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ARTICLE INFO ABSTRACT

Keywords: Despite its major role as a global climate regulator, little is known about the recent evolution of the North
A. islandica Atlantic Ocean, especially prior to the fifties, principally because of the lack of long-term instrumental data.
Ba/Ca

Moreover, the North Atlantic Ocean is undergoing rapid changes at the physical scale leading to modifications at
the biological scale increasing interest to monitor the environment. The phytoplankton is the base of the ocean
life and its perturbation can lead to further changes in the food chain. Recording its dynamics implies to observe
both its spatial and temporal variations. This study brings forward the use of the Ba/Ca ratio from shells of the
long-living bivalve Arctica islandica collected in the Northwestern Atlantic Ocean near Saint-Pierre and Miquelon
(SPM) as a recorder of the past and present phytoplankton dynamics. A high inter and intra-reproducibility and
synchrony between Ba/Cagpe)) profiles were demonstrated allowing the reconstruction of a 124 years annually-
resolved Ba/Caghey) master chronology (from 1893 to 2016). This master chronology was positively correlated
to the surface chlorophyll a measured by satellite sensor at regional (around SPM) and global scales (North-

Master chronology
Cross-dating
Chlorophyll a
Northwestern Atlantic

western Atlantic).

1. Introduction

The North Atlantic Ocean, particularly the northwest corner, has
been the focus of much attention in recent years because it plays a major
role in the Meridional Overturning Circulation (Lozier, 2012) and more
especially because of the physical changes it has undergone (i.e.,
weakening of the Atlantic Meridional Overturning Circulation (AMOC);
Smeed et al., 2014; Rahmstorf et al., 2015) since the mid-1920s, due to
increases of anthropogenic CO; (Caesar et al., 2018). This weakening
could be caused by a poleward retreat of the Labrador Current, a
warming of the Gulf Stream region, and/or a cooling of the subpolar
gyre region due to a northward shift of the Gulf Stream and reduced heat
transport (Saba et al., 2016; Caesar et al., 2018). Several studies (Han
and Tang, 2001; Hakkinen and Rhines, 2004; Han et al., 2010) have
indicated that the weakening of AMOC in the 1990s was related to
strong changes in atmospheric variability in the North Atlantic Ocean,

* Corresponding author.
** Corresponding author.

where the dominant climate-driven mode is the North Atlantic Oscilla-
tion (NAO) (Hurrell and Deser, 2010). These physical changes may lead
to biological changes such as a decrease in global primary production
and in the sinking velocity of particulate organic carbon (Steinacher
et al., 2010) as well as a shift in phytoplankton communities (Marinov
et al., 2010; Harrison et al., 2013), with major impacts on the energy
fluxes between phytoplankton and higher trophic levels (Stock et al.,
2014).

The increasing interest in primary production has brought about the
development of new tools to measure chlorophyll a (Chl a) concentra-
tion as a proxy for phytoplankton abundance. However, such measure-
ments are sparse and exist only for recent years. For example, even
though satellite ocean colour sensors are currently useful for evaluating
the spatio-temporal dynamics of global marine phytoplankton, these
instruments have only been recording since 1978 (e.g., CZCS sensor;
Hovis et al., 1980) thus there are less than four decades of Chl a records.
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Since then, numerous ocean colour satellite sensors have been deployed
(e.g. SeaWiFS, MERIS, MODIS-Aqua, VIIRS; see Emberton et al. 2015
and references therein) to study phytoplankton dynamics. However,
contradictory results have been reported on the way global ocean
chlorophyll has changed over the last century (Gregg, 2005; Boyce et al.,
2010; Feng and Zhu, 2012), and global trends may not be in line with
regional or local trends, where variations can be opposite (EEA, 2005).
In this context, it is crucial to find new tools and methods to accurately
quantify trends in marine phytoplankton dynamics at a defined location.

Very recently, some studies pointed out an influence of primary
production in the Northeast Atlantic on growth rates of the long-lived
bivalve Arctica islandica (Ballesta-Artero et al., 2018; Bonitz et al.,
2018; Poitevin et al., 2019). Variations of shell growth rates were
positively correlated to the local and regional intensity of primary pro-
duction. This phenomenon is attributed to the algal food-availability:
concentration of algal food, therefore intensity of primary production,
drives shell growth. Poitevin et al. (2019) reported a similar relationship
with the local primary production near Saint-Pierre and Miquelon (south
of Newfoundland in the NW Atlantic) that might be influenced by
regional to global hydrographic (e.g., temperature, oceanography) and
climatic (e.g., NAO, Atlantic Multi-decadal Oscillation) phenomena.
Considering the findings of this last study, it would be interesting to
further explore this relationship using another specific proxy that is
potentially linked to primary production.

For several decades, past and present primary production levels have
been reconstructed using an array of biological and geochemical proxies
archived in sediment (Dymond et al., 1992; Seki et al., 2004; Chmura
et al., 2004; Genovesi et al., 2011). Muzuka and Hillaire-Marcel (1999)
showed the influence of the Western Boundary Undercurrent in the
Labrador Sea (Northwestern Atlantic Ocean) on the sedimentation rate
of organic matter (from primary production), but on the scale of
millennia. To deal with the problem of low temporal resolution of
sediment cores (generally more than a decade), several biogenic ar-
chives have been investigated, e.g., foraminifera (see Katz et al., 2010,
for review), corals (see Lea, 2014, for review) and, more recently, bi-
valves (see Prendergast et al., 2017, for review). This latter archive al-
lows the reconstruction of paleo-productivity because bivalves offer
precise and high temporal resolution (sub-daily to annual; Rhoads and
Pannella, 1970). Shell growth occurs by periodic accretion of calcium
carbonate layers. When the calcification pattern is well known, accurate
formation dates can be estimated for each growth increment. Several
minor and trace elements incorporated during shell calcification are also
used as environmental proxies (e.g., Mg, Sr, Mn, Ba). Unlike corals and
foraminifera, the strong biological control on the incorporation of these
elements into the shell matrix makes interpretation of the elemental
footprint difficult (Rosenberg, 1989; Purton et al., 1999; Gillikin et al.,
2005; Lorrain et al., 2005; Carré et al., 2006; Takesue et al., 2008).
Nevertheless, many studies have highlighted the potential of the
Ba/Cagpel ratio as an environmental proxy for primary production and
phytoplankton dynamics (Stecher et al., 1996; Vander Vander Putten
et al., 2000; Lazareth et al., 2003; Thébault et al., 2009; Hatch et al.,
2013; Marali et al., 2017a,b). Temporal variations in the Ba/Cagpe; ratio
along the shell growth axis are characterized by a low, relatively con-
stant background interrupted by sharp peaks that are often synchronous
between contemporaneous specimens from the same locality. Stecher
et al. (1996) first related these peaks to phytoplankton blooms, sug-
gesting that after a bloom, organic-rich decaying phytoplankton flocs
lead to the formation of barite (BaSO4) crystals (Dehairs et al., 1980;
Bishop, 1988). However, it is still unclear if these Ba/Caghe) peaks are
directly due to ingestion of Ba-rich phytoplankton or indirectly by intake
of BaSOj4.

Here, we investigated temporal variations in the Ba/Cagpep ratio in
previously studied Arctica islandica (Linnaeus, 1767) shells collected in
Saint-Pierre and Miquelon (SPM) (Poitevin et al., 2019). Located at the
boundary between the cold Labrador current (LC) and the warm Gulf
Stream (GS) waters, this archipelago is an excellent site to capture
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changes in the climate and oceanography of the North Atlantic. Much
attention has been paid to this bivalve mollusc, in particular because of
its exceptional lifespan (maximum of 507 years recorded to date; Butler
et al., 2013) and its status as one of the most effective archives for
reconstructing marine environments and regional climate before
instrumental data were available (see Schone, 2013, for a review).
However, only a few studies (Schone et al., 2013; Marali et al., 2017b)
have examined the potential of skeletal barium as an environmental
proxy and none of them focused on populations from the Northwestern
Atlantic.

The objective of this study was to explore the dynamics of primary
production and phytoplankton in the Northwestern Atlantic Ocean by
coupling sclerochronological and geochemical approaches developed on
a long-living bivalve, Arctica islandica. More specifically, we aimed (i) to
test the methodology and propose a robust master chronology of the Ba/
Caghell ratio covering the longest possible time period, and (ii) to assess
the potential of the Ba/Cagpep ratio as a cross-dating tool and as an
environmental proxy. For the first point, we used the Ba/Cagpe) ratio
instead of only age to cross-date contemporaneous specimens, for the
second point, we compared geochemical data with remote sensing re-
sults. Finally, based on the results reported by Poitevin et al. (2019), we
proposed (iii) to discuss phytoplankton dynamics in the Northwestern
Atlantic where, according to our knowledge, this Arctica islandica master
chronology of Ba/Cagpe ratio is the northernmost and shallowest of this
region. It represents a unique opportunity to elucidate the relationship
between bivalves shell growth and multi-scale oceanographic
parameters.

2. Methods
2.1. Study site

The French archipelago of Saint-Pierre and Miquelon is located off
the southern coast of Newfoundland (NFL) near Cabot Strait (Fig. 1A and
B). The oceanographic conditions in this region are influenced by the
seasonality of the inshore and offshore branches of the Labrador Current
(Han, 2005; Han et al., 2008). Specimens of A. islandica were collected
close to the southeastern shore of the Miquelon-Langlade isthmus
(46°54'08"N; 56°17'26"W) (Fig. 1C). All specimens were sampled alive
by SCUBA divers at 14-15 m in depth on a sandy substrate in September
2016, September 2017, and July 2018 (Table 1). In addition, a dead,
well preserved, shell was also collected at the same location in July
2018.

2.2. Preparation of shells

For all live-collected specimens, the soft tissues were removed
shortly after collection. Shells were carefully cleaned with freshwater to
remove sediment and remaining soft tissues and then air-dried. The left
valve of each specimen was selected for all analyses except for specimen
A140916, for which both valves were analyzed. The shell was covered
from the umbo to the ventral margin along the axis of maximum growth
with a thick, 1 cm wide layer of quick-drying metal epoxy resin (Araldite
Metal, Huntsman Advanced Materials) to protect the shell from breaks
during sectioning. Two 1 mm thick radial cross-sections (“mirror” cross-
sections) were then cut along the axis of maximum growth using a low-
speed precision saw (Struers, Secotom-10; rotation speed 500 rpm; feed
speed 200 pm s~1) equipped with a 600 pm thick diamond-coated blade
continuously cooled by water. Both sections were glued onto glass slides,
ground with 1200 then 2500 grit wet-table carborundum paper, then
polished with a polishing cloth and a 1 pm diamond liquid (Escil) on a
grinding turntable (Struers, TegraPol-25). To remove residual diamond
liquid and/or abrasive material, cross-sections were cleaned with
deionized water and dried between each grinding/polishing step to
reduce scratches and the chance of contamination. One of the two mirror
cross-sections was used to study growth rate and the other for
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Fig. 1. Location of the Saint-Pierre and Miquelon Archipelago in the Northwestern Atlantic Ocean. (A) Major oceanographic surface currents. (B) Overview map of
the inshore (thin line) and offshore (thick line) branches of the Labrador Current around the sampling area (red box). (C) Detailed map of the SPM archipelago. Black
dot indicates the sampling site. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Table 1
Summary of shells used in this study: shell ID, hatch, year of death, age (y), and
collection date. Asterisks indicate shells used in Poitevin et al. (2019).

Shell ID Hatch Death Age Sampling date
A030718 1959 2004 44 July 2018
A040916* 1892 2016 122 September 2016
A050718 1953 2018 63 July 2018
A060916 1972 2016 42 September 2016
A100916* 1955 2016 59 September 2016
A140917 1900 2017 115 September 2017
A140916* 1928 2016 86 September 2016
A210916* 1902 2016 112 September 2016
A250916* 1923 2016 91 September 2016
A690916 1971 2016 43 September 2016
A710916 1970 2016 44 September 2016
A890916* 1945 2016 69 September 2016
A1050916* 1913 2016 101 September 2016
A1100916* 1959 2016 55 September 2016

geochemical analyses (Fig. 2A).

2.3. Sclerochronological analysis

A standardized growth indices (SGI) master chronology based on 32
specimens of A. islandica collected in 2016 was presented in Poitevin
et al. (2019). For this study, we enhanced this database by adding six
individuals collected at the same location in 2017 and 2018. Construc-
tion of the chronology is described in Poitevin et al. (2019); here, we
only present the method used to complete the master chronology.
Briefly, to age specimens, shell cross-sections were immersed in Mut-
vei’s solution (Schone et al., 2005) for 1 h at ambient temperature to
improve visualization of annual growth lines. After gentle rinsing and
drying, stained cross-sections were observed under reflected light (Zeiss,
KL 2500 LCD). Digital images were taken with an AxioCam MRc5
installed on a Zeiss Lumar.V12 stereomicroscope equipped with a
motorized stage (30x magnification), and then processed with ImageJ
software to measure annual increment width. Age determination was
made in the OSL for all specimens, as presented by Poitevin et al. (2019).
Several specimens were then selected as a function of their age for the
purpose of this study.

2.4. Geochemical analyses

Fourteen specimens were analyzed with a Nu Attom high-resolution
inductively coupled plasma mass spectrometer (HR-ICP-MS) coupled to
a Photon-Machines G2 laser ablation system (noted LA-ICP-MS there-
after) at the Research Centre on the Dynamics of the Earth System
(GEOTOP), Université du Québec a Montréal (UQAM)). Chemical element
analysis was performed in line scan mode along the maximum growth
axis. Prior to analysis, shell cross-sections were pre-ablated (to generate
a clean surface) using a spot diameter of 150 pm and a scan speed 100
pm s~ 1. The analysis was performed using a spot diameter of 65 pm and a
scan speed of 10 pm s, Measurements were acquired every 0.41 s,
corresponding to an integrated step of around 5 pm. During acquisition,
signal intensities were recorded for 1**Ba and **Ca. The intensity of
135Ba was systematically normalized against the *3Ca signal (internal
standard) to correct for laser beam energy drift, focus variation at the
sample surface, and ICP-MS detection drift. The glass reference material
NIST SRM 612 was used as a calibration standard whereas NIST SRM
614 was analyzed to check the calibration (Jochum et al., 2011). Data
processing (including instrumental drift correction and normalization)
was performed using the IOLITE (https://iolite-software.com/) package
(Hellstrom et al., 2008; Paton et al., 2011) which operates within Igor
Pro (http://www.wavemetrics.com). Ba/Cagphe| ratios are expressed in
pmol.mol 1.

2.5. Ba/Cagpey ratio time series

Measurements of the Ba/Cagpe) ratio were performed using one of
two methods, depending on the age of the shell. For each shell aged less
than 50 years, the whole HP and the last 1/3 of the OSL were analyzed.
For older specimens (>50 years), analyses were restricted to the first 2/3
of HP (i.e., around 25 years of growth; Fig. 2B).

To allow a better comparison between Ba/Cagpe) ratios of different
annual increments and different shells, each signal was resampled to
remove the ontogenetic effect, so that each sample represented the same
amount of time. Because growth rate decreases with age, the number of
data points per annual increment also decreases towards the ventral
margin when the spot size is kept constant (65 pm), resulting in variable
temporal resolution along the shell growth axis. To circumvent this
issue, Ba/Caghe)] measurements were separated using shell growth
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increments as a calendar dates and then fitted with a cubic spline; the
curve was re-sampled so that 50 data points were available for each
annual increment for all shells. Re-sampling was performed using the
AnalySeries software version 2.0.4 (Paillard et al., 1996). Each Ba/Ca-
shell Tatio was then smoothed using a running mean of 10 points. To
avoid possible signal contamination via metal epoxy or glue, the first and
last years of each sample were removed from the dataset.

2.5.1. Intra- and inter-individual reproducibility

To create a robust inter-individual overlapped Ba/Ca record, there-
after called master chronology, the reproducibility of the Ba/Cagpe ratio
was tested using two strategies. First, the Ba/Cagpe) signal from the left
valve HP was compared to the right valve HP for the same specimen
(shell A140916; Table 1). Second, the Ba/Cagpe ratio of shell A710916
was analyzed in both the HP and OSL from the right valve. Furthermore,
to assess the synchrony between inter-shell Ba/Cagpe)) values, HPs were
selected according to their age so that there were overlaps of more than
two years between samples. To easily compare inter-shell signals, the
temporal alignment was done by re-sampling fifty-points-a-year signals
as explained above (i.e., signals from the same year can be easily
compared with each other). We assumed here that each point from the
re-sampled signals from a same individual represents exactly the same
calcification duration, thus parts of a same shell theoretically have the
same growth speed.

2.5.2. Construction of the Ba/Cagpey master chronology

We selected the HP because it is well preserved: compared to the
OSL, it does not undergo attacks by euendoliths or erosion, and it is also
less fragile. Some specimens previously analyzed for shell growth pat-
terns by Poitevin et al. (2019) were selected according to their ages to
get the longest continuous record of Ba/Cagpe)) (Table 1). To obtain the
best temporal resolution, only the first 10-25 years of life were analyzed
for the Ba/Cagpe) ratio, except for younger specimens (Fig. 2), and then
assembled with a minimum overlap of two years. To fill some gaps in
this record, two additional specimens collected in July 2018 were also
analyzed.

To construct the master chronology, the mean per year of the
maximum Ba/Ca per specimen was calculated to obtain a annually-
resolved Ba/Caghe) master chronology (Table 1). In addition, the

cally older portion of the OSL of a young
specimen. (For interpretation of the
references to colour in this figure
legend, the reader is referred to the Web
version of this article.)

synchrony of the maximum Ba/Cagpe) per year per individual was tested
to assess the statistical robustness of the master chronology. To test the
potential of Ba/Ca as a cross-dating tool, the “leave-one-out” principle
was applied: one sample was removed from the data set ranked by age,
and this sample with an assumed unknown hatch date was reinserted
where the correlation between the Ba/Ca signal and the data set was the
best. A hatch date was then obtained and compared to the actual one.

2.6. Instrumental data

The Ba/Cagpe) ratio has often been considered to be influenced by an
environmental driver, although what this could be is not clear. Here, we
focused our effort on the link between the Ba/Cagpe ratio record and
phytoplankton dynamics because several studies have proposed this
hypothesis (Stecher et al., 1996; Vander Putten et al., 2000; Lazareth
et al., 2003; Thébault et al., 2009; Hatch et al., 2013; Marali et al.,
2017b). We focused on satellite Chl a measurements because no in-situ
Chl a data are available for the sampling area. We used data from the
Ocean GlobColour web site (http://hermes.acri.fr/) between 1998 and
2016 that have a monthly resolution. Two areas of interest were
selected: Northwestern Atlantic (40-66°N, 40-60°W) and a smaller
rectangle containing our study site (47°18'45"N-46°36'14.976"N,
56°03'44.999"W-56°38'44.987"W), referred to here as the local scale.
Annually-resolved Ba/Cagpey values from our master chronology were
compared with monthly Chl a data.

Poitevin et al. (2019) showed that the growth rate of A. islandica
from the Northwestern Atlantic is linked to climate variations such as
the NAO. Furthermore, they highlighted a correlation between the
growth rate of SPM A. islandica and local Chl a concentration measured
by satellite sensors which may be linked to ocean decadal oscillations.
Thus, to see if Ba/Ca is a potential proxy for phytoplankton dynamics,
our Ba/Caghe;) master chronology was compared with annual mean
values of decadal and multi-decadal time-scale climatic indices: the NAO
(Hurrell and Deser, 2010) and the AMO (Schlesinger and Ramankutty,
1994). NAO data were extracted from the Climatic Research Unit
(University of East Anglia, UK), and annual AMO data were extracted
from the NOAA Earth System Research Laboratory (USA).
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2.7. Statistical analysis

To assess the reproducibility and the synchrony between individual
signals of Ba/Cagpel;, @ linear regression was used to calculate the coef-
ficient of determination with an associated p-value. The correlation
coefficient was calculated using the Pearson’s product-moment corre-
lation on a 10-point running mean. A pairwise matrix correlation was
calculated from the annual maximum values of Ba/Cagne from each
shell with a common growth period. Robustness of the Ba/Cagpj) master
chronology was assessed through calculation of EPS (Expressed Popu-
lation Signal) using the dplR package (https://CRAN.R-project.org/
package=dplR). Correlation coefficients were calculated between the
annually-resolved Ba/Cagne master chronology, the different ocean
oscillation indices, and the Chl a concentration from the two selected
areas. Spatial correlation maps were produced to visualize the signifi-
cant correlation between the master chronology and monthly Chl a
measured by satellite sensors from the selected Northwestern Atlantic
area.

3. Results

The Ba/Cagpep time-series show a flat background interrupted by
sharp peaks (Figs. 3-5). Peaks (1 or 2 per year) usually appear in the first
half of the growth increment, sometimes right after a growth line.
However, some increments do not show any peaks. Unless specified, all
results specific to Ba/Cagpep signals arise from the calculation of a 10-
point running mean.

3.1. Intra-individual Ba/Cagpey time series reproducibility

The Ba/Cagheq ratio measured from the same individual from two
different parts (right vs. left valves or HP vs. OSL) show similar
contemporaneous variations (Figs. 3-4). HP analyses of shell A140916
revealed that the left valve record did not go back as far as the right one
(1931 and 1929, respectively) (Fig. 3). Signals were highly reproducible
between the two valves from the same specimen (R? = 0.84, p-value <
0.001; Table 2). Reproducibility was also observed between HP and OSL
(R? = 0.35, p-value < 0.001; Fig. 4; Table 2). While the OSL and HP
signals showed obvious co-variations between 1981 and 2003 (i.e., 2003
is when peaks started to cover more than one year), the match was poor
from 2004 to 2016. HP peaks in the 2004-2016 period became broader
and the background level progressively increased until the ventral
margin (i.e., maximum growth of the shell) while OSL peaks were still
well defined with no change in the background level. Nevertheless, these
two signals clearly follow the same overall trend (Fig. 4). Between 1981
and 2003, the reproducibility was higher than for the entire time period
(R? = 0.61 ; R? = 0.35, respectively; Table 2); the coefficient was lower
for the 2004-2016 period but still significant (R? = 0.1, p-value < 0.001;
Table 2).
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3.2. Ba/Cagpey synchrony between HPs from different specimens

Ba/Cagpep variations from the HP of 14 individuals are shown in
Fig. 5. Only the first 10-25 years of life were analyzed for specimens
older than 50 years unlike younger specimens, where the whole HP was
analyzed. Shell records overlapped by 2-43 years, except for three pe-
riods of time where only one shell was analyzed (Fig. 6). Overall, the HP
Ba/Caghe) ratio of these 14 specimens ranged from 0.26 to 27.84 pmol
mol L. Ba/Cagpe Variations of contemporaneous specimens were very
similar in both the timing and magnitude of the peaks, as well as for the
background levels. Pairwise correlations of annual maximum Ba/Cagpe)
ratios for common growth periods were high, with a mean of 0.79 except
for two coefficients where the correlations were negative (shells
A140916 vs. A210916, shells A690916 vs. A050718; Fig. 6). When at
least three common years of shell growth were compared, all correlation
coefficients were positive and statistically significant (p-value < 0.01)
when the common period was at least four years. Correlations between
individuals <50-years-old (shell IDs A710916, A690916, and A060916,
for which the whole HP was analyzed) were still significant, with a mean
of 0.8 £ 0.03, even if the Ba/Cagpep record was not clear for the last years
of growth (2003-2016). A mean of all Ba/Cagpe)) signals was calculated,
showing that the average Ba/Cagye variations from 1893 to 2016
ranged from 0.388 to 24.52 pmol mol L.

3.3. Annually-resolved master chronology of Ba/Caspen

The synchrony of Ba/Cagpep signals between samples allows us to
propose an annually-resolved master chronology of Ba/Caghe from
1893 to 2016. The averages of all maximum Ba/Cage for each year
were calculated (range: 1.26-25.35 pmol mol~%; Fig. 7). Given that the
HP Ba/Caghe)l peaks of the three youngest individuals were poorly
defined and broader between 2004 and 2016 (Fig. 5), the master chro-
nology was created by clustering the Ba/Cagpe| ratios measured in HPs of
the 14 specimens until 1980 and in the OSL of shell A710916 from 1981
onwards. Indeed, knowing that the maximum Ba/Cagpe)) ratio per year
from the HP of shell A710916 overlapped perfectly with the annually-
resolved Ba/Cagpe; without A710916 and that, as indicated by linear
regression, the annually-resolved Ba/Cagpe) and the maximum annual
OSL Ba/Cagpe were highly reproducible (Table 2), OSL Ba/Cagpe values
can replace HP values. EPS values were calculated only for HPs and
showed values higher than the 0.85 threshold for most year, except for
time periods with only one shell.

The Ba/Cagphe)) master chronology tends to increase around 1980
onwards with a bump starting around 1925 to 1948 with higher values
in 1933 and 1934. Despite these increases, the master chronology tends
to remain in the range of 1.26-16.16 pmol mol ' from 1893 to 1985.
The increase period since 1977 shows two strong declines from 1999 to
2002 and in 2008.
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Fig. 3. Comparison of the Ba/Cagpe) ratio between the right valve (orange) and the left valve (green) from the same individual (shell ID A140916). DOG: Direction of
Growth. (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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Fig. 4. Temporal variations of the Ba/Cagpep ratio
from HP and OSL from the same specimen (shell
A710916). (A) 10-pt running mean (blue line) of the
raw Ba/Cagpey data (grey line) measured in HP. (B)
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10-pt running mean (purple line) of the raw Ba/
Cagpen data (grey line) measured in OSL. (C, D) Same
data presented after re-sampling with AnalySeries
software to give the same weight to each annual
increment. (E) Superposition of re-sampled Ba/
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3.4. Biological and physical effects on the master chronology

3.4.1. Temporal dynamics of chlorophyll a concentration

To estimate the potential of Ba/Cage ratio as a proxy for phyto-
plankton dynamics, we compared local and large-scale (see section 2.6
for details) concentrations of Chl a and Ba/Cagpe) in A. islandica speci-
mens collected in SPM. Between 1998 and 2016 (common period for
remote sensing data and shell records), the annually-resolved Ba/Cagpels
values were significantly correlated with the surface Chl a concentra-
tion. Correlation was positive (r = 0.53; p = 0.02) around SPM (local
scale) for July (Fig. 8A). In the Northwestern Atlantic (large scale),
correlations were positive in June and July close to SPM, in the South of
Newfoundland (region 1) and in the central Labrador Sea (region 3).
Interestingly, the magnitude of Ba/Cagpe peaks was positively corre-
lated in May and negatively correlated in June with Chl a concentration
in the cold waters along the Labrador and Newfoundland shelf (region
2), and along the southwest coast of Greenland (region 4) (Fig. 8B).

3.4.2. Climate variations

Ocean oscillation indices were compared to the annually-resolved
Ba/Caghep master chronology and correlation coefficients were calcu-
lated. A statistically significant negative correlation was found with
NAO (1893-2016: r = —0.24, p < 0.01; 1998-2016: r = —0.54, p =
0.016) while our master chronology was significantly and positively
correlated with AMO (1893-2016: r = 0.44, p < 0.001; 1998-2016: r =
0.52, p = 0.024). When AMO was in positive phases and NAO in negative
one, the magnitudes of the Ba/Cagpej) peaks were higher.

4. Discussion
4.1. Methodological aspect

4.1.1. Assessment of the intra-shell reproducibility of Ba/Cagnen signal
Over the past decade, barium incorporation into bivalve shells has
been the subject of numerous studies, especially on short-lived bivalves
such as scallops (Comptopallium radula; Thébault et al., 2009, Pecten
maximus; Gillikin et al., 2008), clams (Saxidomus gigantea; Gillikin et al.,
2008, Ruditapes philippinarum; Poulain et al., 2015), or on juvenile
specimens of long-lived species such as Tridacna gigas (Elliot et al., 2009)
and Arctica islandica (Schone et al., 2013), and more recently on

2005

2010

ontogenetically old long-lived A. islandica (Marali and al., 2017b).
However, only a few studies compared the Ba/Cagpe) signal from the
same specimen to test for the intra-individual variability (Elliot et al.,
2009). Elliot et al. (2009) analyzed the OSL, the inner shell layer and the
HP of the giant long-lived Tridacna gigas and found similar signals,
although analyses were performed only on young specimens (17-22
years old). More recently, Marali et al. (2017a) demonstrated the high
reproducibility of HP signals by re-analyzing the HP of an old A. islandica
specimen after re-polishing of the shell surface that had previously been
laser ablated. In our study, we highlight the reproducibility of Ba/Caghen
between two structures of a same specimen. Geochemical records in the
HP, whether cut from the left or the right valve, were highly repro-
ducible within a specimen. We found the same result when comparing
Ba/Ca signals from the OSL and HP of a same individual. These findings
suggest a similar time period of calcification of the right and left valves
for the HP and OSL with the same mechanism. Indeed, the OSL and the
HP are biomineralized at the same site of shell formation (i.e.,
fluid-filled outer extrapallial space) by the outer extrapallial fluid
(Crenshaw, 1980; Schone and Surge, 2012). Reproducibility of Ba/Ca-
shell between OSL and HP highlights the lack of relationship between
shell growth rate and the Ba/Ca record: even though the OSL grows
much faster than the HP, the Ba/Cagpj) peak magnitudes are equivalent.
The lack of a significant difference in the geochemical signals archived
in the left and right parts is crucial because it indicates that empty single
valves collected on the seafloor can be incorporated into a master
chronology without any bias. This offers the opportunity to extend such
a geochemical record even further into the past without worrying about
the chirality of the valve. Selecting the OSL or the HP for geochemical
analyses does not influence the final record: both parts incorporate
barium in a similar way. Thus the decision to choose any part of the shell
need only be based on technical or economic considerations.

4.1.2. Potential reasons for a decrease in synchrony with age
Sclerochronological investigations usually seek shell parts that pro-
vide the most complete and precise (i.e., high resolution) record. The use
of the HP generally ensure perfect preservation of the record (e.g.
limited attacks by euendoliths, reduced bioerosion and virtually no
chance of breakage) and reduces work time and analytical costs. Because
of its size (e.g. six times smaller than the OSL in A. islandica specimens
from SPM), the temporal resolution of the geochemical record is lower
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Fig. 5. Ba/Cagpen records in HPs of 14 individuals, arranged according to their hatch year. The bottom red curve represents the mean of all 14 specimens. For each
individual, re-sampled data (50 measurements per year) are represented by the grey line while the 10-pt running mean is displayed in colour. The specimen marked
with a black asterisk was already dead when collected (shell ID A030718). (For interpretation of the references to colour in this figure legend, the reader is referred to

the Web version of this article.)

than in the OSL. A flat background and sharp peaks are common Ba/
Caghell features in the HP and OSL. However, LA-ICP-MS analyses in our
shells carried out in the HP resulted in lower Ba/Cagpe) ratios and less
well-defined peaks in comparison with the OSL because of time aver-
aging. This phenomenon leads to a decrease in reproducibility between
HP and OSL that results from the progressive signal separation over time
(Fig. 4; Table 2). Elliot et al. (2009) showed no such difference between
HP, OSL, and inner shell layer, probably because they worked on a giant
species that reaches 1.5 m in length with a lifespan of 100 years. The
annual width increments of the giant clams are therefore not compa-
rable with those in A. islandica, which has a substantially slower growth
rate. Ba/Cagpen peaks in A. islandica HP would very likely be similar in

magnitude to those in the OSL if the measurements were not slightly
averaged due to the laser spot size and the growth rate difference be-
tween HP (in which time is condensed) and OSL (Fig. 4).

Likewise, Ba/Cagphe) peaks from slower growing (old) parts become
broader and the background level tends to increase, especially with
ontogenetically old specimens. Gillikin et al. (2006) attributed these
fluctuations of Ba/Cagpep; background levels in Mytilus edulis to salinity.
However, their study was performed in estuaries where salinity fluctu-
ations are high compared to our study site where freshwater inputs are
limited and salinity remains almost constant (31.42 + 0.03; Poitevin
et al., 2018). More recently, Marali et al. (2017a), working on old
A. islandica specimens, rejected the hypothesis of a physiological aging
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Table 2

Results of Pearson’s product-moment correlation (r) and linear regression
analysis. Each result came from the comparison between parts of a specimen
where a 10-pt running mean was applied. A coefficient of determination (R%)
and the associated p-value were calculated for different time periods.

Sample comparison Years r R? p-value
A140916_LV vs A140916_RV all 0.92 0.84 <0.001
A710916_HP vs A710916_OSL all 0.59 0.35 <0.001
1981-2003 0.78 0.61 <0.001
2004-2016 0.33 0.1 <0.001
Annually-resolved: 1981-2016 0.83 0.67 <0.001
Ba/Caghey Vs A710916_0OSL 1981-2003 0.87 0.75 <0.001
2004-2016 0.9 0.79 <0.001
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Fig. 6. Pairwise correlation matrix between annual maximum Ba/Cagpe ratios
for common growth periods of the 14 individuals, and boxplot of correlation
coefficients. The upper triangle represents correlations by pie charts in a posi-
tive correlation case and square for a negative one, and the lower triangle
displays the duration of the common growth period (in years) used to calculate
the correlation coefficient. Percentage of fill and colour indicate the strength of
correlation (e.g., full square of dark red for a negative correlation —1 and full
circle of dark blue for a positive correlation +1). Correlations marked with
black asterisks have significant p-values (x = 1%). (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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effect on background Ba/Caghey. They suggested that the sampling res-
olution was not sufficient to separate peaks from background when in-
crements become smaller than the laser spot size (signal smearing) due
to time averaging. Our results agree with their findings. We propose that
limited time averaging can only be achieved by selecting the best bal-
ance between the width of annual increments (because wide increments
provide better temporal resolution) and the diameter of the laser beam
(large beams lower the detection limits of the ICP-MS whereas small
ones increase the temporal resolution). Ways to avoid signal smearing
are then (i) to reduce the spot size as the laser moves towards ontoge-
netically older parts and/or (ii) to analyze only the first years of life of
old specimens. Here, we chose the latter solution and so selected spec-
imens with overlapping lifespan and only analyzed the first decades of
HP growth to focus on annual increments far wider than the laser spot
diameter. This strategy allowed us to generate a continuous, 124-year--
long chronology of high-resolution Ba/Caghe) ratio.

4.1.3. Profile of Ba/Cagpey as a new cross-dating tool

Cross-dating techniques come from dendrochronology and are
applied to shell growth increment width data. Cross-dating ensures that
each annual increment is assigned its exact year of calcification through
a comparison of narrow and wide increments patterns among shells from
the same population. It is then useful to correct errors arising from
missed or falsely identified increments (Douglass, 1941; Stokes and
Smiley, 1968; Wigley et al., 1987). However, in bivalve sclerochronol-
ogy, cross-dating is still a challenge. The EPS threshold is difficult to
reach with a limited sample depth. Construction of a robust,
annually-resolved master chronology requires “ideal” samples with
clearly developed annual growth patterns and an experienced reader.
Because of high inter-individual synchrony and the reproducibility of
annually-resolved Ba/Cagpep time series demonstrated in this study, we
strengthen the concept proposed by Marali et al. (2017b) to use
Ba/Caghell @s a new cross-dating tool. Indeed, annual Ba/Caghe)
time-series can be used (i) to cross-validate the result of cross-dating
based on increment width, (ii) to check whether lifespans of different
specimens overlap, and (iii) to determine if a dead-collected specimen
matches an existing master chronology and therefore identify its dates of
hatch and death.

A statistically robust master chronology built on shell growth
increment width generally requires many “ideal” specimens. The SGI
master chronology built by Poitevin et al. (2019), whose shells were
used in this paper, needed at least seven shells to reach the EPS threshold
of 0.85. Occasionally, the minimum required sample depth has been
found to be four shells (Estrella-Martinez et al., 2019). In our study,

T
1960 1970 1980 1990 2000 2010

Calendar year

Fig. 7. Annually-resolved Ba/Cagne; master chronology in red built with HP data until 1980 (filled red circles) and with OSL data from 1981 onwards (filled red
triangles). Annually-resolved Ba/Ca from HP only (filled circles) are shown in red from 1893 to 1980 and in blue starting from 1981. Standard deviations are
represented by vertical black lines. Striped zones represent the three periods with only one HP. EPS values for HP data are displayed in grey diamond connected by
solid lines; the dotted line shows the 0.85 threshold. EPS values were calculated using eight-year window and three-year window overlaps. Trend (smooth spline with
10 degrees of freedom) of the annually-resolved Ba/Cagpenn master chronology is indicated by a solid black line from 1893 to 2016. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 8. Correlation between the annually-resolved Ba/Cagpe master chronology (i.e., OSL of shell A710916) and the average chlorophyll a concentration in June and
July. (A) Zoom in on the spatial correlation map for July and correlation between monthly mean of surface chlorophyll and the master Ba/Cagpey master chronology
around SPM (local scale indicated by the black square) in July (common period: 1998-2016). (B) Spatial correlation maps in June (area: 40-66°N/40-60°W; period:
1998-2016). Only statistically significant correlations (¢ = 5%) are represented. White areas indicate either a lack of chlorophyll a data or non-significant corre-
lations. The black arrow points towards the SPM archipelago (close to the sample site). Delimited regions are south of Newfoundland (region 1), northeastern of
Newfoundland (region 2), center of the Labrador Sea (region 3) and southwestern of Greenland (region 4).

sufficient statistics were provided with only two shells. In concrete
terms, we highlight the relevance of barium-based cross-dating to
improve EPS values with only a few specimens and therefore a drasti-
cally decreased sampling effort.

4.2. Environmental control on Ba/Caset

The high inter-individual reproducibility of Ba/Cage profiles
strongly indicates the existence of an environmental driver controlling
the incorporation of barium in shells. In the case of coastal water bi-
valves, two factors have been proposed: (i) the input of terrigenous Ba
coming from riverine and freshwater inputs and (ii) the input of biogenic
Ba coming from phytoplankton blooms.

4.2.1. Potential influence of the St. Lawrence River

Our study site is located 6 km away from the mouth of Belle-Riviere,
the main river of SPM. We cannot exclude that this small watershed (i.e.,
length of the river corridor = 13 km; watershed surface <500 km?)
transports terrestrial material, including terrigenous barium, to the SPM
coastal zone. However, because the size of the watershed is small and
the geology mainly consists of volcanic and sedimentary rocks, the
release of barium from chemical and/or mechanical weathering is
probably weak and constant at the scale of A. islandica lifespans. In
addition, the role of the St. Lawrence River, one of the biggest rivers in
North America and located several hundred of kilometers away at
Quebec City has also been explored. Poitevin et al. (2019) reported the
lack of a significant correlation between shell growth rate and the St.
Lawrence River inflows. Here, we tested this relationship on the
Ba/Cagpey) master chronology and also found no significant correlation.
Freshwater discharge from the St. Lawrence plays a dominant role in

driving circulation over the northwestern Gulf of St. Lawrence (Sheng,
2001). Near the mouth of the St. Lawrence estuary, upstream inflow and
upwelling water from the northwestern Gulf generate a jet-like feature
known as the Gaspé Current (Fig. 1A). The Gaspé Current is a
buoyancy-driven coastal jet that flows seaward along the coast of Gaspé
Peninsula, moving warmer and brackish water to the Baie des Chaleurs
and then to the southeastern Gulf, with a lag a several months. This
current never reaches the SPM archipelago (Galbraith et al., 2017).

4.2.2. Relationship with phytoplankton dynamics

Previous studies associated shell Ba concentration with Ba-rich
phytoplankton (mostly diatom species); these phytoplankton can be
directly ingested by filter-feeding bivalves (Stecher et al., 1996). Alter-
natively, barium, under the form of barite crystals (BaSO4) after its re-
action with SOy, can be passively incorporated. The establishment of
anoxic conditions in decaying diatom aggregates promotes this reaction
(Vander Putten et al., 2000; Lazareth et al., 2003). To our knowledge,
there are no available data on the growth period of A. islandica or other
bivalve shells in SPM. The closest location with relevant data lies south
of the Gulf of Maine, on the Nantucket Shoals, where Weidman et al.
(1994) reported that A. islandica produces shell monitoring the envi-
ronment from May to December. Given (i) that seawater temperature
variations are very similar on the Nantuckets Shoals and in SPM
(Weidman et al., 1994; Poitevin et al., 2018), and (ii) that Ba/Caghe
maxima occur in the first third or first half of annual growth increments
(Fig. 4), Ba/Cagpen peaks are likely produced in early summer (around
June-July). Therefore, we compared Chl a data obtained by remote
sensing for June and July with our annually-resolved Ba/Cagpe) master
chronology. Our goal was to compare variations in surface Chl a data
with Ba/Ca incorporated into A. islandica shells at a local scale (i.e.,
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around SPM) and then at a much large scale (i.e., the Northwestern
Atlantic) (see section 2.6 for details). A positive correlation was found at
the local scale for the month of July (r = 0.53; p = 0.02; Fig. 8A). It
would be surprising to obtain a higher correlation coefficient since Chl a
data come from satellite sensors that derive Chl a from ocean surface
colour. Surface Chl a data are only a subset of the actual Chl a concen-
tration in the water column where the Deep Chlorophyll Maximum is
deeper and may vary as a function of light and nutrient availability
(Mignot et al., 2014). In addition, remote sensing data do not provide
information on the taxonomic composition of phytoplankton commu-
nities. Requirements for barite crystal formation are likely not met
during a dinoflagellate bloom. No significant correlation was found for
June (r = 0.35,p = 0.14).

At a larger scale, significant correlations were found with surface Chl
a concentration in June and July not only around SPM but also in some
parts of the Northwestern Atlantic Ocean (Fig. 8B). Here, we chose to
focus our reflection on the correlation map in June due to stronger and
detailed patterns. Positive and negative correlations indicate that sur-
face Chl a concentration fluctuates in the same way as the master Ba/
Cagpenl chronology measured in A. islandica (i.e., variations of maximum
Ba/Ca per year) and in the opposite way, respectively. We must, how-
ever, keep in mind that a significant correlation does not imply a direct
relationship (antagonistic or not), especially when the correlation is far
away from SPM. It is unlikely that a phytoplankton bloom in the central
Labrador Sea can be directly responsible for a Ba peak in shells at SPM.
Because the inshore and offshore branches of the Labrador Current have
a surface velocity of 0.2 and 0.4 m s, respectively (Han et al., 2008)
implying a transfer time of several months between the central Labrador
Sea and SPM, excluding a direct relationship. Nevertheless, our results
demonstrate a strong link between the master Ba/Cagpe)) chronology and
the early summer chlorophyll a concentration in the Northwestern
Atlantic, at least over the last 2 decades (1998 and 2016; Fig. 8).
Depending on geographic location, however, correlations are opposite.
In the south of Newfoundland shelf (region 1) and in the center of the
Labrador Sea (region 3), correlations are positive and they are negative
in the Southwestern Greenland (region 4) and in the Northeastern
Newfoundland shelf (region 2) (Fig. 8B).

The phenology of the phytoplankton spring bloom probably explains
this pattern. Lacour et al. (2015) used a cluster k-means analysis to
assemble pixels exhibiting similar seasonal variations of Chl a and ob-
tained by bioregionalization of the North Atlantic Ocean, 6 different
regions so-called “bioregions”. Three of these bioregions seem to coin-
cide with our 4 regions. Indeed, the spring bloom onset in regions 2 and
4, gathered in one bioregion, occurs approximately at the same time in
May-early June (Afanasyev et al., 2001; Nezlin et al., 2002; Wu et al.,
2008; Frajka-Williams and Rhines, 2010; Marchese et al., 2019) and is
triggered by a salinity stratification (Wu et al., 2008; Lacour et al., 2015;
Hetzinger et al., 2013). In region 3 (i.e., center of the Labrador Sea),
onset of the bloom occurs with a delay of 1 month (i.e., in June) (Fraj-
ka-Williams and Rhines, 2010) and is linked to cooling-to-heating shift
in air-sea heat fluxes (Marchese et al., 2019). For the region 1 including
SPM, spring bloom is triggered by thermal stratification (Zhai et al.,
2011) and occurs in April (Afanasyev et al., 2001; Nezlin et al., 2002;
Zhai et al., 2011). In view of our spatial correlations, one would expect
that positive correlations are linked to the amplitude of the spring
bloom. Indeed, during any spring blooms in the Northwestern Atlantic
Ocean, the master Ba/Cagpey; chronology is positively correlated to the
surface Chl a concentration. These results demonstrate an overall in-
fluence of physical factors on the phenology of spring blooms in the
Northwestern Atlantic. Positive correlations in region 1 and 3 after their
spring bloom period (i.e., June to September for the region 3 and May to
July for region 1), suggest that drivers can also influence regions
post-spring bloom, meaning that conditions (i.e., nutrients, light, tem-
perature) are still favorable. Zhai et al. (2011) described the phenology
of the spring bloom in the Scotian Shelf and Slope and deep ocean near
the Gulf Stream (i.e., region 1) and highlighted a constant replenishment
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of nutrients via upwelling in some parts of the studied area. In addition,
region 3 is not limited by nutrients leading to a persistent biomass all
summer long (Lacour et al., 2015). However, in regions 2 and 4, the
correlation shifts from positive in May (i.e., timing of the spring bloom)
to negative in June. This pattern might be explained by the
nutrient-limitation in these regions. In the regions 4 (Southeastern of
Greenland coast) and 2 (Northeastern of the Newfoundland Shelf) rapid
bloom decline can be caused by nitrate depletion (Lacour et al., 2015,
Harrison and Li, 2008; Harrison et al., 2013) and/or light-limitation by
self-shading for region 4 only (Marra, 2004).

Poitevin et al. (2019) suggested that concentration of Chl a at
Saint-Pierre and Miquelon (SPM) is influenced by the Labrador Current.
This current may bring nutrients to the oligotrophic SPM environment to
trigger bloom when conditions of light and temperature are favorable.
Nevertheless, Chl a is decreasing drastically in early-June upstream of
SPM (i.e., in region 2) (Afanasyev et al., 2001), sign of a depletion in
nutrients in the Labrador Current thereafter. Based on the speed trans-
port in Han et al. (2008), Labrador Current water around 53°N takes
around 2 months to attain SPM. Thus, nutrients-poor Labrador Current
water will reach SPM area around August leaving June and July with
inflow of nutrients-rich water.

4.2.3. Insights into Northwestern Atlantic climate variability

Our study highlights a potential relationship between variations of
Ba/Cagpep and physical drivers influencing amplitude, timing and
duration of phytoplankton blooms in the Northwestern Atlantic Ocean.
Indeed, these characteristics are dependent upon physical forcing of the
ocean (e.g. light level, temperature, ice, stratification, mixed layer depth
and nutrients supply) that are directly modified by climatological
drivers (e.g. cloud cover, solar radiation, wind stress and upwelling)
(Behrenfeld and Boss, 2014). Climate-ocean drivers are reported to be
linked to the productivity by modifying physical processes of blooms
(Chiba et al., 2012; Racault et al., 2012). In the North Atlantic Ocean,
the Atlantic Multidecadal Oscillation (AMO) and North Atlantic Oscil-
lation (NAO) correlated to the Atlantic Meridional Overturning Circu-
lation (AMOC) are the atmospherics and oceanic, respectively,
large-scale modes influencing the phenology of phytoplankton blooms
(Henson et al., 2009; Drinkwater et al., 2013; Harrison et al., 2013). Our
study shows an increasing trend of the Ba/Ca ratio around 1970 to 2016
which may result from an increase in productivity. Ba/Cagpep in SPM was
correlated positively with the AMO (1893-2016: r = 0.44, p < 0.001;
1998-2016: r = 0.52, p = 0.024) and negatively with the NAO
(1893-2016: r = —0.24, p < 0.01; 1998-2016: r = —0.54, p = 0.016).
These observations highlight a link with warm phases of the
climate-ocean state. Indeed, results from Sherwood et al. (2011) indi-
cated a persistence of warm and nutrient-rich regime since the 1970s in
the Western North Atlantic. Ocean warming and input of freshwater
from Arctic ice melting should play a significant role in the phenology of
the bloom. As reported the Fifth Assessment Report of the Intergov-
ernmental Panel on Climate Change, the strength of the AMOC is
weakening (Collins et al., 2013) leading to a cooling in the subpolar
Atlantic Ocean and a warming in the Gulf Stream region (Caesar et al.,
2018). The AMOC is also influenced by ice melting (Yu et al., 2016) and
an enhancement of primary production is observed in Northern regions
(Drinkwater et al., 2014).

5. Conclusions

The Ba/Ca shell master chronology built in our study (Fig. 7) is in
agreement with the increase of phytoplankton production over the last 2
decades. The synchrony between the summer production in the SPM
region, Northwestern Atlantic ocean, and the Ba/Ca record in coastal
bivalves is still not clear and needs further investigations. Nevertheless,
the use of Ba/Ca record and growth rate of A. islandica (Poitevin et al.,
2019) with spatial statistical analysis appears as a powerful set of tools
to monitor the phytoplankton dynamics at regional and, probably, at
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global scales. Thus, further studies are required to get a mechanistic
understanding of the incorporation of Ba in shells of marine bivalves, in
presence of different types of blooms and how decadal oscillations in
primary production influence Ba/Cagpe])-
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