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ARTICLE INFO ABSTRACT

Editor: Karen Johannesson Molar barium-to-calcium ratios in bivalve shells (Ba/Cagpep1) have been proposed in a variety of studies to serve
as a potential proxy for the reconstruction of phytoplankton dynamics. However, the link between phytoplankton

Keywords: and Ba/Cagpey profiles remains unclear and needs to be deciphered more accurately. In this study, we analyzed

Phytoplankton the relationship between Ba/Cage;; peaks and specific phytoplankton species, and assessed the applicability of
]S)C,lethhronOIOgy Ba/Cagpe)) ratios as a species-specific phytoplankton proxy. The timing of peaks in highly resolved Ba/Cagpe time-
1atoms

Bivalve mollusk
Environmental monitoring
Shells

Barium

series in Pecten maximus shells (Bay of Brest, France) from two years (2011, 2012) were compared to the
chlorophyll a concentration and the occurrence of individual diatom and dinoflagellate species. In addition,
Monte Carlo simulations were used to approximate a species-specific contribution to the measured Ba/Caghen
peaks. The results clearly demonstrated that the Ba/Caghel profiles cannot be explained either by the chlorophyll
a concentration nor by the total diatom or dinoflagellate abundance. Instead, time-series of specific phyto-
plankton, especially diatoms, revealed a high degree of synchronicity with Ba/Cage)) peaks when temporally
lagged by 8 to 13 days (depending on species). The Monte Carlo simulations suggested that the Ba/Caghep1 peak
heights cannot be fully explained by the observed phytoplankton cell concentration, but rather by individually
weighted phytoplankton time-series, most likely caused by inter-species differences such as cell size and chemical
ability to adsorb Ba. Moreover, the approximated species-specific weighting factors agreed well between the
studied years. According to our findings, Ba/Cagphep peaks are likely associated with blooms of specific phyto-
plankton taxa, with a time lag of ca. one to two weeks, and the amount of cell-associated Ba varies between
phytoplankton species. These conclusions provide further insights into the formation of Ba enrichments in
bivalve shells and improves the applicability of Ba/Cagpey profiles as a species-specific proxy of past phyto-
plankton dynamics.

1. Introduction

input by artificial fertilizers (Beman et al., 2005; Del Amo et al., 1997)
can lead to a shift in the phytoplankton community composition (Behl

Marine phytoplankton plays a crucial role in the global net primary
production (Field et al., 1998; Westberry et al., 2008). It also contributes
significantly to the photosynthetic fixation and regulation of atmo-
spheric CO; (Iglesias-Rodriguez et al., 2008; Shuter, 1979; Sigman and
Boyle, 2000) and oxygen production (Field et al., 1998), and serves as
the basis of the marine food web. Changing environmental conditions
such as climate warming (Barton et al., 2020; Winder and Sommer,
2012), ocean acidification (Iglesias-Rodriguez et al., 2008) or nutrient
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et al., 2011). Shifting community structures in turn can have important
consequences for climate and ecosystems (Cardinale et al., 2006; Worm
et al., 2006) and impact commercial fisheries because of eutrophication
and harmful algae blooms (Liu et al., 2008; Ragueneau et al., 2002;
Shumway and Cembella, 1993; Smith, 2003). To better understand long-
term repercussions of changes in phytoplankton species composition it is
necessary to gain a better comprehension of past phytoplankton dy-
namics. This includes insights into changes of the primary producer
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Fig. 1. A) Map of France and the study site (Bay of Brest) marked with a red rectangle. B) Magnification of the Bay of Brest showing the sampling locality (Lanvéoc,
red star). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

community structures through time and space.

Continuous and highly resolved primary production records are only
available since a few decades and for a few localities (e.g., Richardson
and Heilmann, 1995; Lindahl et al., 1998; Chauvaud et al., 2000; Cadée
and Hegeman, 2002). However, this time interval is too short to reliably
identify long-term changes in global phytoplankton dynamics and
evaluate the anthropogenic impact (Henson et al., 2010). Therefore,
different past marine primary production data were reconstructed from
various proxies (Anderson and Winckler, 2005; Averyt and Paytan,
2004) such as the amount of barite in marine sediments that is linked to
the decay of phytoplankton cells (Bishop, 1988; Dehairs et al., 1980;
Ganeshram et al., 2003), foraminiferal assemblages (Herguera, 2000;
Herguera and Berger, 1991) as well as Ba/Ti and Al/Ti ratios of bulk
sediments (Dymond et al., 1997). Although marine sediment cores
provide long-term archives, covering several thousands of years (e.g.,
Cheshire et al., 2005), the low accumulation rates prevent gaining a high
temporal resolution. This prohibits a detailed reconstruction of short-
term events, on a daily to weekly scale, of past phytoplankton dy-
namics. Instead, shells of bivalves potentially serve as an alternative
high-resolution, temporally well-constrained archive of primary pro-
duction. Bivalve mollusks precipitate their shell periodically (Hallmann
et al., 2008; Richardson et al., 1980; Schone, 2008) resulting in distinct
growth patterns, i.e., daily, fortnightly and annual growth lines. These
growth increments (periods of slow and fast growth, respectively) can be
used to place the shell record into a precise temporal context. During
growth, bivalves record environmental changes in the form of variable
increment widths and chemical properties. According to previous
studies of different bivalve species, barium-to-calcium ratios of the shell
(Ba/Cagpel) potentially serve as a proxy for primary production in ma-
rine settings (Barats et al., 2009; Doré et al., 2020; Gillikin et al., 2006;
Lazareth et al., 2003; Marali et al., 2017a, 2017b; Stecher et al., 1996;
Thébault et al., 2009; Vander Putten et al., 2000). A common pattern of
Ba/Cagpel ratios in bivalves includes a relatively stable and low back-
ground signal interrupted by sharp Ba/Cagpej peaks (Barats et al., 2009;
Gillikin et al., 2008; Hatch et al., 2013; Marali et al., 2017a; Thébault
et al., 2009). Since the Ba/Caghe profiles of contemporaneous shells
from the same population are highly synchronous (Barats et al., 2009;
Doré et al., 2020; Gillikin et al., 2008; Marali et al., 2017a, 2017b;
Thébault et al., 2009), a common environmental forcing is likely (Carré
et al., 2006; Gillikin et al., 2008; Hatch et al., 2013; Vander Putten et al.,
2000). Although a general consensus exists regarding the cause of the
stable background signal, it most likely reflects the Ba/Ca ratio of the

seawater (Barats et al., 2009; Gillikin et al., 2008, 2006), different hy-
potheses emerged concerning the sharp Ba/Cagey peaks, which cannot
be adequately explained by variations in the dissolved barium concen-
tration of the surrounding medium (Barats et al., 2009; Gillikin et al.,
2008). It is possible that bivalves ingest barite crystals induced by the
decomposition of large amounts of phytoplankton cells following
blooms (Bishop, 1988; Ganeshram et al., 2003; Stecher et al., 1996;
Stecher and Kogut, 1999), leading to the desorption of barium in their
gut and followed by the incorporation of barium into the shell carbonate
(Takesue et al., 2008). However, it appears more likely that the direct
ingestion of phytoplankton cells enriched in barium lead to the forma-
tion of Ba/Caghe peaks, because the ingestion of barite particles insuf-
ficiently explains the Ba/Cagpep time-series in pectinids (Thébault et al.,
2009). Previous studies demonstrated a large variability in the barium
concentration between various marine phytoplankton species (Fisher
et al., 1991; Martin and Knauer, 1973; Roth and Riley, 1971). Further-
more, according to Sternberg et al. (2005), barium is precipitated onto
diatom frustules via the adsorption onto iron oxyhydroxides. Since a
direct link between Ba/Cagpe profiles and phytoplankton biomass could
not be established in previous studies (Barats et al., 2009; Gillikin et al.,
2008; Thébault et al., 2009), detailed analyses are required to decipher a
potential relation between Ba/Caghe peaks and phytoplankton dy-
namics on a species level.

The goal of this study is to refine knowledge about Ba/Cagpe profiles
from bivalve shells and the interconnection with phytoplankton in
coastal ecosystems. To evaluate this relationship, shells of the short-
lived bivalve, Pecten maximus, serve as an ideal geochemical archive
as they provide growth increments that are formed on a daily basis
(Chauvaud et al., 1998) which in turn allows to extract daily resolved
Ba/Caghey time-series. This high-temporal resolution is necessary in
order to reconstruct primary producer dynamics, such as efflorescence,
which is ephemeral and occurs over a short period of time. This study
compares highly resolved phytoplankton observations with temporally
contextualized Ba/Cagpe profiles. The following questions will be
addressed herein: (1) Does a direct relationship exist between the bulk
phytoplankton in the water column and Ba/Cagpep profiles? (2) Can the
timing and magnitude of Ba/Caghen peaks be used to interpret past
phytoplankton dynamics? (3) Is there a species-specific contribution of
phytoplankton to the Ba/Caghey profile? Diatoms and dinoflagellates
constitute the main phytoplankton groups in the studied coastal area
and were used together with the chlorophyll a concentration (a rough
gauge of the bulk phytoplankton biomass) to address these questions. To
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Table 1

Overview of specimens analyzed in this study for barium content by means of
LA-ICP-MS. LOD = Limit of detection (LOD). Relative standard deviations (RSD)
were calculated from repeated measurements of the external standard material
NIST SRM 612. For quality control, the average concentrations and standard
deviations (+ 10) for blind measurements of the synthetic carbonate reference
material USGS MACS-3 are given and compared with a reference value (59.6 +
1.4 pg g~ ) provided by the GeoReM database (http://georem.mpch-mainz.
gwdg.de/). Differences between measured MACS-3 values and the literature
value vary between 1.4% to 12.2%.

Sample Date of LOD RSD  Concurrently analyzed
D collection (mmol (%) MACS-3 values
mol ™) (ngg™

Shell A 30 August 9x10°° 2.0 56.6 + 4.8
2011

Shell B 30 August 1x107° 1.7  65.6 +43
2011

Shell C 30 August 8x10°° 2.6 54.8 + 4.6
2011

Shell D 23 October 9x10°° 5.5 66.9 + 4.0
2012

Shell E 23 October 5x107° 3.1 58.8 + 2.5
2012

Shell F 23 October 1x10°° 2.5 66.2 + 5.8
2012

-Line scans

Growth

Tincrement width

Fig. 2. Schematic illustration of the left valve of an age class 1 specimen
(P. maximus) showing one annual growth line. Dashed red line represents the
extracted shell portion of an indented valley that is located between radial ribs.
LA-ICP-MS measurements were performed on this shell portion. The magnifi-
cation (right panel) displays daily formed increments (distance between two
successively formed striae) on the external shell surface. The distance between
successive growth striae was used to determine the growth rate of the shell. The
thick black markers indicate the LA-ICP-MS sampling, i.e., line scans that were
conducted on each growth increment. The direction of growth is indicated as a
black arrow. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

substantiate possible relationships between phytoplankton and the shell
chemistry, a special focus was placed on the timing and magnitude of
Ba/Cagheyr enrichments and phytoplankton blooms. Deciphering this
linkage will promote the applicability of Ba/Caghe) profiles as a valuable
proxy for past phytoplankton dynamics.

2. Material and methods
2.1. Study site and sample preparation

A total of six specimens of P. maximus were collected alive at a depth
of about 8 m by SCUBA diving at Lanvéoc (48°17'N 4°30'W), Bay of
Brest, Brittany, northwest France (Fig. 1). The Bay of Brest is a semi-
enclosed coastal ecosystem (180 km?) with an average depth of 8 m.
The sampling site, Lanvéoc, is located in the southern part of the bay.
Three specimens were obtained on 30 August 2011 and another three on
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23 October 2012 (Table 1). Shells of all studied specimens showed one
winter growth line and are therefore referred to as age-class 1 shells.
Immediately after collection, the specimens were stored in the freezer at
—20 °C. Prior to sclerochonological analysis, the bivalves were eviscer-
ated and epibionts were removed. Following previous studies (e.g.,
Chauvaud et al., 1998, 2011; Jolivet et al., 2015; Marchais et al., 2015),
the left (flat) valves were used for element chemical and growth pattern
analyses (Fig. 2). In order to clean the surface of the shells (outer shell
layer made of calcite), remove the periostracum and adhering sediment
that was trapped between adjacent striae, the valves were gently cleaned
using a plastic brush, followed by 3 min ultrasonication in deionized
water. In advance of chemical analyses, further cleaning steps were
applied (see section 2.3).

2.2. Growth pattern analysis and temporal alignment

For growth pattern analysis, photographs (e.g., see Supplementary
Fig. S1) were taken on the outer surface of the shells within the
depression between radiating ribs along the axis of maximum growth
(Fig. 2), more specifically, the portion between the first winter line and
the ventral margin. For this purpose, a Canon EOS 600 DSLR camera was
coupled to a Wild Heerbrugg binocular microscope equipped with a
Schott VisiLED MC 1000 light source (sectoral dark field). Overlapping
images were stitched together using the Image Composite Editor soft-
ware (version 2.0.3.0) provided as freeware by the Microsoft Research
Computational Photography Group.

The daily formed microgrowth increments and lines (called striae) of
P. maximus can be used to place the shell growth record including
geochemical data into a precise temporal context. If the date of collec-
tion is known, exact calendar days can be assigned to each microgrowth
increment (e.g., Chauvaud et al., 1998; Lorrain et al., 2004; Gillikin
et al., 2008). This is accomplished by counting the striae from the
ventral margin (most recently formed shell portion) toward the umbo.
Increment widths were determined by measuring the distance between
adjacent striae following the method described by Chauvaud et al.
(1998). Shell growth rates are given in pm day '. Growth curves of
different contemporaneous specimens were then crossdated by wiggle-
matching and minimizing the sum of least squares. As previously
demonstrated by Thébault et al. (2006, 2009) for the pectinid shells,
C. radula, the visual determination of successive striae is not always
unambiguous (i.e., because of slightly fractured shell portions, over-
lapping striae or barely visible striae) leading to a subjective, inter-
reader difference. The inter-reader discrepancies in striae determina-
tion in P. maximus shells were calculated from differences in repeated
counts and measurements of daily formed striae performed by different
readers (n = 3) and expressed as the relative standard deviation (RSD%).
In this study, the inter-reader differences remain low (RSD% of 0.67%),
i.e., solely a small uncertainty (+ 2 days) in the growth reading process
and thus, in the temporal assignment of the geochemical data, has to be
considered.

2.3. LA-ICP-MS analysis

In preparation for chemical analysis, the portion used for growth
pattern analysis was cut from each shell (Fig. 2) using a 150 pm-thin
diamond disk (disk with galvanically bonded diamonds; Komet — Dental
Gebr. Brasseler GmbH & Co. KG; Art.-No.: 6911H.-104.220) mounted to
a handheld drill. To remove potential surface contaminants, the shell
slab was soaked in acetic acid (10 vol%) for ca. 1 min. Followed by
rinsing in deionized water. Since the studied species attains its
maximum annual increment width between the 1st and 2nd winter
growth stops in scallop populations from the Bay of Brest, chemical
analyses provided a nearly daily resolution.

Geochemical analyses were performed with a Laser Ablation —
Inductively Coupled Plasma — Mass Spectrometer (LA-ICP-MS) system at
the Max Planck Institute for Chemistry (Mainz, Germany). In total, six
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Fig. 3. Growth rates of three age class 1 specimens from 2011 (A) and 2012 (B). The Ba/Cagpej data of each specimen (C, D) were temporally aligned by counting
daily growth increments from the date of collection. Black lines represent arithmetic means of shell growth rates and Ba/Cagpe; values for the three studied specimens
in the respective year. Ba/Cagpep peaks (see Table 2 for the exact peak position) are highlighted in red for better visual detection (peak position +4 days). In addition,
the water surface temperature measured at the site of shell collection is shown (C, D). (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

shell slabs (three from 2011 and three from 2012) were analyzed for
their barium (using !'*’Ba as analyte) content. Laser scans were
completed on the striae, by running the laser in line scan mode on the
outer shell surface perpendicular to the growth direction and parallel to
the striae (Fig. 2). Within each stria, measurements were completed with
a laser spot diameter of 80 pm at a constant speed of 5 pm s *. Each scan
was 600 pm long. Where possible, every daily stria was sampled (Fig. 2),
unless the stria width was narrower than 80 pm (smaller than the laser
spot size). Prior to sample ablation and measurement, each sample was
pre-ablated (100 pm spot size, 80 pm s 1) to remove potential con-
taminants. According to previous in-situ chemical analyses (Barats et al.,
2007), trace elements are homogeneously distributed within single
striae of P. maximus. Thus, measured signal intensities were averaged for
each line scan. For consistency, reference materials used for calibration
and quality control were ablated in the same manner. The ablation was
performed with a NewWave Research UP-213 Nd:YAG laser ablation
system (New Wave Research, Fremont, CA, USA) at a repetition rate of
10 Hz and a laser energy density of 15.8 J cm ™2 with helium as an initial
carrier gas (quality 5.0, flow rate 0.57 L min~1). The ion intensities were
measured with a Thermo Fisher Element 2 single collector sector-field
ICP-MS (Thermo Fisher Scientific, Bremen, Germany) coupled to the
laser system, using argon as a carrier gas (quality 5.0, flow rate 0.77 L
min ). The reference material NIST SRM, a synthetic silicate glass, was
used as an external standard (values obtained from the GeoReM data-
base; http://georem.mpch-mainz.gwdg.de/; last access: 18 March 2021;
612 Jochum et al. (2011)) and *3Ca was used as an internal standard to
normalize obtained barium signal intensities.

A Microsoft Excel spreadsheet was used for data reduction, following
the calculations provided by Longerich et al. (1996) and Jochum et al.
(2007, 2011). Blanks were determined 15 s prior to ablation. Detection
limits were calculated based on the 3¢ criterion. All detection limits
(Table 1) were significantly lower than the Ba/Cagpe) signal, with an
average limit of detection of 9 x 107® mmol mol~!. To account for

uncertainties of reproducibility, the relative standard deviation in
percent (RSD%) was calculated from repeated measurements of the
NIST SRM 612 reference material. For Ba, an average RSD% value of
2.9% was obtained (Table 1). The synthetic carbonate USGS MACS-3, a
pressed powder pellet, was used for quality control. Measured Ba con-
centrations of USGS MACS-3 differed by 1.4 to 12.2% from the published
reference value (GeoReM database; Table 1). High deviations from the
reference value might be induced by changing ablation behavior due to
varying particle sizes of the MACS-3 carbonate pellet leading to differ-
ences in ionization and uncertainties of the non-certified MACS-3
reference material (Jochum et al., 2019).

2.4. Environmental parameters

To determine the species composition of phytoplankton and chlo-
rophyll a concentration at Lanvéoc (Fig. 1; similar sampling site as shell
collection), seawater was collected during daytime (within a 3-h win-
dow before or after high tide) using a 5 L Niskin bottle that was posi-
tioned vertically in the water column approx. 1.5 m below the water
surface. In 2011, seawater was sampled once a week between January —
March and July — October and twice per week from April until June. In
2012, samples were taken once a week between March and May, and
biweekly between June and December. This resulted in 52 water sam-
ples collected during 2011 and 26 samples in 2012 (Supplementary
Table S1). Each water sample (250 mL) was filled in a vial using a sili-
cone tube that was in contact with the bottom of the bottle to avoid
turbulence within the sample and to prevent the phytoplankton cells
from disintegration. The phytoplankton cells were fixed with 2.5 mL of
Lugol’s solution and transported to the laboratory within one hour after
sampling. Until further analyses, the samples were stored in a dark place
to prevent the alteration of the cells by UV radiation. To determine the
phytoplankton species and abundance, 50 mL of the sample was filled
into a sedimentation column and left for 24 h to let the phytoplankton
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cells settle down onto a microscope glass slide. The species determina-
tion and the cell counting were performed by observing the recovered
glass slide with an inverted microscope (Axio Observer.A1-ZEISS, Carl
Zeiss Microlmaging GmbH, Gottingen, Germany). Phytoplankton cell
abundances are given in cells L™!. Hereafter, the short-term increase in
cell concentration of a specific phytoplankton species is referred to as a
phytoplankton peak or bloom, i.e., clearly observable maxima in the cell
concentration time-series (see Supplementary Fig. S2 and S3). Water
samples were analyzed for their chlorophyll a concentration by filtering
the water with glass fiber filters (GF/F Whatman). Chlorophyll a pig-
ments were then extracted using 6 mL of 90% acetone and stored in the
dark for 12 h at 4 °C, followed by two episodes of centrifugation (for 5
and 10 min at 3000 rpm) and fluorescence measurement with a Turner
Design fluorometer. The chlorophyll a concentration was then calcu-
lated based on the equation of Lorenzen (1966).

2.5. Timing of phytoplankton blooms and Ba/Cagpey peaks

To evaluate the possible relationship between phytoplankton cells in
the water column and exceptionally high Ba/Cagye values in
P. maximus, the timing of blooms of different phytoplankton species was
compared to the timing of Ba/Caghe) peaks. Since previous studies
observed a temporal lag between environmental changes, such as
chlorophyll a peaks or phytoplankton blooms, and the occurrence of
transient Ba/Cagpe; peaks (e.g., Barats et al., 2009; Thébault et al.,
2009), the following method was used to account for this eventual
temporal offset. The temporal alignment of the barium peaks was
accomplished by growth pattern analysis (see section 2.2). To define a
narrow temporal time frame for each distinct Ba/Caghey peak, a time
interval of +4 days was assigned for each peak (see Fig. 3; red areas).
This time interval was determined in order to fulfill the following pur-
poses: (1) Since small inter-shell variations in the absolute timing of Ba/
Caghell peaks of contemporaneous specimens exist (e.g., the temporal
occurrence of last Ba/Cagpe)) peaks in shell E and shell D differ about 7
days), this time interval ensures to enclose all simultaneously occurring
Ba/Cagpenr peaks. (2) The time interval considers a small uncertainty
yielded by the temporal alignment of the geochemical data (see section
2.2). (3) For the comparison between timing of Ba/Caghe) peaks and
species-specific phytoplankton cell concentration time-series, the
assigned time intervals serve as a clearly defined time frame that allows
to explicitly identify time lags between a phytoplankton bloom and the
occurrence of a Ba/Cagpe peak.

To determine the time lag between the occurrence of blooms of
specific phytoplankton cells and Ba/Caghe peaks, each phytoplankton
time-series was shifted manually relative to the Ba/Cage time-series
until peaks overlapped, i.e., peaks in the phytoplankton time-series
fell in the Ba/Cagpe time interval (see Supplementary Fig. S2, S3). For
the ease of analyzing the various phytoplankton time-series, studied
phytoplankton species were classified into four categories, based on
their agreement with Ba/Cagpe) peaks (without considering physiolog-
ical characteristics). Phytoplankton time-series that were assigned to
category 1 provided a distinct time lag so that all cell concentration
peaks coincided to a Ba/Cagen peak. Time-series of category 2 denoted
species that cell concentration peaked multiple times throughout the
year, but not all phytoplankton peaks (or just minor peaks) matched
with Ba/Cagpey excursions after shifting the time-series with a certain
temporal lag. Phytoplankton time-series were assigned to category 3 if
the peaks occurred more than 30 days before the Ba/Caghe peaks, or
after the last Ba/Caghey peak. All remaining species correspond to cate-
gory 4 indicating that no running similarity exists between the chro-
nologies. Consequently, species-specific time lags could only be
determined for phytoplankton time-series of category 1 and 2.
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2.6. Evaluation of the relationship between individual phytoplankton
species and Ba/Cagpe using pseudo-random sampling simulations

Since it was impractical to measure the barium content of individual
phytoplankton cells in the studied years, the Ba/Cagye peaks were
approximated by applying a specific weighting factor to individual
diatom and dinoflagellate cell concentration time-series generated by
Monte Carlo simulations. The aim of this approach is to numerically
analyze complex systems such as the potential relationship between Ba-
associated phytoplankton cells of various species and the formation of
Ba/Caghenl peaks. The immense number of possibilities makes it nearly
impossible to determine a theoretical factor that optimally describes the
relative amount of cell-associated Ba for each phytoplankton taxon and
how it contributes to the measured Ba/Cagpe)) chronologies. The Monte
Carlo method iteratively tests billions of possible scenarios by using
randomly generated parameters (i.e., differently weighted phyto-
plankton time-series). Within each simulation, a randomly selected
weighting factor (between 0 and 100) was assigned to each phyto-
plankton time-series that was included in the respective simulation. All
time-series were temporally shifted by a previously determined time lag
(see section 2.5). In addition, the randomly obtained values were used to
assign a weight to the individual time-series by multiplying the cell
concentration data with the respective weighting factor (Supplementary
Fig. S4). For each simulation, the weighted cell concentration data of the
different phytoplankton taxa were then combined to a new time-series
and compared to the Ba/Cagpe)) profile of the respective year by calcu-
lating the Pearson correlation coefficient. Each run consisted of 108
simulations, where the simulation with the largest Pearson correlation
coefficient constituted the result of the run (see Appendix A). Sixteen
different phytoplankton species were included in the simulation for
2011, and fifteen for 2012. In total, 50 runs with 5 billion tested com-
binations were performed for each year. Based on this large number of
repetitions, a pattern could be derived that provided information about
the potential species-specific contribution to the Ba/Cagpe; profile. The
underlying assumptions for this random sampling approach were: (1) All
included phytoplankton species can potentially be ingested and digested
by the bivalves. (2) There is no pre-digestive selection preference of
individual phytoplankton species by the scallops, i.e., all phytoplankton
cells were ingested and digested proportionally to the number of cells in
the water column. (3) Cells of different phytoplankton species can
contain different amounts of Ba that will end up in the shell.

3. Results
3.1. Shell growth patterns and Ba/Cagpey profiles of P. maximus

Within the same calendar year, daily increment width chronologies
of the studied specimens showed a high degree of synchronicity (Fig. 3).
The general pattern of seasonal growth during the two studied years also
compared well to each other (Fig. 3). Annual growth lines were formed
between November and March. Daily growth rates increased gradually
from late March (20 to 60 pm day ') to the beginning of May. As
revealed by daily growth pattern analysis, the period of maximum
growth (between May and late August) of the studied P. maximus
specimens comprised ca. 121 + 2 days, with growth rates between 130
and 150 pm day ! in 2011 and 130 and 280 pm day ! in 2012 (Fig. 3A,
B). After the end of August, growth rates declined until the date of
collection (Fig. 3A, B).

Similar to the daily growth curves, Ba/Cagne chronologies of
contemporaneous specimens agreed well with each other and exhibited
a strong reproducibility (Fig. 3C, D). Pearson correlation coefficients (p
< 0.05) ranged between 0.58 (shell A vs shell C) and 0.78 (shell B vs
shell C) for 2011 and between 0.82 (shell D vs shell E) and 0.89 (shell D
vs shell F) for 2012. In general, the Ba/Cagpe) profiles were characterized
by a constant background level (2011: 0.63 + 0.06 pmol mol~1; 2012:
0.56 + 0.06 pmol mol 1) that was occasionally interrupted by sharp Ba/
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Fig. 4. Variations in Ba/Cage) in shells from P. maximus (A), in chlorophyll a (B), total diatoms cell counts (C) and total dinoflagellate cell counts (D) at Lanvéoc
during 2011 and 2012. Diagrams to the right display the Pearson correlation coefficients (r) calculated between the respective environmental parameter and the
measured Ba/Cagpe profiles for lags of 0 to 100 days. Statistically significant correlations (with p < 0.05) are depicted as solid squares.

Table 2
Determined Ba/Cagpep maxima in P. maximus shells from 2011 and 2012 and
their respective temporal occurrence within the shell chronology.

2011 2012
Peak Date Ba/Caghen Date Ba/Caghen
# (pmol (pmol
mol 1) mol 1)

Peak 1 05 May to 13 May  1.08 05Juneto13June  1.73

Peak 2 14 May to 22 May 1.24 21 June to 29 June 1.33
Peak 3  10Juneto18June  0.84 06 July to 14 July 1.08
Peak 4 12 July to 20 July 1.11 29 July to 06 3.66
August
Peak 5 31 July to 08 1.77
August

Caghell peaks (Fig. 3C, D, 4A). Despite the high Ba/Caghe) reproducibility
within the same calendar year, Ba/Cagpe) trajectories of the three shells
from 2011 differed strongly from those of 2012. Five Ba/Caghe)l peaks
were identified in the specimens from 2011 (Fig. 3C; Table 2) with
average Ba/Cagpep) peak heights varying between 0.84 and 1.77 pmol
mol~L. The Ba/Cagpe) profiles from 2012 revealed four distinct maxima
(Fig. 3D, Table 2), with peak heights ranging between 1.08 and 3.66
pmol mol L. Notably, in both studied years, strong Ba/Cagpej €xcursions
were missing at the beginning of the growing season, i.e., between

March and May (Fig. 3C, D; Table 2).
3.2. Phytoplankton dynamics and seawater temperature

In 2011, the chlorophyll a concentration varied between 0.67 pg L™
in February and 5.11 pg L™! in May (Fig. 4B), with an average of 1.99 +
1.04 pg L1, The highest chlorophyll a values corresponded to a diatom
peak (approx. 742,500 cells L™1) recorded on 2 May 2011 (referred here
to as ‘spring diatom bloom’). However, a much larger diatom bloom
(maximum approx. 4,072,860 cells L™!) that occurred on 6 June and
lasted 19 days (‘summer diatom bloom’) was only associated with a
smaller peak in chlorophyll a (Fig. 4B, C). Two smaller diatom blooms
evolved during the end of August and the end of September 2011 with
244,640 and 327,300 cells L™}, respectively. The largest number of di-
noflagellates (approx. 347,080 cells L) was recorded on 23 May, i.e.,
after the diatom spring bloom and prior to the summer diatom bloom
(Fig. 4D). This dinoflagellate bloom was the largest of both studied
calendar years. In addition, 11 smaller dinoflagellate peaks (on average
65,714 cells L™1) occurred throughout 2011. During 2011, 25 different
types of diatoms, with blooms containing more than 1000 cells L™}, were
identified in the surface water (Supplementary Table S3). By far, the
most abundant diatom taxon (79.10% of total diatom cells) belonged to
single, isolated cells of the genus Chaetoceros (Supplementary Table S3)
and made up nearly 30% of the total phytoplankton cells at Lanvéoc. The
largest bloom of Chaetoceros spp. emerged between 26 May and 13 June
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(Fig. 5A). During the decline of the Chaetoceros spp. cells around 8 May,
two other diatom species started to grow, which made up the second and
third most abundant diatoms in 2011, i.e., Dactyliosolen fragilissimus and
Cerataulina pelagica (Supplementary Table S3; Fig. 5A). The lower
abundances of D. fragilissimus around 12 May potentially promoted the
formation of blooms composed of minor diatom species (Supplementary
Table S3; Fig. 5A). After the large summer bloom, only smaller diatom
blooms occurred until the end of September. Then, Chaetoceros spp.
growth restarted concomitantly with blooms of other, less abundant
diatom species. The most abundant dinoflagellates belonged to the
species Heterocapsa minima and Gymnodinium sp. (with cell size >20
pm), which presented 80% of the total dinoflagellate cells (Supple-
mentary Table S4). However, these dinoflagellates contributed only to a
small extent (6.13%) to the total phytoplankton cells that were observed
in 2011. The largest bloom of H. minima occurred around 23 May, i.e.,
between the largest diatom blooms (Fig. 4C, D). In general, blooms of
dinoflagellate species emerged more frequently throughout the year (e.
g., cell counts of Gymnodinium sp. peaked 13 times in 2011) in com-
parison to diatom species, though to a smaller extent.

In 2012, the chlorophyll a concentration fluctuated between 0.43 in
late May and 9.77 pg L™ in early May with a mean concentration of
2.44 + 2.13 pg L™! (Fig. 4B). Two diatom peaks occurred at 28 June
(821,830 cells L™!) and 24 July (1,230,000 cells L1 that corresponded
to contemporaneous elevations in chlorophyll a (Fig. 4C). However, the
largest chlorophyll a concentration of 10 May did not coincide with
seasonal diatom growth peak. Three main dinoflagellate blooms (up to
253,960 cells L) occurred on 24 April, 3 May and 6 July (Fig. 4D), i.e.,
during time intervals of relative low diatom abundance. Similar to 2011,
diatoms were dominated by Chaetoceros spp. (Fig. 5B, Supplementary
Table S5) which contributed to 63.65% to the total amount of diatom
cells in 2012. Three Chaetoceros spp. blooms emerged on 24 July, 28
June and 3 April. Guinardia delicatula and cells of the genus Thalassiosira
made up the second and third most abundant diatoms that were present
during 2012 and peaked concomitantly with the second Chaetoceros spp.
bloom. Between mid-April and June, the diatom G. delicatula clearly
dominated the phytoplankton community and reached a maximum on
May 16 (187,770 cells L’l; Fig. 5B). In addition, 20 minor diatom spe-
cies were identified with peaks containing more than 1000 cells L™}
(Supplementary Table S5). Dinoflagellates were mostly represented by
Gymnodinium sp. (with cell size <20 pm) and H. minima, which made up
78.41% of the total dinoflagellate cells but only 3.18% of the total
phytoplankton cells in 2012 (Supplementary Table S6). These di-
noflagellates emerged after the diatom spring bloom around 24 April
and after the second G. delicatula bloom.

The diatom and dinoflagellate taxa observed in the studied period
belong to phytoplankton groups typically found in the Bay of Brest (e.g.,
Queguiner and Tréguer, 1984). Between 2011 and 2017, approx. 46% of
the total diatom cells belonged to the genus Chaetoceros and nearly half
of the recorded dinoflagellate cells to the genus Gymnodinum (49%). The
predominance of either diatoms or dinoflagellates was largely influ-
enced by the availability of nutrients in the water column, e.g., the
concentration of silicic acid (Ragueneau et al., 2002). In both years, the
formation of large diatom blooms, which likely altered silicic acid
stocks, was followed by the growth of non-siliceous dinoflagellates
(Fig. 4C, D). The observed sea surface temperature (SST) varied between
8.7° (February) and 17.4 °C (September) in 2011 and between 9.8°
(February) and 18.5 °C (August) in 2012 (Fig. 3C, D). In both years, the
temperature stayed mostly below 12.5 °C prior to the first observed Ba/
Caghe peak (Table 2), whereas the maximum temperature occurred after
the last Ba/Cagpep peak.

3.3. Time lag between phytoplankton blooms and Ba/Cagpey peaks

Fourteen phytoplankton species of 2011 were assigned to category 1
(Supplementary Table S2). For another 13 phytoplankton species of
2011, a temporal shift of the chronology resulted in a good agreement
with the barium data, but not all phytoplankton peaks coincided
perfectly with Ba/Cagpen peaks (assigned to category 2; Supplementary
Table S2). Eight phytoplankton species showed strongly elevated
abundances more than 30 days before the first Ba/Caghe peak or after
the last Ba/Cagpeq peak (category 3; Supplementary Table S2) and were
thus not recorded in the Ba/Cagpep profile. The remaining six species of
2011 did not show any running similarity with the barium data, even
when different time shifts were tested (category 4; Supplementary
Table S2). Similar results were achieved for 2012. Thirteen species fell
into category 1 and ten species into category 2 (Supplementary
Table S2). Blooms of 14 species occurred either one month before the
first Ba/Caghe) peak or after the last Ba/Cagpe)) excursion (category 3;
Supplementary Table S2). The remaining three species belonged to
category 4 (Supplementary Table S2).

In both years, the lead time of two species relative to Ba/Cagpe| peaks
was less than eight days (C. didymus, Protoperidinium depressum in 2011
and Alexandrium spp., Chaetoceros danicus in 2012; Fig. 7). For another
fifteen (2011) and seventeen (2012) species, a lag by eight to twelve
days (Fig. 7) was required to manually crossdate the phytoplankton
time-series with Ba/Cagpep curves. Time lags larger than twelve days
were determined for ten species in 2011, with a maximum of 30 days,
and four species in 2012, with a maximum of 26 days (Fig. 7). The
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Table 3
Diatom and dinoflagellate species observed in 2011 and 2012 and their time lag
between corresponding Ba/Cagpe;; peaks.

Phytoplankton species Taxon 2011 2012

Time lag (days) Time lag (days)

Chaetoceros didymus Diatom 5 13
Chaetoceros spp. Diatom 9 10
Dinophysis acuminata Dinoflag. 26 10
Guinardia delicatula Diatom 25 11
Guinardia flaccida Diatom 8 11
Haslea wawrickae Diatom 10 12
Lepidodinium chlorophorum Dinoflag. 12 12
Pseudo-nitzschia pungens Diatom 10 10
Pseudo-nitzschia seriata Diatom 9 11
Rhizosolenia imbricata Diatom 8 10
Thalassionema nitzschioides Diatom 9 10
Thalassiosira spp. Diatom 13 13
Tripos kofoidii Dinoflag. 16 12

manual determination of a temporal lag was ambiguous for some
phytoplankton species, e.g., in 2011, the temporally non-shifted bloom
of D. fragilissimus occurred contemporaneously with the first Ba/Cagpe
peak as well as with the second Ba/Cagpep peak after shifting the time-
series about ten days.

For ten diatoms and three dinoflagellate genera, a temporal shift
could be determined that allowed an inter-annual comparison between
2011 and 2012 (Table 3). Nine phytoplankton species show similar
temporal offsets (with an error of +3 days) ranging from eight to thir-
teen days (i.e., Chaetoceros spp., Guinardia flaccida, Haslea wawrickae,
Lepidodinium cf. chlorophorum, Pseudo-nitzschia pungens, P. seriata, Rhi-
zosolenia imbricata, Thalassionema nitzschioides, Thalassiosira spp.). Off-
sets of three genera differed more than eight days (Table 3).

3.4. Random sampling simulation

The Monte Carlo simulations revealed distinct, randomly approxi-
mated weighting factors for the various tested phytoplankton species
(Fig. 8). In general, the obtained confidence intervals (95% confidence
level) varied between 0.24% (Chaetoceros spp.) and 18.04% (Haslea
wawrickae) in 2011, and 0.57% (Thalassiosira spp.) and 18.69% (Haslea
wawrickae) in 2012. For both studied years, the highest weighting factor
was determined for the diatom species T. nitzschioides and the lowest for
the diatom genus Chaetoceros spp. The calculated confidence intervals
decreased with decreasing weighting factors, whereas the largest ranges
occurred at weighting factors around 0.5 (Fig. 8).

4. Discussion

In agreement with previous findings (Barats et al., 2009), sharp Ba/
Cagpel peaks were largely uncorrelated to chlorophyll a values, as well as
to the total diatom and dinoflagellate abundance. However, the Ba/
Caghel) peaks showed a strong agreement with the occurrence of certain
diatom and dinoflagellate species when a short time lag of 8 to 13 days
was applied. Besides this temporal accordance, Monte Carlo simulations
suggested that cells of the various diatom and dinoflagellate species are
likely to be associated with different amounts of Ba that can be incor-
porated into the shell.

4.1. Relationship between shell barium enrichments, chlorophyll a and the
diatom and dinoflagellate abundance

As demonstrated by the highly resolved data, no direct link exists
between Ba/Caghe profile and chlorophyll a pigment concentration
(Fig. 4B). In both studied years, Ba/Cagpep patterns differed significantly
from the chlorophyll a time-series. For example, the double peak in Ba/
Cagheq in May 2011 (Fig. 4A) was not associated with a similar pattern in
the chlorophyll a data. Although three gradually decreasing peaks
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occurred in the chlorophyll a data as well as in the Ba/Cagpe) profile in
2012, no temporal coincidence existed among both time-series, even
when leads and lags were considered. In 2011, the highest chlorophyll a
concentration occurred ca. 90 days before the Ba/Caghe)) maximum
(Fig. 4A, B). In contrast, in May 2012, the chlorophyll a concentration
attained a high-stand ca. 80 days before the strongest shell Ba enrich-
ment (Fig. 4A, B). The strongest correlation between the two time-series
was obtained when the chlorophyll a time-series were shifted by 86 days
and thus assuming that the signal transfer from the environment into the
shell took ca. three months (Fig. 4B; right panel). However, this
deduction seems unlikely. While the largest chlorophyll a and barium
peaks agreed with each other, many smaller Ba/Cagpey; peaks could not
be associated with chlorophyll a excursions, suggesting the larger cor-
relation coefficient results from a bias. Due to the three-month offset
between the two time-series, a much lower number of data points —
specifically such of the few coinciding peaks - is used to compute the
Pearson correlation coefficient. Furthermore, in previously published
works different lags were observed between chlorophyll a and Ba/Cagpe)
profiles of scallop shells. For example, in the study by Barats et al.
(2009), the temporal offset between the timing of the chlorophyll a
maximum and the largest Ba/Cagpe) peak varied strongly from year to
year (ca. seven to 83 days). Gillikin et al. (2008) described a similarity
between the overall chlorophyll a pattern and the Ba/Cagpep peaks with
an offset of 40 days, whereas Thébault et al. (2009) observed an offset of
about one week in juvenile scallops of Comptopallium radula. It appears
that the chlorophyll a maximum, which is usually associated with the
phytoplankton spring bloom in the Bay of Brest, always occurs prior to
the Ba/Caghe maximum, but with variable temporal offsets. Together
with these findings, the data presented in the current study suggest no
direct link between the chlorophyll a pigment concentration and the
formation of Ba/Cagpe) maxima. However, it should be mentioned that
the chlorophyll a concentration is not an ideal indicator for the total
phytoplankton biomass (Desortova, 1981; Kruskopf and Flynn, 2006) as
the chlorophyll a concentration is also affected by light and nutrient
availability, algal composition and the physiological condition of the
phytoplankton cells (Behrenfeld et al., 2005; Behrenfeld and Boss, 2006;
Lee et al., 2020).

Time-series of the total amount of diatom cells in the water column
differed between the studied sampling years (Fig. 4C). At first sight, a
relationship between blooms of diatoms and the Ba/Cagpe); peaks cannot
be determined. However, some similarities are evident: Firstly, the
double peak associated with the spring bloom in 2011 also occurred in
the Ba/Cagey time-series, but with an offset of about nine days. In
addition, after a similar temporal lag of nine days, the largest diatom cell
concentration that was observed in both years coincided with the
smallest Ba/Cagpe peak (Fig. 4A, C). In 2012, only a smaller diatom
spring bloom was observed followed by two larger summer blooms that
were synchronized with the third and fourth Ba/Caghe; peak with an
offset of about ten days (Fig. 4A, C). Despite these overlapping patterns,
not all Ba/Cagpe)) peaks can be adequately explained as a response to the
total diatom cell counts, i.e., the fourth peak in 2011 and the first and
second peaks in 2012. Moreover, the Ba/Caghe) peaks appear to be un-
related to the magnitude of the diatom cell concentration. For example,
the largest diatom bloom in 2011 was associated with the lowest Ba
enrichment, whereas the largest Ba peak (in 2012) can solely be
attributed to a smaller diatom bloom. These observations were sup-
ported by the correlation coefficient plots (Fig. 4C; right panel) sug-
gesting no statistical relationship exists between the total amount of
diatom cells in the water column and the formation of Ba/Caghe peaks.

In both years, the concentration of dinoflagellate cells is significantly
smaller than that of diatoms (Fig. 4D), which is a common observation in
the Bay of Brest (Del Amo et al., 1997). The dinoflagellate time-series
revealed several cell count maxima throughout both years. This im-
pedes the comparison between Ba/Cagye) peaks and dinoflagellate
blooms because an unambiguous bloom-to-Ba/Cagpe) peak assignment
was difficult to obtain. The correlation coefficients (Fig. 4D) indicated
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of this article.)

that no significant correlation existed in both years when a similar time
lag was applied. Thus, a causal relationship between the total cell con-
centration of dinoflagellates and Ba/Cagpe peaks could not be verified.

The lack of similarity between the observed bulk phytoplankton
dynamics and the Ba/Cagpp; peaks can likely be attributed to differences
in the species composition of different chlorophyll a, diatoms, and
dinoflagellate peaks (e.g., compare Fig. 4C and 5; each diatom peak
differs in species composition). It was demonstrated that particle
retention and subsequent ingestion in heterorhabdic bivalves (i.e., bi-
valves with gills containing two types of filaments), such as P. maximus,
is not solely influenced by particle size (i.e., phytoplankton cell size) but
is also affected by the nutritional value of the particles (Beninger et al.,
2004; Chauvaud et al., 2001; Shumway et al., 1997; Ward and

Shumway, 2004). This selective filter behavior supports the assumption
that not all of the observed phytoplankton species, summarized in the
bulk phytoplankton time-series, were consumed by the bivalves because
the various taxa differed in cell size and nutritional value. In addition,
different diatom species were shown to adsorb different amounts of
barium leading to a variable vertical flux of this element toward the
sediment water interface (SWI) (Dehairs et al., 1980; Fisher et al., 1991).
In addition, environmental variables such as pH, iron supply and the
dissolved Ba concentration in the water column affect the amount of
phytoplankton cell-associated Ba that reaches the SWI (Sternberg et al.,
2005). Accordingly, a species-specific comparison of individual phyto-
plankton genera and the timing of Ba/Cagye peaks is necessary to
further disentangle a potential link between phytoplankton and barium
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Fig. 7. The distribution of potential time lags (in days) that were determined for different diatom and dinoflagellate genera in 2011 (n = 27) and 2012 (n = 23).

peaks in the shell.
4.2. Ba/Cagshen peaks and the timing of individual phytoplankton genera

In both studied years, most diatom blooms coincided with a subse-
quent formation of Ba/Cagpe) enrichments after a time lag of eight to
twelve days, and only a few genera required larger or smaller theoretical
temporal shifts to synchronize the peak patterns (Fig. 7, Supplementary
Table S2). This observation is in accordance with the temporal offset
determined for the total amount of diatom cells and the Ba/Caghen
maxima (nine to ten days; section 4.1), as the total diatom cell con-
centration is largely influenced by a single diatom genus (Fig. 6; Chae-
toceros spp.; this diatom group accounted for nearly 80% and 65% of the
total diatom cells in 2011 and 2012, respectively). If the underlying
hypothesis holds, i.e., that Ba/Cagpe peaks are related to specific Ba-rich
phytoplankton cells, Ba/Cagphe)) peaks may not only be explained by
blooms of the main diatom genus Chaetoceros spp., but also by blooms of
less abundant diatoms species (when a time lag of a few days was
applied). However, most of the dinoflagellate species do not provide an
observable relationship between the cell concentration time-series and
Ba/Cagheyl peaks (Supplementary Table S2).

The comparison between species-specific temporal lags obtained for
both years (Table 3; Supplementary Table S2) allows to evaluate inter-
annual similarities of individual phytoplankton species with the
timing of Ba/Cagey peaks. Unfortunately, not all phytoplankton species
present in 2011 also occurred in 2012, and vice versa (Supplementary
Table S2). From the genera identified in both years, the blooms of nearly
all species (except four) fitted best with Ba/Caghe peaks when a lag of 8
to 13 days was applied, with a small species-specific year-to-year dif-
ference of less than three days (Table 3). The heterogeneous patterns in
the timing of Ba/Cagpey; peaks between 2011 and 2012, on the one hand,
and the similarity of theoretically determined time lags, on the other
hand, supports the assumption that a potential link exists between
blooms of specific phytoplankton species (i.e., especially diatoms) and
the incorporation of Ba into the shell. In other words, if there were no
causal relationship between the timing of phytoplankton blooms and the
occurrence of Ba/Caghe) peaks it would be highly unlikely to expect
similarities in the temporal lags between the two studied years (see
Fig. 7).

4.3. Time lag

Although the Bay of Brest is a well-mixed ecosystem, the distribution
of phytoplankton species varied between different sites (see Thébault
and Chauvaud, 2013) and between bottom and surface waters. For
instance, the main bloom of the diatom genus Chaetoceros near the sea
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surface was only recorded contemporaneously to a small extent at the
SWI (see Supplementary Fig. S5). This vertically heterogenous phyto-
plankton distribution indicates that observed blooms in the upper water
column do not occur simultaneously at the SWI. Consequently, a tem-
poral offset has to be considered between the formation of a phyto-
plankton bloom at the surface and the time the cells require to reach the
SWI where they are potentially ingested by filter feeders. Therefore, the
time lag between a phytoplankton bloom and the subsequent formation
of Ba/Cagpe peaks is influenced by the sedimentation rate of the
phytoplankton cells as well as the time it takes for Ba to be incorporated
into the shell calcite after ingestion.

As shown in section 4.2, the shell Ba content lagged behind the
majority of phytoplankton blooms by about 8 to 13 days (Fig. 7). The
phytoplankton cell identifications were performed on water samples
from 2 m below sea surface and the water depth at Lanvéoc is approx. 8
m. To reach the SWI within less than 8 to 13 days, phytoplankton cells
have to sink, on average, 0.46 to 0.75 m d~". This sinking velocity is in
the range observed for various phytoplankton species (Peperzak et al.,
2003). However, it is shown that the sinking rate of phytoplankton cells
does not correlate with the biovolume of the cells, but is rather influ-
enced by the nutrient availability in the medium and by the colony
density (Bienfang et al., 1982). Furthermore, aggregate forming diatoms
exhibit a sinking velocity two orders of magnitude higher than that of
unicellular diatoms (Alldredge and Gotschalk, 1989) leading to a rapid
vertical flux of particles toward the SWI. In addition, the water depth
strongly varies with the tide leading to a rapidly changing height of the
water column throughout the year. These characteristics impede a
theoretical approximation of a temporal lag solely based on constantly
sinking particles from the upper part of the water column to the SWI.

Following Tabouret et al. (2012), Ba was enriched in the shell of
P. maximus 6 to 8 days after an elevated level of dissolved Ba was
measured in the ambient water. However, the sharp peaks in Ba/Cagpep
are potentially induced by the ingestion of phytoplankton cells con-
taining Ba (Thébault et al., 2009) rather than dissolved Ba in the water
column (Barats et al., 2009; Gillikin et al., 2008; Poitevin et al., 2020).
The ingestion of Ba-rich phytoplankton cells is followed by a subsequent
desorption of Ba in the digestive tract induced by the low gut pH. This
results in larger amounts of Ba?* reaching the site of shell formation
(extrapallial space). Based on the high filtration rate of scallops (5 L h™?
g1 dry weight) (Laing, 2004; Palmer, 1980), and the high biomineral-
ization rates of P. maximus (Fig. 3A, B), especially after the first winter
growth cessation, scallops could incorporate Ba into their shells rapidly.
Therefore, it is reasonable to consider the observed temporal offset of 8
to 13 days in P. maximus as a potential time lag, although future studies
about the species-specific sinking, digestion and incorporation rates of
barium rich particles are needed to further prove such a lag. It should be
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Fig. 8. 95% confidence intervals (circles indicate the corresponding mean) for different phytoplankton species calculated from 50 Monte Carlo experiments,
including five billion simulations (see section 2.6), for 2011 and 2012. With a high probability, a certain weighting factor that describes the potential contribution of
a phytoplankton species to the overall Ba/Cagen profile the best lies within the approximated weighting factor range that is determined for each species.

mentioned that there is a small uncertainty (+ 2 days) given in the
dating of the Ba/Caghep profiles and in the exact timing of phytoplankton
cell peaks. Here, the measured maximum cell concentration of a
respective bloom was used to determine the initial timing of the bloom.
However, the actual bloom eventually arose shortly before or after the
sampling (this can be concluded from the slight asymmetrical shape of
the phytoplankton abundance peaks; see Fig. 6).

4.4. Magnitude of Ba/Cagpey peaks as a response to blooms of specific
phytoplankton species

As previously shown, the timing of most phytoplankton blooms that
were observed in both years coincided with Ba/Cagpej; peaks considering
a small temporal lag (see Table 3). However, if a direct link exists be-
tween the mass occurrence of certain phytoplankton species and the
subsequent formation of Ba enrichments in the shell, the monitored cell
concentrations did not serve as a suitable estimate for the amount of Ba
that reached the site of shell formation, because the sum of cells of
different phytoplankton time-series did not correlate well with the Ba/
Caghenr peak heights (Fig. 9). For example, the large abundance of the
main diatom Chaetoceros spp. in 2011 coincided with the smallest Ba
enrichment (Fig. 9; lower panel). Although peaks were temporally
overlapping, the Ba/Cagnep magnitude is not correlated with relative
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variations in the cell concentration. In addition, some blooms were not
coinciding with Ba enrichments, in particular at the start of the growing
season (see Fig. 6; blooms of Thalassiosira spp.). Therefore, even when
considering a reasonable time lag, Ba/Cagpe) profiles cannot be recon-
structed from the phytoplankton cell concentration time-series.

Three potential explanations for the observed discrepancies between
the magnitude of Ba/Cagpey peaks and cell concentrations are described
as follows. (1) Temperature may affect the filtration activity of the
bivalve (Laing, 2000, 2004). A gradual reduction in the filtration rate
was determined for temperatures below 11 °C (Laing, 2004) which
potentially hampers the formation of excessive Ba/Caghe peaks due to a
reduced ingestion of Ba-rich particles. Although seawater temperature
appears to have occasionally influenced the formation of Ba/Cagpe
peaks at the beginning of the growing season, when temperatures
dropped below 12.5 °C (Fig. 3C, D), Barats et al. (2009) demonstrated
that no significant correlation exists between Ba/Cagpep ratios and SST.
(2) The ability of the scallop gills to selectively filter particles out of the
water column based on the particle size as well as the nutritional value
(e.g., Beninger et al., 1992, 2004; Shumway et al., 1997) is likely to
account for the observation that not all blooms of certain phytoplankton
taxa could be assigned to Ba enrichments in the shell. Although this
assumption does not apply for the discrepancies between blooms of the
two diatom genera Chaetoceros and Thalassiosira and Ba/Cagpe) peaks
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of this article.)

(see Fig. 6), as these diatoms were known to be consumed by P. maximus
(Laing, 2004; Lorrain et al., 2000; Paulet et al., 1988), it may account for
other phytoplankton species. (3) Environmental influences alter the
phytoplankton cell-associated amount of Ba and/or species-specific
differences in the ability to adsorb Ba. Following Sternberg et al.
(2005), Ba is adsorbed onto iron oxyhydroxides on phytoplankton cell
walls indicating that the ingestion and digestion of these Ba-rich cell
walls account for the formation of Ba/Caghe) peaks (Thébault et al.,
2009). As environmental conditions such as pH, iron and dissolved Ba
concentration of the ambient seawater influence the amount of Ba linked
to the cell walls (Fisher et al., 1991; Sternberg et al., 2005), these pa-
rameters should be taken into account when approximating the amount
of Ba potentially reaching the site of biomineralization. Water pH did
not vary strongly throughout 2011 and 2012 (average pH: 8.0 & 0.1 in
2011 and 8.1 £ 0.1 in 2012) and was in the range described by Sternberg
et al. (2005) to favor Ba adsorption onto phytoplankton cells. Unfortu-
nately, iron and dissolved Ba concentration were not recorded in the
studied years, but Barats et al. (2009) demonstrated that the dissolved
Ba concentration is not correlated to the formation of transient Ba/
Caghenl peaks. However, detailed environmental records are needed to
better assess the relationship of plankton-associated Ba and Ba enrich-
ments in scallop shells.

To further address the observed discrepancies in cell concentration
and the magnitude of Ba/Cagpep peaks, a species-specific Ba enrichment
factor was introduced, as previous studies reported a large variability in
cell-associated Ba among various phytoplankton species (Dehairs et al.,
1980; Fisher et al., 1991; Roth and Riley, 1971). First, it is hypothesized
here that the cell surface area of the individual phytoplankton cells
potentially serves as a rough estimator for the amount of Ba that can be
attributed to a single cell, as demonstrated by Sternberg et al. (2005), Ba
is adsorbed onto phytoplankton cell walls. However, testing this
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assumption did not provide adequate results, indicating that the surface
area of individual phytoplankton species alone could not satisfactorily
describe the relationship between the cell concentration and the
magnitude of Ba/Cagpe peaks (see Supplementary Fig. S6). Therefore,
another approach was considered to assess and quantify the contribution
of specific phytoplankton species to the observed Ba/Cagphe) profile, i.e.,
Monte Carlo simulations that randomly tested a huge number (five
billion simulations per year) of different species-specific weighting
combinations. This random sampling approach allowed to (1) weight
each phytoplankton species individually, (2) calculate probability
ranges that likely contain a deterministic best-fit weighting factor, (3) to
draw species-specific conclusion and (4) to conduct an inter-annual
comparison. The weights determined from these simulations (Fig. 8)
represent species-specific approximations comprising and quantifying
potential physiological and morphological variables (e.g., cell surface
area, cell ornamentation, Si-content of the cell wall, microstructure of
the cell wall, hydrous ferric oxide concentration of the cell surface)
affecting the amount of Ba associated with a single cell.

The results (Fig. 8) demonstrate a clear pattern: Different phyto-
plankton species likely contribute differently to the Ba/Caghe) profiles, e.
g., the largest weight was assigned to the diatom T. nitzschioides (Fig. 8).
Individual cells of this species contribute more to the Ba content of the
shell than cells of other species. Interestingly, this conclusion can be
drawn from simulations independently performed for both studied
years, which in turn, promotes the reliability of this random sampling
approach. Since similar weights for both years were also obtained for
other species, i.e., P. pungens, Haslea wawrickae, Chaetoceros spp. (Fig. 8),
it is rather inappropriate to consider these results as simply random
outcomes, although the approximations are based on random sampling.
However, for some species larger inter-annual differences in weighting
factors were obtained, i.e., G. flaccida, R. imbricata, Pseudo-nitzschia
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seriata, Lepidodinium chlorophorum and Thalassiosira spp. (Fig. 8;
maximum difference of 45% between the mean weighting factors for
R. imbricata). Accordingly, the influence of these species to the total Ba/
Cagheny profile likely differed between the studied years. Since the
approximation of the species-specific weights were based on simple
assumptions (section 2.6), variable environmental factors likely affected
the amount of cell-associated Ba, and potential differences in Ba
assimilation rates contributed to the observed deviations among years.
In addition, the simulations theoretically estimated the weighting fac-
tors while discarding a potential feeding preference of the scallops
which could also account for inter-annual discrepancies observed for
some phytoplankton taxa.

Many diatom species form large aggregates (Alldredge and Got-
schalk, 1989), reaching several millimeters to centimeters in size, when
the cells are physiologically stressed. These aggregates form at the end of
an efflorescence and could cause gill clogging and a reduction in growth
and filtration rates in scallops (e.g., Chauvaud et al., 1998; Lorrain et al.,
2000). Likely, an increased amount of Ba is linked to polysaccharides
exudated by flocculated diatoms (Alldredge et al., 1993; Martinez-Ruiz
et al., 2018; Stecher and Kogut, 1999) which can support the formation
of Ba/Cagey1 peaks in scallop shells after ingestion of such aggregates.
Accordingly, it should be hypothesized that aggregated diatoms can
accumulate Ba to different amounts than single diatom cells.

Taking the species-specific weights and temporal lags (between 8
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and 13 days) into account results in the time-series depicted in Fig. 10.
These time-series compare well to the Ba/Cagpep profiles of the respec-
tive year and reveal relationships between different phytoplankton
species and the Ba/Cagpep profile. Using this configuration, all Ba/Cagpey
peaks can be explained with temporally lagged blooms of different
phytoplankton species. Moreover, the magnitude of the shell Ba en-
richments is approximated by weighting each bloom individually.
Except for the first Ba/Cagey peak in 2012 (Fig. 10), the relative
magnitude of the Ba enrichments was well approximated. This can
potentially be attributed to the fact that only diatoms and dinoflagellate
species with cell concentrations larger than 1000 cells L~ 'were included
in this study. Furthermore, minor blooms or the overall sum of minor
blooms could have also contributed to the Ba/Cagpep peak.

The proposed species-specific contribution to the Ba/Cagpe) profile
should be evaluated by actual measurements and quantified in future
studies. Since blooms of diatoms are likely to induce shell Ba enrich-
ments, a special focus of subsequent experiments should be placed on
phytoplankton species and their potential to adsorb Ba onto their cells.
Furthermore, potential differences in the Ba content between unicellular
and aggregate forming species have to be evaluated. To refine the
determination of digestible phytoplankton species and their barium
load, the feeding behavior of scallops should also be further assessed.
Since this study solely focused on diatom and dinoflagellate species, it
will be inevitable to consider other taxonomic groups that can also affect
the formation of Ba/Cagpe) peaks. Concerning the methodology, to the
best of our knowledge, this study constitutes the first attempt to include
random sampling simulations to reconstruct geochemical information
from bivalve shells from complex environmental records, such as
phytoplankton time-series, providing a promising tool for future studies
to detect potential patterns between environment and geochemistry.

5. Summary and conclusions

According to the findings presented herein, Ba/Cagne peaks of
P. maximus were most likely induced by blooms of specific phyto-
plankton taxa, especially diatoms. This assumption is based upon the
following findings: (1) Neither the amount of chlorophyll a pigment
concentration nor the total cell concentration of dinoflagellates can
explain the Ba/Caghe) patterns. The total cell concentration of diatoms
agreed only weakly with the barium signals, even when a temporal
offset of nine to ten days was assumed. (2) Time lags between the
occurrence of blooms of certain phytoplankton species and the timing of
Ba/Cagpeq peaks indicate that the shell Ba enrichments are related to the
mass production of certain phytoplankton species. Actually, many spe-
cies appeared eight to thirteen days prior to the formation of a Ba/Cagpe
peak. (3) Not all phytoplankton species could be linked with Ba/Cagpe)
peaks, suggesting a capability of scallops to select which particles can be
ingested. It is shown that the magnitude of the Ba/Cage; peaks does not
correlate with the concentration of identified cells in the water column.
However, applying species-specific weighting factors results in a high
degree of running similarity between the Ba/Cagye) and the weighted
cell concentration time-series. Thus, a species-specific amount of
frustule-associated Ba is likely. Ba/Cagpep profiles were associated with
specific phytoplankton taxa. Therefore, the timing and magnitude of Ba/
Caghell peaks can potentially serve as a proxy for the dynamics of specific
phytoplankton taxa. The species-specificity of Ba/Cagpey peaks limits the
usability of Ba/Cagpey profiles as an indicator for the overall phyto-
plankton dynamics that prevailed in the water column. However, un-
derstanding this connection between edible phytoplankton species and
Ba in shells could help to evaluate past phytoplankton community
structures on a species level. Findings of the present study are important
to further constrain the applicability of Ba/Caghe) of P. maximus and can
potentially be extrapolated to other bivalve species.
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