplankton taxa as
well as the calculation of the respective cell concentration were per-
formed using an aliquot of 50 mL of the water sample that was filled into
a sedimentation column. After 24 h, the phytoplankton cells settled on a
microscope glass slide and the different cells were identified and coun-
ted with an inverted microscope (Axio Observer.A1-ZEISS). Due to very
small cell sizes and/or only minor differences in cell ornamentations, the
assignment to a species-rank was not always unambiguous for some
phytoplankton cells. Consequently, these cells were identified according
to their phytoplankton genera and/or their cell size. The identification
in 2011 and 2012 differed slightly from 2019, e.g., the dinoflagellate
genus Gymnodinium spp. was subclassed into Gymnodinium spp. < 20 um
and > 20 um in only 2011 and 2012. In the following, the term phyto-
plankton bloom refers to an ephemeral, relatively large increase or
maximum in the observed cell abundance of a given phytoplankton taxa
time-series. Chlorophyll a and pheophytin pigment concentration were
extracted by filtering water samples with glass fiber filters (GF/F
Whatman) and adding 6 mL of 90 % acetone. After storing the samples at
a dark place for 12 h at 4 °C, each sample was centrifuged (at 3000 rpm
for 5 and 10 min) and fluorescence was measured using a Turner Design
fluorometer. Finally, pigment concentration were obtained following
the calculations provided by Lorenzen (1966).

2.5. Pseudo-random sampling method to detect potential patterns between
trace element profiles and phytoplankton taxa

In order to determine potential relationships between the measured
trace element profiles and the phytoplankton data, a pseudo-random
sampling method was applied. This algorithmic approach (using the
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scripting language C++) consisted of multi-step Monte Carlo simula-
tions, where each simulation encompassed 10’ independent runs
(Fig. 3). In total 294 simulations were performed, resulting in 2.94
billion runs. The objective of this method was to identify potential re-
lationships in the patterns of trace element profiles, i.e., the relative
timing of transient trace element peaks, and those of phytoplankton
data.

In general, each run consisted of seven consecutive steps: (1)
Choosing the number of different phytoplankton taxa (i.e., number of
individual time-series) that are taken into account in the respective run,
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by pseudo-randomly generating a number (z) between 1 and n (number
of considered phytoplankton taxa). (2) Randomly select z phytoplankton
time-series among the included taxa (Fig. 3A; Supplementary Table 1,
2). (3) Assign a specific time-lag (in days) to each of the selected
phytoplankton time-series. This time lag is randomly selected within a
predefined range (Fig. 3B). (4) In addition to the temporal lag, a time-
series specific weighting factor was randomly assigned to each phyto-
plankton taxon, where the factor is selected between 0 and 1 (Fig. 3B).
(5) Generating a continuous phytoplankton time-series based on the
specific temporal shifts and weighting factors, by computing the
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Fig. 3. Simplified schematic representation of the pseudo-random sampling method used in this study. Exemplarily, 16 different phytoplankton taxa time-series from
three years (2011, 2012 and 2019) were included and depicted in A (each subplot corresponds to the cell concentration time-series data of one phytoplankton taxon).
For each run, a random number of phytoplankton time-series was selected, i.e., subplots marked with a red frame. For instance, in the first run (A) the three
phytoplankton taxa 3, 10 and 13 were selected. In addition, a time lag (in days between a given range; TL) and a weighting factor (between 0 and 1; W) were
randomly generated and assigned to each phytoplankton time-series. B shows how the individual time-series were processed, i.e., the dashed black line displays the
original cell concentration data, the green area represents the temporally shifted time-series and the red graph shows the temporally lagged and weighted phyto-
plankton time-series. The blue area in B delimits the region of interest in the processed phytoplankton time-series that is defined by the date of the first and last trace
element measurement within the respective year. As a next step, the selected and modified phytoplankton data were combined into a continuous time-series and the
Pearson correlation coefficient between the new phytoplankton time-series and the trace element profile was calculated for each run (r). This procedure was repeated
iteratively 107 times and the best results, according to the Pearson correlation coefficient, were stored. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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weighted and time-lagged sum of the phytoplankton data that are
included in the current run. (6) Compare the obtained phytoplankton
time-series to the respective trace element profile by calculating the
Pearson correlation coefficient (r). (7) If the Pearson correlation coef-
ficient of the respective run is larger than that of previous runs, store the
selected phytoplankton data including time lags and weighting factors
(i.e., the 50 best runs, according to the Pearson correlation coefficient,
were stored).

Returning the best out of 107 runs, according to the Pearson corre-
lation coefficients obtained from one simulation, provided an estimate
of the best possible combination. To account for potential patterns at
differently lagged phytoplankton time-series, 25 simulations were per-
formed considering predefined time lags (3 days) between 0 and 50
days, i.e., the first simulation covered 0 to 2 days, the second 2 to 4 days,
the third 4 to 6 days, and so forth. In addition, 24 simulations were
implemented comprising larger time lags (5 days) between 0 and 50
days, i.e., the first simulation encompassed 0 to 4 days, the second 2 to 6
days, etc. This simulation strategy ensured to cover all potential time
lags between 0 and 50 days at various temporal windows. As mentioned
in section 2.4, the phytoplankton identification details slightly differed
in the three studied years. Therefore, two sets of simulations were per-
formed: The first covered the main phytoplankton data from all three
years (Supplementary Table 1) by summarizing individual phyto-
plankton taxa to phytoplankton groups, e.g., Gymnodinium spp. < 20 pm
and Gymnodinium spp. > 20 pm were combined into one Gymnodinium
spp. group. This grouping strategy ensured to compare phytoplankton
groups from all three years but decreased the number of comparable
phytoplankton taxa. Since a more detailed phytoplankton determination
was available for 2011 and 2012 (Supplementary Table 2), the second
set of simulations was performed solely focusing on these two years,
discarding the less detailed phytoplankton identification in 2019. In
order to calculate the Pearson correlation between the phytoplankton
data and the trace element profiles, the time-series were cut to the time
range covered by the trace element data in the corresponding year
(Fig. 3B, blue area). To reduce the number of possible combinations and
to focus solely on the most dominant taxa, only phytoplankton time-
series were included that provided a maximum cell concen-
tration>1000 cells/L in one of the studied years. In total, 47 phyto-
plankton groups were taken into account in the first set of simulations
and 50 groups in the second set (see Supplementary Tables S1 and S2).
Unlike Ba/Cagpe; and Mo/Cagpep profiles, the Li/Cagpe) time-series
yielded a growth rate related background signal (Thébault and Chau-
vaud, 2013) that had to be removed from the Li/Cagne data to extract
transient Li peaks and to normalize the background level. This was
accomplished by using the Li/Cagpep-to-daily growth rate dependency
calculated by Thébault and Chauvaud (2013).

Since no causal relationship could be derived from the purely
deterministic calculations, the individual results had to be evaluated
separately. To address the quality (i.e., to which extent the temporally
shifted and weighted phytoplankton time-series agreed with the trace
element profiles) of a simulation at a certain time interval relative to that
of other tested time lags, the Pearson correlation coefficients provided a
first evaluation. Simulations showing larger correlation coefficients
were then manually evaluated by comparing the simulated phyto-
plankton time-series with the trace element profiles following the
premise of a potential relationship. Finally, the hypothetically deter-
mined scenarios (or best matching scenarios), i.e., phytoplankton spe-
cies and time lags used to explain the occurrence of trace element peaks,
were contextualized ecologically and interpreted accordingly.

3. Results
3.1. Growth rate and trace element profiles in P. maximus

Although growth rates varied among specimens, especially during
the main growing season, the overall growth patterns were largely

Ecological Indicators 141 (2022) 109121

synchronous among contemporaneous bivalves (Fig. 4). In all three
studied years, shell growth commenced in March at growth rates be-
tween 20 and 60 ym day'. In 2011 and 2012 (Fig. 4A, B), the growth
rates gradually increased until early May (reaching average growth rates
of ca. 200 um day '), whereas in 2019 (Fig. 4C), growth rates initially
peaked in mid-April (ca. 200 um day 1) but dropped rapidly until end of
April (68 ym day ! on 28 April). After this growth slowdown, the
growth rates successively increased reaching maximum values in early
August (ca. 280 pm day’l). Similarly, maximum growth in 2011 and
2012 occurred between the end of July and early August with growth
rates of ca. 300 um day ! and 280 pm day ™, respectively. Growth rates
started to decline between the end of August and September in all three
years.

Trace element profiles of the studied years exhibited a similar pattern
among specimens from the same population (Fig. 5). In general, a flat
baseline level was episodically interrupted by distinct peaks. Average
background levels were 0.60 + 0.06 umol mol~! for Ba/Cagpey, 0.04 &
0.01 pmol mol ! for Mo/Cagpen and 33.73 + 4.19 ymol mol * for Li/
Caghepl- In 2011, four large Ba/Cagheny peaks were detected with the
highest elevation in early August (1.77 pmol mol™!; Fig. 5A). From all
three years, the largest Ba peak values were determined in August 2012
reaching molar ratios of 3.66 umol mol~! (Fig. 5B). Additionally, three
distinct Ba maxima occurred between June and July 2012. In 2019,
elevated Ba/Cagpey values (1.63 pmol mol™1) were obtained between
early July and August (Fig. 5C). The Mo/Cagpe profiles of 2011 showed
only one distinct Mo/Caghe maximum in late May (0.19 pymol mol’l;
Fig. 5D), whereas in 2012, three ephemeral peaks of decreasing mag-
nitudes were measured between April and July with values in the range
of 0.08 and 1.07 pmol mol ! (Fig. 5E). No Mo/Cagpe peaks were
observed in shells from 2019 (Fig. 5F). The Li/Cagpep profiles of all three
years exhibit only one sharp Li/Cagpe) peak in mid-June 2011 with an
average value of 132.93 ymol mol . This large peak was enveloped by
smaller Li/Cagpep fluctuations between 38 and 58 umol mol L.

3.2. Phytoplankton dynamics in 2011, 2012 and 2019

In 2011, the phytoplankton dynamics (Fig. 6A) showed increasing
chlorophyll a levels between February (0.67 ugL™!) and early May
(5.11 pgL™Y) that coincided with the formation of the second largest
diatom bloom (up to 742,500 cells L7! on 02 May) in 2011, while
pheophytin pigment concentrations were low (between 0.23 and 0.80
pg LY. Dinoflagellate cell concentration reached its annual maximum
of 347,080 cellsL™! on 23 May and was accompanied by a peak in
pheophytin pigments (1.64 pg L™1). The largest diatom spring bloom
occurred on 06 June (4,072,860 cells L)) with chlorophyll a and
pheophytin pigment concentration of 3.52 and 1.88 ug L™}, respectively.
Until the end of August, neither large diatom nor dinoflagellate blooms
developed, as reflected by low levels of chlorophyll a fluctuating be-
tween 0.97 and 2.19 ugL™'. However, pheophytin concentration
consistently showed high values ranging from 1.02 to 1.57 ug L™\, The
diatom community was largely dominated by the taxon Chaetoceros spp.
that made up nearly 80 % of the total diatom cells recorded in 2011
(Fig. 6 A; left panel), followed by Dactyliosolen fragilissimus (5.3 %),
Guinardia delicatula (3.4 %) and Leptocylindrus danicus (3.0 %). The di-
noflagellates were mainly composed of two taxa, i.e., Heterocapsa
minima and Gymnodinium spp. (size fraction > 20 um) that accounted for
41.1 % and 39.1 % of the total dinoflagellate cells in 2011.

The phytoplankton dynamics in 2012 (Fig. 6B) differed significantly
from that observed in 2011 showing two chlorophyll a spring peaks, i.e.,
on 03 April (4.44 pgL™!) and on 10 May (9.77 pg L1). The first chlo-
rophyll a peak was associated with an early diatom bloom (476,990
cells 1) which was followed by the first and largest dinoflagellate
efflorescence in 2012 on 24 April (253,960 cells LY. Two large diatom
summer blooms occurred on 28 June (1,195,392 cells L") and on 24
July (1,395,940 cells L) that were preceded by smaller dinoflagellate
blooms on 31 May (119,040 cells L’l) and on 06 July (119,680 cells L’l).
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The summer diatom blooms were related with higher chlorophyll a
levels between 4.74 and 3.09 ug L™}, The pheophytin pigment concen-
tration roughly followed the chlorophyll a pattern with highest con-
centrations on 26 March (1.55 pg L™1), 10 May (1.40 pg L™!) and 28 June
(1.60 ug L) followed by lower concentrations throughout the rest of
the year (0.62 + 0.3 ug L™). Similar to 2011, the majority of diatom cells

belonged to the diatom taxon Chaetoceros spp. that accounted for 63.7 %
of the total diatom cells. The dinoflagellate community was dominated
by cells of the taxon Gymnodinium spp. (size fraction < 20 um; 50.8 %)
and Heterocapsa minima (27.6 %).

In 2019, the phytoplankton dynamics (Fig. 6C) was characterized by
two chlorophyll a maxima in spring, i.e., on 19 March and 30 April with
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concentrations of 2.81 and 3.44 ug L™}, respectively. These peaks in
chlorophyll a pigments coincided with two diatom blooms. The first yet
small spring bloom occurred on 19 March with cell concentrations
reaching 338,340 cells L™ and the second or the largest bloom emerged
on 30 April with 2,044,640 cells L) A dinoflagellate efflorescence
developed (reaching 83,680 cells L™!) contemporaneously to the late
diatom spring bloom (30 April). During summer, chlorophyll concen-
trations remained low (between 0.72 and 1.65 pg L™!) and only smaller
diatom blooms evolved with cell concentrations below 228,060 cells L™
(on 28 August). Furthermore, no dinoflagellate blooms were recorded
during summer. Unfortunately, pheophytin pigment concentrations
were not recorded in 2019. Unlike 2011 and 2012, the dominant diatom
species belonged to Leptocylindrus danicus that made up 67.7 % of the
total diatom cells, followed by Chaetoceros spp. (6.8 %). Similar to 2011
and 2012, the dinoflagellate taxa Gymnodinium spp. (51.3 %) and

Heterocapsa minima (19.4 %) formed the predominant dinoflagellate
groups observed in 2019.

3.3. Pseudo-random sampling method results

The simulations used to derive potential patterns that could explain
the formation of Ba/Cagye) peaks resulted in Pearson correlation co-
efficients between 0.67 and 0.90 (p < 0.05), with three local maxima of
gradually decreasing coefficients at time lags of 8 to 12, 24 to 28 and 36
to 40 days, respectively (Fig. 7A, B). Evaluating the generated time-
series (temporally lagged and weighted combination of phytoplankton
taxa) for these intervals demonstrate that the best agreement to the Ba/
Caghell profiles was obtained for a scenario with a time lag of 8 to 12 days
(Fig. 7A, B; subplots). At this time lag, the scenario considering a 5-day
interval (Set 2) revealed the strongest similarity with the Ba/Caghel
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Fig. 7. Pearson correlation results obtained from the pseudo-random sampling method applied on the various phytoplankton time-series versus Ba/Caghep (A, B),
Mo/Cagpen (C, D) and Li/Cagpep profiles (E, F) at different temporal windows (see section 2.5). Correlations that were statistically not significant were indicated with a
red cross (C, D). Plots on the left side show results for the simulated time interval of 3 days and on the right the results for a 5-day interval. Set 1 simulations include
lower resolved phytoplankton taxa but were applied to three different years, while set 2 simulations include higher resolved phytoplankton groups but were confined
to 2011 and 2012. Small graphs in each subplot depict the best hypothetical scenario obtained, i.e., the temporally shifted and weighted phytoplankton time-series
that fitted best to the magnitude and timing of trace element peaks. Results of all simulation are illustrated in the supplementary materials. Since only one large Li/
Caghen peak (in 2011) was observed in the studied years, a single best phytoplankton pattern could not be established. Instead, several scenarios at different time lags
provide a good agreement with the Li/Cagpen profiles (see section 4.3). (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)

peaks, i.e., all distinct peaks matched with a phytoplankton bloom
except for the first Ba/Cagpep peak in 2012 (Fig. 7B). Results obtained for
other simulations (Supplementary Figs. S1 to S4) indicate that neither
larger or shorter time lags resulted in a sufficiently strong correlation
with the trace element profiles. For most of these scenarios, peaks in the
phytoplankton data show no consistent pattern with the Ba/Caghep
profiles. The simulations analyzing the time lag between 8 and 12 days
revealed a compelling pattern for the diatom species Thalassionema

nitzschioides with the timing of Ba/Cagpe peaks, i.e., blooms of this
diatom taxon coincided with the formation of Ba enrichments in the
shell calcite in all three years. In addition, the non-toxic dinoflagellate
species Lepidodinium chlorophorum and other diatom groups (different
species of the genus Chaetoceros (C. socialis, C. debilis and C. danicus) as
well as aggregated cells of this taxon (Chaetoceros spp. chains) and the
diatom Cerataulina pelagica) also coincided with the timing of subse-
quent Ba/Caghey peaks at time lags between 8 and 12 days, but were
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confined to one or two of the studied years.

Simulations evaluating phytoplankton patterns in relation to Mo/
Caghe profiles (Fig. 7C, D) showed a large variability in the Pearson
correlation coefficients at different time lags that ranged between 0.05
(statistically not significant; p > 0.05) to 0.96 (p < 0.05). Correlation
coefficients dropped gradually at time intervals>30 days. Although high
Pearson correlation coefficients were calculated for time lags of 24 to 28
days, the resulting phytoplankton combinations failed to provide a
pattern analogous to the Mo/Cagpep profiles. For instance, the second
and third Mo/Caghe;p peak in 2012 could not be wiggle-matched to
corresponding phytoplankton blooms (Supplementary Figs. S5 to S8).
However, the phytoplankton pattern that was detected for an 8-to-12-
day time lag strongly agreed with the measured Mo/Cage peaks in
2012 (subplots in Fig. 7C, D). The respective simulations revealed that
the shell Mo profiles coincided with the timing of two dinoflagellate
genera, i.e., Gymnodinium spp. and Prorocentrum spp. (including
P. minimum, P. cordatum and P. balticum). In particular, time-series of the
small dinoflagellate Gymnodinium spp. (<20 ym) and P. balticum showed
a high degree of similarity with the Mo/Cagey profiles, according to
simulations of set 2 with higher taxonomic phytoplankton resolution.

The Pearson correlation coefficients calculated from the simulations
on Li/Cagpe at different time lags (Fig. 7E, F) exhibited values between
0.21 and 0.93 (p < 0.05). The first correlation maximum was observed at
a time lag of 10 to 14 days (see subplot in Fig. 7F). The high level of
synchronicity at this time interval was induced by matching the largest
diatom bloom that emerged in all three years (Chaetoceros spp.) with the
large Li/Caghenn peak in 2011. However, this phytoplankton configura-
tion did not agree well to the Li/Cagpe; profile observed in 2012 as well
as to the smaller Li/Cagpe peaks observed in 2011. Apart from this,
results obtained for larger time lags (Supplementary Figs. SO to S12)
exhibited high Pearson correlation coefficients with scenarios that fit
well to the Li/Cagpey profiles (e.g., subplot in Fig. 7E). Accordingly, a
best matching scenario could not be determined. This difficulty occurred
because only one prominent Li/Cagne; peak was measured within the
studied years, which complicated the detection of potential patterns.
Instead, several phytoplankton blooms at different time lags fitted to the
trace element peak resulting in larger correlation coefficients.

4. Discussion

The timing as well as the magnitude of transient trace element peaks
in profiles of P. maximus shells from 2011, 2012 and 2019 exhibited
striking similarities among individuals from the same population, con-
firming previous studies according to which the formation of Ba/Cagpej,
Mo/Cagpenn and Li/Cagphep enrichments in bivalve shells is environmen-
tally driven (e.g., Barats et al., 2010; Gillikin et al., 2008; Thébault et al.,
2009; Thébault and Chauvaud, 2013). The results obtained from the
pseudo-random sampling simulations cast new light on the relationship
between such trace element peaks and the phytoplankton dynamics that
prevailed during shell growth. For all three elements analyzed in this
study, a potential explanation could be derived by considering a short
time lag of 8 to 12 days between phytoplankton events and trace
element peaks in the shell. Ba/Cagpep profiles are likely related to the
blooms of diatoms, dinoflagellates and flagellates, whereas Mo/Cagphell
patterns may reflect blooms of specific nitrate assimilating di-
noflagellates. Mo/Cagpep profiles may also potentially be linked to the
timing of diatom aggregates in the water column. Li/Cagye peaks
exhibited patterns similar to the blooms of diatoms that produce neu-
rotoxins under stressful environmental conditions as well as large
diatom blooms. Accordingly, shell Ba, Mo and Li profiles could be used
as valuable chemical proxies to assess past phytoplankton dynamics.

4.1. Phytoplankton and Ba/Cagpey peaks

The high degree of inter-specimen synchronicity of Ba/Caghe peaks
(Fig. 5A, B, C) strongly suggests that common environmental drivers
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regulate the timing of enhanced Ba incorporation into the shell car-
bonate (Barats et al., 2009; Gillikin et al., 2008; Hatch et al., 2013;
Marali et al., 2017; Stecher et al., 1996; Thébault et al., 2009; Vander
Putten et al., 2000). Several studies put forward a possible correlation
between chlorophyll a and Ba/Cage profiles in bivalve shells (e.g., Doré
et al., 2020; Hatch et al., 2013), however, such a linkage could not be
established for the studied years 2011 and 2012 in shells of P. maximus
(Frohlich et al., 2022). In addition to these years, chlorophyll a con-
centration in 2019 (Fig. 6C) showed no running similarity with the Ba/
Cagpey1 profiles (Fig. 5C) observed in shells from the same year, i.e., the
spring bloom related chlorophyll @ maximum occurred in late April,
whereas elevated Ba/Caghel concentrations appeared in late July to
August. This further underscores the limitation of Ba/Cagpep as an in-
dicator of bulk phytoplankton biomass in the ambient water. Likewise,
the lack of similarity between total diatom and dinoflagellate cell con-
centrations and measured Ba/Cagpep profiles in all three years indicates
that Ba/Cagpey) may not be used as a reliable proxy for bulk diatoms or
dinoflagellates in the water column.

It has been proposed that the intake of Ba-rich phytoplankton cells
(e.g., diatoms) drives the formation of Ba/Cagpep peaks in the scallop
Comptopallium radula (Thébault et al., 2009). However, the results ob-
tained from the pseudo-random sampling method indicated no corre-
lation with only a single diatom or dinoflagellate species existed in the
studied years. Consequently, Ba/Cagpen; peaks could either have a plu-
rispecific cause or are entirely unrelated to the phytoplankton species
analyzed in this study. The variable cell-associated Ba concentration
reported for various phytoplankton species (Fisher et al., 1991; Martin
and Knauer, 1973; Roth and Riley, 1971) supports the notion that
different taxa might contribute differently to the formation of Ba/Caghen
peaks (Frohlich et al., 2022). Moreover, testing potential scenarios of
species-specifically weighted time-series at different time lags provide
further insights into this relationship between phytoplankton and the
formation of Ba/Cagpe|) peaks. Firstly, phytoplankton time-series did not
adequately match the Ba/Cagpep profiles when only a short temporal
offset (i.e., 0-2 days and 0-4 days) was considered, as shown by the
relatively low Pearson correlation coefficients (Fig. 7A, B). Secondly, the
best fitting scenario was obtained for a time lag 8 to 12 days, suggesting
that Ba could be incorporated into the shell calcite with a delay of 8 to
12 days after a bloom of Ba-rich phytoplankton. In that scenario (subplot
in Fig. 7B), each Ba/Cagpe peak coincided with a phytoplankton bloom,
except the first peak in 2012. Although the simulations covering 3-day
intervals showed high correlation coefficients at that time lag (Fig. 7
A), the best phytoplankton combination was obtained using a 5-day
interval (larger degree of freedom compared to a 3-day interval;
Fig. 7B). Accordingly, time lags hypothetically vary between phyto-
plankton species by more than about 3 days, which would agree with the
time lag of 8 to 12 days. However, it remains to be determined if species-
specific differences in sinking velocities (e.g., Alldredge and Gotschalk,
1989; Bienfang et al., 1982; Peperzak et al., 2003) and/or a species-
dependent variability in the desorption rate of Ba in the digestive tract
of bivalves account for the small variance in the estimated time lags.

Evaluating the phytoplankton species obtained from the simulations
covering the best fitting time interval, i.e., 8 to 12 days, demonstrates
that the diatom species T. nitzschioides shares a striking pattern with the
Ba/Cagpe) profiles. In all three years, the bloom of this taxon coincided
with a Ba/Cagpe) maximum after shifting the time-series about 10 days
(Fig. 8). Blooms of other diatom taxa match with Ba enrichments after
similar time lags (e.g., species of the genus Chaetoceros) but were
confined to one or two of the studied years (Fig. 8). Furthermore, blooms
of the dinoflagellate species L. chlorophorum are consistent with the
timing of Ba/Cagpep; peaks in 2011 and 2012 (Fig. 8), suggesting that Ba
could also originate from dinoflagellates contributing to the observed
Ba/Cagpep peaks in addition to diatoms. This conclusion is supported by
the findings of Fisher et al. (1991) showing that dinoflagellates accu-
mulate Ba at high concentrations, and Hatch et al. (2013) who observed
a dinoflagellate bloom (Lingulodinium polyedrum) several days prior to a
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Ba/Cagheyr peak in the bivalve Donax gouldii. However, not every Ba/
Caghep) peak coincided with a phytoplankton group considered in these
simulations, i.e., the first peak in early June 2012 did not match with a
diatom or dinoflagellate bloom (Fig. 8). Despite the lack of similarity
between chlorophyll a levels and Ba/Cagpe) profiles (Frohlich et al.,
2022) as well as their limited capability to reliably reconstruct phyto-
plankton biomass (e.g., Desortova, 1981; Kruskopf and Flynn, 2006), the
first Ba/Cagpe peak in 2012 coincided with the second chlorophyll a
maximum observed in that year (Fig. 6B), which was associated with a
large flagellate bloom (see Supplementary Fig. S13). Accordingly, a link
between large flagellate blooms and distinct Ba/Cagpe) peaks could be
hypothesized (as flagellates were not taxonomically identified in detail,
no species-specific flagellate-to-Ba relationship could be established).
This assumption is supported by the findings of Fisher et al. (1991)
showing that flagellates are associated with large quantities of cell-
associated Ba. Therefore, it is likely that in addition to diatoms and di-
noflagellates, the ingestion of Ba-enriched flagellates contributed to the
formation of Ba/Cagpey peaks in P. maximus. The pseudo-random sam-
pling results further strengthened the hypothesis of Ba/Cagpe; peaks
having a dietary origin, because a potential pattern between the
occurrence of various phytoplankton species and the formation of Ba/
Caghel peaks was revealed when a temporal offset between one and two
weeks was considered.

4.2. Phytoplankton and Mo/Cagspey peaks

The transient Mo/Cagpep peaks differ significantly in their timing and
magnitude between the studied years indicating that the formation of
Mo/Caghen peaks is likely caused by annually changing environmental
factors, most likely originating from a dietary source (Tabouret et al.,
2012; Thébault et al., 2009). The pseudo-random sampling simulations
revealed a phytoplankton scenario for a time lag of 8 to 12 days (similar
to that obtained for Ba/Cagen) showing a striking similarity with the
Mo/Cagpey; profiles. In that scenario, blooms of two dinoflagellate genera
(Gymnodinium spp. and Prorocentrum spp.) agreed well with the occur-
rence of transient Mo/Cagpe peaks. Especially, the time-series of the
dominant dinoflagellate Gymnodinium spp. shared a similar pattern with

Aug Sep Oct Nov
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the Mo/Cagpep profiles in 2012 with three successively decreasing Mo/
Caghepn peaks coinciding with three blooms of decreasing cell concen-
trations (Fig. 9). However, only the size fraction including cells smaller
than 20 ym shared this clear pattern with the Mo/Cagpe) profiles. In
2011, exclusively cells of Gymnodinium spp. larger 20 ym were observed.
Interestingly, shifting this time-series (Gymnodinium spp. > 20 um)
about the same time lag as Gymnodinium spp. < 20 um from 2012, shows
that the Mo/Cagpey; peak in 2011 match with one of the recorded Gym-
nodinium spp. blooms (i.e., the sixth bloom in 2011; Fig. 9). Since in-
dividual phytoplankton blooms are mostly monospecific (largely
dominated by a single phytoplankton taxon), it can be hypothesized that
this specific bloom was composed of a smaller Gymnodinium species
whose cell size fits within the range potentially ingested by P. maximus.
Conversely, scallops likely filtered out the larger fraction of Gymnodi-
nium cells, as particle size is known to be one of the key factors con-
trolling the retention and uptake of phytoplankton cells in scallops (e.g.,
Beninger et al., 2004; Shumway et al., 1997). In addition to the timing,
the magnitude of Mo/Cagpe) peaks seems to be resembled by the dino-
flagellate cell concentration, except a small deviation of the second Mo/
Caghe peak in 2012. Given the similarity between the Gymnodinium spp.
time-series and the measured Mo/Cagnep profiles in 2011 and 2012
(Fig. 9), a potential link between this dinoflagellate and the develop-
ment of Mo/Cagpep) peaks can be hypothesized. In 2019, no Mo/Cagphell
peak was measured although two Gymnodinium spp. blooms were
monitored. On the one hand, these blooms coincided with a period of
significant shell growth retardation (Fig. 9). On the other hand, no size
classification was made for this dinoflagellate in 2019. Consequently, it
is difficult to determine if the absence of a Mo/Cagpe) maximum is
induced by large (>20 um), non-ingestible Gymnodinium spp. cells
(similar to the blooms monitored in 2011; Fig. 9) and/or by the strong
growth rate reduction that is associated with a restricted food intake
(Chauvaud et al., 1998; Lorrain et al., 2000).

A possible mechanism for the observed relationship between Gym-
nodinium spp. blooms and the formation of Mo/Caghe) enrichments is the
nitrate assimilation strategy of phytoplankton that requires the presence
of Mo which is a crucial constituent of the enzyme nitrate reductase
(Collier, 1985; Marino et al., 2003). In marine organisms, ammonium is
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Fig. 9. Mo/Cagpen profiles of 2011, 2012 and 2019 and the cell concentration time-series of the dinoflagellate Gymnodinium spp. at different cell size fractions.
Dinoflagellate time-series were temporally shifted about 8 days. Red area depicts the period of large growth rate retardation in P. maximus observed in spring 2019.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

preferentially used instead of nitrate for nitrogen assimilation (Eppley
etal., 1969; Morris and Syrett, 1963) which does not require the activity
of Mo-containing nitrate reductase. In turn, periods of low ammonium
were shown to be associated with nitrate reductase synthesis in phyto-
plankton (Eppley et al., 1969; Eppley and Coatsworth, 1968), suggesting
a potential relationship between phytoplankton cells grown on nitrates
and enhanced Mo incorporation into the shell (Thébault et al., 2009).
Accordingly, Mo/Caghey; peaks would resemble the timing and magni-
tude of large phytoplankton blooms grown on nitrates. Yet, this
assumption could not be substantiated in this study, because the large
Mo/Caghe; peak in 2011 coincided with a peak in ammonium (see
Supplementary Fig. S14). However, minor fluctuations in the Mo/Cagpe
profile from 2011 (in June, July and August) seem to be inversely
correlated to measured ammonium concentrations (see Supplementary
Fig. S14). Unfortunately, ammonium concentrations were not recorded
in 2012. Nevertheless, it was demonstrated that some dinoflagellates
utilize nitrate instead of ammonium, even when ammonium levels were
not limited (Harrison, 1973). Moreover, Yamamoto et al. (2004) showed
the affinity of the Gymnodinium species G. catenatum to assimilate nitrate
instead of ammonium, which in turn, requires the presence of nitrate
reductase, leading to a high amount of enzyme associated Mo in the
dinoflagellate cell. In addition, Ho et al. (2003) observed a 5.6 times
higher cellular concentration of Mo in cells of G. chlorophorum (13
mmol L) compared to other marine phytoplankton taxa reported in
that study (2.3 mmol L ™). These findings support the assumption that
the ingestion of Mo-rich Gymnodinium spp. cells could be linked to the
formation of Mo/Cagpep peaks in scallop shells.

In addition to the hypothesis stated previously, Thébault et al. (2022)
demonstrated a potential link between the development of diatom ag-
gregates in the water column, especially after large diatom blooms that
exhausted nutrient stocks (i.e., silicates), and the formation of Mo/
Caghenl peaks in P. maximus. These aggregates likely sequester dissolved
Mo from the ambient water and lead to the accumulation of Mo in the
shell calcite after being ingested by the bivalve. This provides a suitable
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explanation for the single Mo/Cagpe) peak observed in 2011 (Fig. 5D)
that occurred after a large diatom spring bloom when low nutrient
conditions and cell collision rates potentially favored the diatom cells to
flocculate (Corzo et al., 2000; Thornton, 2002). Likewise, the first
diatom spring bloom in 2012 (end of March; Fig. 6B) developed under
low silicate conditions (i.e., below the half-saturation constant (K;,) for
silicates around 2 umol L7} see Supplementary Fig. S15) which poten-
tially led to the formation of aggregates in early 2012 and thus to an
enhanced incorporation of Mo into the shell. Accordingly, the devel-
opment of the first and largest Mo/Cagpey; peak in 2012 supports the
diatom-aggregate-hypothesis. In 2019, the diatom bloom in early May
(Fig. 6C) was dominated by the diatom taxa Chaetoceros and Lep-
tocylindrus which are known to form aggregates (e.g., Bienfang, 1981;
Nashad et al., 2017; Thornton, 2002) when growing under nutrient
limitations. However, silicate concentrations only reached low levels
approx. two weeks after that diatom bloom (see Supplementary
Fig. S15) suggesting no aggregates developed in 2019 and consequently
no Mo/Cagpep peak formed.

Both hypotheses, i.e., the link between Mo/Cagpe)) peaks and blooms
of smaller dinoflagellates species of Gymnodinium spp. or, alternatively,
the formation of diatom aggregates, provide potential pathways
explaining the Mo entrainment into the shell material. Moreover, the
observation by Thébault et al. (2022) and the results of this study,
showing that Mo/Caghe; maxima coincide with a preceding reduction in
growth rate of the bivalve (Fig. 4), are consistent with and support both
assumptions. On the one hand, blooms of Gymnodinium spp. are known
to be toxic and negatively affect growth rates in bivalves (Chauvaud
et al., 2001, 1998; Widdows et al., 1979). On the other hand, the sedi-
mentation of aggregates can disturb shell growth caused by oxygen
depletion and/or gill clogging (Lorrain et al., 2000). Thus, it is likely that
the timing and magnitude of Mo/Cagpej peaks record potential changes
in phytoplankton dynamics either in the form of large dinoflagellate
blooms and/or periods of large diatom blooms coupled to stressful
nutrient conditions, which makes Mo/Cagheny @ valuable proxy for
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ecological reconstructions.

4.3. Phytoplankton and Li/Cagpey peaks

In contrast to Ba/Cagpe and Mo/Cagpe; profiles, the only major Li/
Caghenl peak occurred in 2011 (Fig. 5G) and no distinct peak was
observed in shells from 2012 and 2019 (Fig. 5H, I). This made it difficult
to detect potential patterns between trace element profiles and phyto-
plankton dynamics from different years. Simulating phytoplankton
scenarios that can potentially describe the measured Li/Cagpe) profiles in
all three years suggested an immediate relationship between the timing
of a phytoplankton bloom and the formation of Li/Caghey peaks to be
unlikely, as shown by the low Pearson correlation coefficients at small
time intervals (0 to 4 days; Fig. 7E, F). For scenarios deduced from
simulations considering larger time intervals (>14 days), no suitable
pathway could be derived that provides an appropriate ecological
interpretation to explain the Li/Cagpey profiles. However, the simula-
tions returned a relatively high correlation with the Li/Cagpe) profiles
when shifting the most dominant diatom taxon Chaetoceros spp. about
10 to 14 days (subplot in Fig. 7F). This observation is in agreement with
the findings of Thébault et al. (2022) suggesting that the mass occur-
rence of diatoms about two weeks earlier could be associated with
diatom frustules enriched in Li, similar to Ba (Sternberg et al., 2005).
Thus, the frustules transport large quantities of this trace element to the
sediment water interface where it is taken up by the scallops. Unlike
2011, no Li/Cagpe; peaks were formed in 2012 and 2019 following
blooms of the main diatom genus Chaetoceros, possibly as a result of
much lower cell concentrations.

Evaluating other hypothetical scenarios obtained from the pseudo-
random sampling simulations revealed another phytoplankton pattern
that match the Li/Cagpe) profiles. For shorter time intervals (4-6, 6-8,
8-10 days) the best fitting time-series is obtained for the diatom species
Pseudo-nitzschia pungens that shares an appealing resemblance to the Li/
Caghey profile in 2011. In fact, performing the pseudo-random
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simulations for a time lag of 8 to 12 days but excluding the Chaetoceros
spp. time-series revealed P. pungens to match best with the Li/Cagpe
profile, although the correlation metrics was slightly lower. The lower
Pearson correlation coefficients can be explained by the first P. pungens
bloom as well as the bloom in 2012 that do not coincide with a Li/Cagpep
peak in 2011, when shifting about 8 to 12 days (Fig. 10). However, the
second, third and fourth bloom match with the timing of Li/Caghen
maxima (Fig. 10). The link between blooms of Pseudo-nitzschia and Li/
Caghepp peaks in scallop shells was already proposed by Thébault and
Chauvaud (2013). It was hypothesized that the synthesis of domoic acid
(DA), a potent neurotoxin produced by Pseudo-nitzschia (Bates et al.,
1989), demands the presence of Li (Subba Rao et al., 1998) and lead to
the formation of Li/Cagney peaks after ingestion (Thébault and Chau-
vaud, 2013). Since the sampling site of phytoplankton and scallops were
different in that study (Thébault and Chauvaud, 2013), it was difficult to
establish a reliable relationship between the timing and magnitude of
blooms and Li/Caghe peaks due to the spatial variability of Pseu-
do-nitzschia. The present study shows the similarity between the timing
of P. pungens blooms and Li/Cagpp peaks observed for 2011 supporting
the hypothesis by Thébault and Chauvaud (2013). Furthermore, other
species of this diatom genus could also produce DA (Bates et al., 2018),
suggesting that not only P. pungens but also other taxa such as P. seriata
can potentially contribute to the formation of Li/Cagpey peaks. Indeed,
the small Li/Cagpey peaks in July 2011 match with the bloom of P. seriata
when shifting the time-series about 8 to 12 days (Fig. 10). Yet, a
discrepancy is obtained for the year 2012 that experienced blooms of
P. pungens and P. seriata while no Li/Cagne peaks were measured
(Fig. 10). A possible explanation for this inconsistency is that DA is
synthesized only when the diatoms are stressed, i.e., by nutrient limi-
tation (Pan et al., 1996) and/or by enhanced grazing activity of
zooplankton (Bates et al., 2018). Interestingly, when considering a time
lag of 8 to 12 days, the Li/Cagpe) peaks in 2011 coincide with periods of
high pheophytin levels (an approximation of grazing activity; Chauvaud
et al., 2000; Lorenzen, 1967; Strom, 1993) and low levels of silicate, i.e.,
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Fig. 10. Li/Cagpen profiles of 2011, 2012 and 2019 and the timing and magnitude of Pseudo-nitzschia pungens and P. seriata blooms after a short time lag of 8 to 12
days. Red vertical bars indicate periods of stressful conditions (temporally shifted about 12 days), i.e., nutrient limitation and high grazing activity of zooplankton.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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stressful conditions for Pseudo-nitzschia cells (Fig. 10; Supplementary
Fig. S15; red vertical bars). Pseudo-nitzschia blooms that could not be
associated with the formation of subsequent Li/Cagpp) peaks developed
under non-stressful conditions, especially in 2012 when these conditions
solely occurred between two successive blooms of Pseudo-nitzschia
(Fig. 10). These findings support the assumption that the formation of
Li/Caghen peaks could be related to blooms of Pseudo-nitzschia but only
under certain environmental conditions that triggers the formation of
DA. In addition to Pseudo-nitzschia species, a potential influence of the
benthic diatom Nitzschia spp. on the development of Li/Cagphe peaks
should be considered in future studies, as this diatom is known to pro-
duce DA similar to Pseudo-nitzschia.

4.4. Limitations of the pseudo-random sampling method

The methodology applied in this study tested the underlying
assumption that the formation of distinct trace element-to-Ca peaks (Ba/
Caghell, Mo/Caghenn and Li/Caghe) peaks) was induced by an enhanced
ingestion of trace element-enriched cells of a single or multiple phyto-
plankton species. Although the pseudo-random sampling method (sec-
tion 2.5) provides a practical strategy to find potential patterns between
a large set of complex phytoplankton time-series and trace element
profiles, it also inherits some limitations. (1) The cell concentration data
of the various diatom and dinoflagellate species formed the basis of the
calculations and were used to quantify the relative abundance of the
individual phytoplankton taxa. Accordingly, the method considered the
ingestion of phytoplankton cells to be proportional to the number of
cells in the water column, without accounting for possible changes in the
feeding behavior of the scallops. (2) The simulations considered
different time lags between 0 and 50 days by sequentially testing short
time windows (3 and 5-day intervals). This technique narrows the
maximum time lag difference that two species can hypothetically
encounter to a few days, i.e., the duration between the appearance of
phytoplankton cells in the water column and the uptake of a particular
trace element into the shell between two species can differ only by 3 or 5
days. Consequently, a scenario in which a bloom of one species takes 8
days to be recorded in the shell whereas a bloom of another species
needs 20 days, was not encompassed by the simulations. (3) The un-
derlying pathway for the uptake of trace elements is assumed to be
similar between the studied years, discarding possible inter—annual
differences. In addition, the amount of trace elements at the level of a
single phytoplankton cell and/or filtration behavior of the bivalves are
likely affected by environmental variables (e.g., currents, salinity,
temperature, nutrient availability and dissolved trace element concen-
tration in the surrounding water), which was not considered in the
simulations and have to be addressed separately in the future. (4) The
temporal resolution of the phytoplankton concentration data differed
from that of the trace element profiles and among years, adding chal-
lenges to detect and interpret potential patterns between the time-series.
The limitations clearly demonstrate the necessity of an ecological
interpretation of the obtained results. Despite these constraints, the
statistical approach used herein provided the chance to analyze a
complex coastal ecosystem and allowed to derive potential relationships
between environment and shell chemistry.

5. Summary and conclusions

Based on the results obtained in this study, trace element peaks (Ba/
Caghell, Mo/Caghey and Li/Cagpepp) in shells of P. maximus most likely have
a dietary origin that can be related to the activity of individual phyto-
plankton taxa in the water column. Herein, pseudo-random simulations
allowed to decipher this linkage considering various time lags between
phytoplankton events and the timing of enhanced trace element incor-
poration into the shell. The results demonstrated that phytoplankton
time-series agreed best to the trace element profiles when a time lag of 8
to 12 days was considered. In other words, the peaks of Ba/Cagphe)1, Mo/
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Caghenl and Li/Caghe;p show a high degree of similarity to the phyto-
plankton data when lagged by that time interval. However, potential
explanations for the origin of the trace element maxima vary consider-
ably between the different elements. Ba/Cagpe)) peaks are likely linked to
the blooms of ingestible diatoms, dinoflagellates and flagellate. Espe-
cially the diatom species Thalassionema nitzschioides provided a striking
similarity in the timing and magnitude of blooms and the subsequent
formation of Ba/Caghe peaks after 10 days, in all three years. In addi-
tion, the simulations indicated that Ba/Cagpep profiles likely have a
plurispecific origin, i.e., various phytoplankton taxa enriched in Ba
contributed to the measured Ba/Cagpe profiles. However, it remains to
be clarified to what extent different taxa control the formation of Ba/
Caghenl peaks, which could be tested in subsequent tank experiments by
sequentially feeding bivalves with different phytoplankton species and
analyzing their geochemical response in the shell carbonate. Measured
Mo/Cagpel) peaks were shown to be potentially related to the formation
of preceding dinoflagellate blooms. In particular, the dinoflagellate
species Gymnodinium spp. agreed well to the observed Mo/Cagpe] pro-
files when considering the smaller cell size fraction and a small temporal
offset. It is hypothesized that the enzyme activity of nitrate reductase,
used for nitrate assimilation, triggered the formation of Mo/Cagpe| peaks
which is shown to be high in Gymnodinium spp. cells. In addition to this
hypothesis, the results also support the assumption that Mo/Cagpe|) peaks
could be linked to the timing of diatom aggregate formation. Thus,
further tank experiments can validate the pathway of Mo from the
environment into the shell calcite by, e.g., setting up rolling tanks to
simulate aggregate forming and expose the shells to those aggregates, as
well as species-specific feeding experiments using Gymnodinium spp.
cells. In contrast to Ba/Cagpe and Mo/Cagpey;, the simulations could not
establish a clear pattern between phytoplankton and Li/Cagphe) peaks.
Instead, the data favor two possible scenarios that could describe the
formation of Li/Caghe)) peaks. On the one hand, the mass occurrence of
diatoms, i.e., large bloom of Chaetoceros spp., could have favored the
accumulation of Li in the shell after a short time lag. On the other hand, a
potential link to the formation of harmful diatom blooms could be
deduced. As demonstrated, blooms of the diatom Pseudo-nitzschia match
the timing of Li/Cagpe) maxima when a short time lag is implemented in
the model. Since not all Pseudo-nitzschia blooms could be associated with
a Li/Caghen peak, it is proposed that the synthesis of the neurotoxin
domoic acid is linked to stressful conditions in the ambient water such as
nutrient limitation and/or high grazing activity of zooplankton. This
toxin sequesters Li which is then ingested by scallop and potentially
accounts for the enrichment of Li in the shell. Shells from additional
years with transient Li/Caghe) peaks are required to confirm either of
these hypotheses as a large Li/Caghe)) maximum was only measured in
one of the three studied years. If the demonstrated assumptions can be
further developed and verified, Ba/Caghel, Mo/Cagheni and Li/Caghel
profiles will establish powerful proxies to reconstruct past phyto-
plankton dynamics that prevailed in the water column. Ba/Cagpe peaks
could then be utilized as plurispecific indicators for the timing and
magnitude of phytoplankton species enriched in Ba. Mo/Cagpe| profiles
will establish a powerful tool to assess dynamics of specific dinoflagel-
late species growing on nitrates or the timing of diatom aggregate for-
mation. Finally, the Li/Caghep peaks can reveal information about large
diatom blooms or the timing and frequency of toxic diatom blooms as
well as periods of enhanced zooplankton activity in the water column.
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