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A B S T R A C T   

In many biogenic and geogenic materials, ion impurities can provide serviceable proxies for environmental 
conditions. However, the element/Ca ratios of bivalve shells are notoriously challenging to interpret. Due to 
strong vital effects, nonclassical nucleation and growth mechanisms, and/or kinetic processes, the concentration 
of trace and minor elements in marine shells typically remains below values observed in inorganic CaCO3 
precipitated from a solution resembling seawater chemistry but above those expected for thermodynamic 
equilibrium. The interpretation is further complicated by non-lattice bound and microstructure-specific element 
content. If environmental conditions were still encoded in the shells, they should result in statistically signifi
cantly reproducible element/Ca chronologies between contemporaneous specimens from the same site. Here, we 
tested this hypothesis and exemplarily studied seven elements in twelve modern specimens of Arctica islandica 
collected from four different localities in the North Atlantic (Faroe Islands, NE Iceland, Isle of Man, Gulf of 
Maine). Age-detrended chronologies of weighted annual B, Mg, Sr and Ba/Ca ratios (Al, Zn and Pb largely 
remained below detection limit) measured in the shells were reproducible between most specimens from the 
same site, supporting the hypothesis that the incorporation of these elements was at least partly controlled by 
environmental forcings. Notably, the agreement (explored with linear regression analyses and sign tests) between 
shell element/Ca ratios and environmental quantities was weaker than the agreement of respective element/Ca 
ratios between specimens suggesting that the available information on temperature, food and water chemistry 
did not properly reflect the in-situ conditions to which the bivalves were exposed or other extrinsic factors were 
at work. As in inorganic aragonite – but in contrast to thermodynamic expectations –, annual Sr/Ca, Mg/Ca and 
B/Ca ratios were negatively correlated to water temperature (up to 40% explained variability). The link between 
Ba/Ca and bulk phytoplankton often remained below the significance threshold, but was otherwise positive. 
Quantitative environmental reconstructions based on ion impurities in bivalve shells will remain challenging or 
impossible unless the chemistry of the parent solution (= extrapallial fluid) from which the shell actually formed 
is known, including temporal changes thereof. This information is crucial to compute representative partition 
coefficients required to calibrate transfer functions.   

1. Introduction 

Shells of bivalves have emerged as a powerful and widely used 
paleoenvironmental archive. This success is partly based on periodic 
changes of their biomineralization rate which leave distinct time 
markers in the shell (Barker, 1964) in the form of circatidal, daily, 
fortnightly and annual growth lines (= periods of slow growth) and 
increments (= main growing season) (e.g., Evans, 1972; Clark II, 1974; 

Jones, 1980). Growth patterns provide a means to determine the onto
genetic age of bivalves and place the shell proxy data into an accurate 
temporal context. Long-lived species such as Arctica islandica (up to 500 
years; Schöne et al., 2005; Wanamaker Jr et al., 2008; Butler et al., 2013) 
have received particular attention, because their shells not only inform 
about seasonal to inter-annual changes of biological and/or environ
mental variables, but also reveal trends and lower-frequency oscillations 
in the climate system (e.g., Schöne et al., 2003; Black et al., 2009; Butler 

* Corresponding author. 
E-mail address: bernd.schoene@uni-mainz.de (B.R. Schöne).  
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et al., 2010; Wanamaker Jr et al., 2012, 2019; Lohmann and Schöne, 
2013; Reynolds et al., 2016, 2017; Edge et al., 2021). Such re
constructions can cover time intervals of >1000 years (Wanamaker Jr 
et al., 2012; Butler et al., 2013; Holland et al., 2014a) if increment width 
series of specimens with overlapping lifespan are combined to form 
longer, replicated chronologies by means of crossdating (Jones et al., 
1989; Weidman et al., 1994; Witbaard et al., 1997; Marchitto Jr. et al., 
2000). 

Despite many outstanding bivalve sclerochronological discoveries, 
however, the number of reliable and well-accepted environmental 
proxies remains limited. Specifically, the potential use of trace and 
minor elements in shells as surrogates for environmental variables is 
controversially debated (Peharda et al., 2021). Due to strong biological 
controls on the incorporation of many elements into shells (i.e., vital 
effects), non-classical nucleation processes (De Yoreo et al., 2015; Boon 
et al., 2020; Gilbert et al., 2022) etc., their concentration often deviates 
from values observed in inorganic CaCO3 as well as thermodynamic 
predictions and varies with the prevailing shell microstructure and shell 
organics (Schöne et al., 2010, 2013; Izumida et al., 2011; Shirai et al., 
2014; Yoshimura et al., 2014; Roger et al., 2017). For example, Sr/Ca 
values in shells of A. islandica (Schöne et al., 2011, 2013; Wanamaker 
and Gillikin, 2019; Brosset et al., 2022) can attain 3 to 4 mmol/mol at 
annual growth lines (often consisting of irregular prismatic / spherulitic 
microstructure), but only ca. 0.5 to 1 mmol/mol in annual growth in
crements (e.g., homogenous and crossed microstructures), which is 
approx. 3 to 24 times lower (assuming temperature = 2–15 ◦C, Sr/ 
Cawater = 8.67 mmol/mol cf. https://www.mbari.org [“Periodic Table of 
Elements in the Ocean”, last access: 16 May 2022], hereafter referred to 
as ‘MBARI’) than Sr/Ca ratios of inorganic aragonite (e.g., Gaetani and 
Cohen, 2006). In species in which Sr/Cashell ratios and water tempera
ture are – as expected from synthetic aragonite – negatively correlated, 
the temperature sensitivity of Sr/Cashell often deviates from that of 
inorganic aragonite (Yan et al., 2013, 2014; Füllenbach et al., 2015; 
Zhao et al., 2017a) providing another line of evidence that the incor
poration of trace and minor elements into bivalve shells is subject to 
vital effects. 

The calibration and application of element-based environmental 
proxies is further complicated by the fact that cations may not only 
substitute for Ca2+ in the crystal lattice of CaCO3, but can also be 
covalently bound to organic matrices of the shell (Foster et al., 2008; 
Takesue et al., 2008; Schöne et al., 2010; Izumida et al., 2011; Yoshi
mura et al., 2014), occur as inorganic nanoparticles (Foster et al., 2008; 
Fritz et al., 1990; Yoshimura et al., 2014) or can be adhesively adsorbed 
onto crystal surfaces (Izumida et al., 2011). The composition of the shell 
organics is relevant as well. For example, Mg2+ is typically associated 
with phosphorous- and sulfur-bearing organics (Roger et al., 2017), but 
Sr2+ with sulfur-rich organics (Shirai et al., 2014). Unfortunately, it is 
currently impossible to determine the chemistry of the different organic 
compounds of the shell. In particular, the chemical composition of the 
water-soluble intra-crystalline organics cannot be determined, because 
it seems nearly impossible to isolate this phase from the insoluble or
ganics as well as the mineral or – if present – amorphous phases. 

However, not just the fate but also the sources of elements in bivalve 
mollusk shells are far from being entirely understood: Are shell impu
rities deriving entirely from free (hydrated), hydrolyzed or complexed 
ions in the water (for a compilation of inorganic species of dissolved 
elements in seawater see Bruland, 1983 and Byrne, 2002) or do they also 
originate from elements bound to particles and colloids? In the case of 
barium, background levels in the shell are likely sensitive to changes of 
dissolved Ba in water (Komagoe et al., 2018) and salinity (Gillikin et al., 
2008; Poulain et al., 2015). Sharp erratic Ba/Cashell peaks, however, 
appear to be linked to specific diatoms and dinoflagellates (Thébault 
et al., 2009; Fröhlich et al., 2022a) rather than bulk phytoplankton 
(Stecher III et al., 1996; Vander Putten et al., 2000; Lazareth et al., 
2003). The same applies to Li and Mo/Cashell (Thébault et al., 2022; 
Fröhlich et al., 2022b). 

Furthermore, a sudden chemical change in the ambient water may 
not become immediately encoded in the shell. Some elements, specif
ically heavy metals, can be stored in insoluble, organic-coated extra
cellular granules (Thomson et al., 1985) or bound to specific proteins 
(Viarengo, 1989; Roesijadi, 1992) for several months, years or even the 
entire lifetime of the animal. Respective elements may thus only arrive 
in the shell with a considerable time lag or not at all (Schöne and Krause, 
2016). 

Considering the uncertainties of element uptake from the environ
ment, transport and storage within the body, and incorporation into the 
shell, it would not be appropriate to evaluate the potential use of shell 
element chemical properties as environmental proxies primarily or 
exclusively by comparison with environmental data. A more useful 
approach is to assess the chemical reproducibility between contempo
raneous specimens from the same habitat (e.g., Stecher III et al., 1996; 
Gillikin et al., 2008). Marali et al. (2017a) accomplished this with 
annual shell Na, Mg, Mn, Sr and Ba/Ca time-series of six modern 
A. islandica specimens from two localities (three each from the Gulf of 
Maine and the Isle of Man). Element/Ca series of contemporaneous 
specimens varied synchronously, in particular Ba/Cashell, but also Sr and 
Mg/Cashell (Marali et al., 2017a; see also Marali et al., 2017b), sug
gesting external forcings. Ontogenetic age, growth rate and micro
structure were identified as additional contributors to element chemical 
data, but their influence was not adjusted for. 

The present study builds on the findings of Marali et al. (2017a). We 
have re-investigated and reprocessed their data (in particular for 
reproducible element series, i.e., Mg, Sr and Ba/Cashell), included six 
more specimens from two more localities (NE Iceland, Faroe Islands), 
and assessed four additional element/Ca ratios (B, Al, Zn, and Pb/ 
Cashell). More sophisticated mathematical techniques were applied to 
identify if these elements were controlled by external forcings and might 
therefore provide potential for paleoenvironmental reconstructions. 
Specifically, we have applied a more advanced signal extraction method 
considering the circular geometry of the sample spots, and computed 
weighted annual averages to account for seasonally varying growth 
rates and thus time-averaging (Schöne et al., 2022). Prior to comparison 
of the chronologies, ontogenetic age and/or growth rate-related trends 
were mathematically eliminated from the data. We also took potential 
temporal alignment errors of one year as well as outliers into consid
eration, i.e., individual specimens that showed chemical patterns 
different from other specimens. In addition to linear regression analyses, 
sign tests were employed to evaluate the strength of the relationship 
among element chemical chronologies from the same locality as well as 
shell chemistry and environmental variables. The methodological 
approach used here may serve as a guideline for subsequent element 
chemical studies of mollusk shells. Results of this study indicate which 
elements of bivalve shells can potentially serve as environmental 
surrogates. 

2. Material and methods 

2.1. Sample material, preparation and growth pattern analysis 

Twelve specimens of A. islandica were obtained by dredging from NE 
Iceland (ICE, water depth = 9–11 m, N = 4), the Isle of Man (IOM, 
30–57 m, N = 3) and the Gulf of Maine (GOM, 83 m, N = 3) (Table 1; see 
map in Marali et al., 2017b). Specimens from the Faroe Islands (FO, 20 
m, N = 2) were obtained by SCUBA diving within a fjord between the 
islands of Streymoy and Vágar (SE of the city of Vestmanna). This lo
cality is potentially more strongly influenced by freshwater runoff from 
land than the other study sites. The long-term average temperature 
equals 9 ◦C. Specimens from ICE came from Þistilfjörður, a large bay 
west of Langanes pensinusla, SW Þórshöfn. Although a small river flows 
into the bay, salinity in close to 34.8. Average temperatures are ca. 4 ◦C. 
The area lies near Polar Front and is variably affected by the warm 
Irminger Current and cold East Iceland Current. Specimens from IOM 

B.R. Schöne et al.                                                                                                                                                                                                                               

https://www.mbari.org


Chemical Geology 616 (2023) 121215

3

potentially experienced stronger pollution because the sample area is 
surrounded by more densely populated regions than the other studied 
sites. Average temperature and salinity are 10 ◦C and 34.2, respectively. 
GOM bivalves were collected ca. 20 km away from the coast in water 
that attain, on average, 6.5 ◦C and 32.2 PSU. 

As revealed by crossdating (Butler et al., 2010; Marali et al., 2017b), 
one bivalve from the IOM died two years prior to collection, all others 
were captured alive and soft parts removed soon afterward. For a 
detailed description of the shell preparation, growth pattern analysis 
and crossdating see Marali et al. (2017a). Briefly, two approx. 3 mm- 
thick sections were cut from each shell, ground on glass plates (F800/ 
1200 grit SiC powder suspended in water) and polished on Buehler G- 
cloth (with 1 μm Al2O3 powder suspended in water). Annual increment 
width analyses were completed in the hinge portions of the shells using 
Mutvei-stained sections (ICE + FO: Marali et al., 2017b) or peel replicas 
(IOM: Butler et al., 2010; GOM: Griffin, 2012). Growth patterns analysis 
was used to place the shell record into temporal context. 

2.2. In-situ chemical analysis (LA-ICP-MS) 

The remaining polished hinge portions were used for in-situ chemical 
analysis at the Institute of Geosciences at the University of Mainz by 
means of a Laser Ablation - Inductively Coupled Plasma - Mass Spec
trometry (LA-ICP-MS) system consisting of a 193 nm ArF Excimer laser 
(ESI NWR193) coupled to an Agilent 7500ce quadrupole ICP-MS. Prior 
to the measurements, pre-ablation was used to clean the sample surface 
and remove potential contaminants from the upper approx. 0.6 μm. To 
do so, a LA spot size of 100 μm was applied in line scan mode with 3 Hz, 
50 μm/s scan speed at an energy density of about 3 J/cm2. Then, mea
surements were done in line scan mode (scan speed = 5 μm/s; beam 
diameter = 55 μm; laser repetition rate = 10 Hz; laser energy on samples 
~7 J/cm2; sample depth approx. 15 μm). The distance between laser 
spot positions at which a new data acquisition cycle started equaled 
approx. 1.45 μm. Prior to each line scan, background intensities were 
measured for 20 s. 

Accuracy and precision of the analyses were monitored with NIST 
SRM 610, USGS BCR-2G and USGS MACS-3 measured before and after 
each line scan. With these data, we have computed element-specific RSD 
% (RSD = relative standard deviation) values and average limits of 
detection (LOD; 3σbackground according to Jochum et al., 2012). NIST 
SRM 612 was used to calibrate the element concentrations of shells and 
other reference materials using preferred values reported in the GeoReM 
database (available at http://georem.mpch-mainz.gwdg.de, ver. 30, last 
access: 1 Mar 2022; Jochum et al., 2005, 2011). Concentrations of the 
following elements were determined: boron (measured as intensity of 
11B), magnesium (25Mg), aluminum (27Al), zinc (66Zn), strontium (88Sr), 

barium (137Ba) and lead (208Pb). 43Ca served as internal standard for 
reference materials and shells. Calcium concentrations for the reference 
materials were taken from the GeoReM database, and for the shells we 
used a value of 380,000 μg/g following Marali et al. (2017a). For a full 
set of data including sodium (23Na), potassium (39K) and manganese 
(55Mn) vs Ca data as well as calculations see Supplements in Schöne 
et al. (2022) and data summary in Supplements 1 of present paper. Note, 
shell B, Mg, Al and Sr/Ca ratios are reported in mmol/mol, and Zn, Ba 
and Pb/Ca in μmol/mol. 

2.3. Data processing 

LA-ICP-MS data obtained in line scan mode come with much higher 
scatter than results from single spot analysis along the same transect 
would reveal. To extract signals from such noisy data, we have applied 
the 38-pt circle segment area-based weighted moving average filtering 
method described by Schöne et al. (2022). This approach accounted for 
the distance the laser traveled between successive data acquisitions 
cycles as well as for the geometry of the laser spots on the sample sur
face. With this discretization method, the continuous line scan data with 
overlapping sampling spots were converted into a new chronology with 
non-overlapping data (see also Fox et al., 2017). 

Subsequently, the new, discretized data were placed in temporal 
context, i.e., the centers of the data points were dated to the nearest day 
by using water-depth specific seasonal growth models for A. islandica 
(Höche et al., 2022). Gaps between the temporally aligned data were 
filled by linear imputation in order to obtain daily element/Cashell 
chronologies. With these data it was possible to compute weighted 
annual averages (see Schöne et al., 2022, for more details). 

Directed ontogenetic trends toward higher or lower values were 
mathematically eliminated (Supplements 1). For this purpose, annual 
element/Cashell data were plotted against ontogenetic age and stiff cubic 
splines or suitable (exponential, linear) equations fitted to the data to 
estimate the long-term trends. Instead of producing dimensionless 
element/Cashell data, the lowest value was set as an anchor point, and 
other element/Cashell values decreased by the difference (offset) be
tween this anchor point and the predicted element/Cashell ratio at the 
respective stage of life. 

Alternative to ontogenetic age trends, the correlation with shell 
growth rate was removed from the element chemical data. Similar to the 
method described above, annual element/Cashell data were plotted 
against increment width and cubic splines, natural logarithms or power 
functions fitted to the data. Then, the anchor point method was used to 
hinge the element/Cashell data at the smallest value and decrease other 
element chemical data by the offset between the anchor point and the 
predicted value at the respective increment width. Furthermore, a 

Table 1 
List of Arctica islandica shells used in present study. Except for specimen IOM0525475R, all bivalves were collected alive. WD = water depth; Age = ontogenetic age.  

Specimen ID Locality WD (m) Latitude/Longitude (WSG84) Age (yr) Coverage (yr CE) 

FO10–10-01-V6AR1 Faroe Islands 20 62◦09′15.00”N, 007◦10′25.00”W 114 1895–2006 
FO10–10-02-V12AR1 155 1855–2005  

IOM0525475R 
Isle of Man 

40 54◦07′15.00”N, 004◦52′20.40”W 250 1758–2002 
IOM0505327R 30 54◦18′34.80”N, 004◦43′14.40”W 87 1919–2003 
IOM0505319L 57 54◦08′25.80”N, 004◦53′58.80”W 82 1923–2002  

ICE120501AL1 

NE Iceland 

9 66◦09′58.92”N, 015◦22′58.92”W 70 1946–2010 
ICE121401AL1 10 66◦11′28.98”N, 015◦20′25.44”W 176 1839–2007 
ICE120703AL2 11 66◦11′13.68”N, 015◦20′48.30”W 178 1837–2006 
ICE120505AL2 9 66◦09′58.92”N, 015◦22′58.92”W 80 1936–2008  

GOM090797R2 
Gulf of Maine 83 44◦26′09.83”N, 067◦26′18.05”W 

47 1963–2008 
GOM090803R3 57 1953–2007 
GOM090829R1 60 1953–2008  
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Fig. 1. Shell element/Ca data of Arctica islandica (hinge portion) plotted against ontogenetic age (left panels) and annual increment width (right panels). All studied 
element/Ca series showed directed trends toward higher or lower values through lifetime. B, Mg and Sr/Ca also revealed distinct non-linear relationships with shell 
growth rate. Except for Mg/Ca and Sr/Ca (power functions), logarithmic equations provided the best fit. Detection limits are indicated by green dashed line (not 
provided for elements were LOD is far below scale of y-axis). FO = Faroe Islands, IOM = Isle of Man, ICE = NE Iceland, GOM = Gulf of Maine. To inspect individual 
chronologies in more detail and assess shell Na, K and Mn/Ca data, the reader is referred to Supplements 1 + 3. (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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double detrending was explored, i.e., after removal of ontogenetic age- 
related trends, the correlation of the residuals with growth rate was 
mathematically eliminated. 

2.4. Statistical analysis 

Mathematical relationships between detrended element chemical 
properties were quantified by linear regression analysis (Pearson cor
relation) and sign tests (running dis/similarity analyses; Eckstein and 
Bauch, 1969; similarity: G values expressed in %; dissimilarity: D values 
expressed in %; for calculation template see Supplements 2). Significant 
running similarity (aka ‘Gleichläufigkeit’) exists if the inter-annual 
changes of two chronologies are highly congruent, i.e., the direction 
of change between years is identical in a significant number of instances 
(i.e., signs are similar). Significant running dissimilarity (aka 
‘Gegenläufigkeit’) indicates that a significant number of inter-annual 
changes of the two chronologies move in opposite directions (i.e., 
signs are different). 

To account for individual differences, chronologies of the same site 
were not only compared on an individual basis (‘one-by-one compari
son’), but each chronology (one at a time) was also compared to the 
average of the remaining chronologies from the same locality (‘one- 
versus-others comparison’), an approach similar to that traditionally 
employed in dendrochronology for crossdating purposes (software 
COFECHA: Holmes, 1983). In the main text, only the highest correla
tions or G values of each element/Cashell value are reported and dis
cussed; for a more detailed overview of the results, the reader is referred 
to the Supplements (part 3). Note, the one-versus-others approach is 
superior to the comparison of two individual time-series, because the 
latter requires that both chronologies are perfectly temporally aligned, 
whereas the former is more resilient against alignment errors. In the one- 
versus-others approach, potential errors in annual growth increment 
identification are evened out by the calculation of an average chronol
ogy. To further account for missing or falsely identified annual growth 
increments and subsequent errors in temporal alignment as well as to 
take temporal lags in response to environmental changes into 

Fig. 1. (continued). 
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consideration, the chronologies were smoothed (= low-pass filtered) 
with a weighted moving average (filter weights: t0 = 100, t1 and t− 1 =

68, t2 and t− 2 = 32). 
Aside from assessing the relationship between specimens, the 

agreement between locality-specific element chronologies ([i] arith
metic average of all studied chronologies; [ii] arithmetic average of all 
but one chronology) and environmental chronologies was evaluated (for 
source of environmental data sets see Supplements 1). With respect to 
the latter, the focus was placed on element/Cashell data for which a 
causal link has repeatedly been described before in bivalves, i.e., Sr/Ca 
and Mg/Ca vs water temperature (T) (Dodd, 1965; Schöne et al., 2011; 
Yan et al., 2014), as well as Ba/Ca vs chlorophyll a concentration (Chl a) 
(e.g., Stecher III et al., 1996; Vander Putten et al., 2000; Lazareth et al., 
2003). Exploratively, the link between B/Ca and T (McCoy et al., 2011) 
as well as Ba/Ca vs T was investigated (e.g., Wanamaker and Gillikin, 
2019). As before, raw and digitally filtered chronologies including a lead 
or lag of one year were computed, and only the highest correlation co
efficients, coefficients of determination, and dis/similarity values are 
reported in the main text (full data set in Supplements 3). 

3. Results 

3.1. Ontogenetic shifts of shell element chemical properties 

Almost all element/Cashell chronologies revealed ontogenetic trends 
– though different in magnitude – toward (overall) higher (B, Mg, Sr, and 
Ba/Ca) or lower values (Pb/Ca) (Fig. 1; see Supplements 1 for details as 
well as Na, K and Mn/Ca data). Due to decadal variability, the trends 
were typically easier to identify in the long chronologies of IOM, ICE and 
FO than the shorter (47 to 60 yr-long) series of GOM (Fig. 1; Table 1). As 
the great majority of Al/Ca and Zn/Ca data remained below detection 
limit (0.02 mmol/mol and 3.27 μmol/mol, respectively), no assessment 
of trends can be provided for these elements. 

The slopes of the trends varied considerably between elements and 
sites, and sometimes even among contemporaneous specimens from the 
same locality (Fig. 1). For example, B/Ca increased sharply in almost all 
studied specimens during the first three to four decades of life (except for 
specimen ICE120703AL2 which showed a relatively steady increase 
through ontogeny from 0.07 to 0.09 mmol/mol), reached a maximum 
and then fluctuated around a steady level or gently declined (Fig. 1A). 
With approx. 0.12 mmol/mol, the average plateau value was approx. 
0.03 mmol/mol higher in specimens from IOM than in shells from the 
other three sites (Fig. 1A). At IOM and GOM, B/Ca values differed, on 
average, by the same amount between specimens (Fig. 1A). 

In other elements with overall positive trends, the increase often 
started only after an early ontogenetic decrease and ended with the 
attainment of an element- and specimen-specific plateau value, typically 
after the age of ca. 150 years or so (Fig. 1). Instead of fluctuating around 
a constant level, the concentration of some elements declined after the 
maximum was reached. For example, Mg/Ca values typically declined 
exponentially during the first two decades of life by approx. 20 to 40%, 
reached a minimum at around age 20 and then rose nearly linearly up 
until age 200 (specimen IOM0525475R). Thereafter, the slope rapidly 
leveled-off and eventually the sign became negative, i.e., Mg/Ca values 
declined again. The average Mg/Ca level at age 250 was about the same 
as what it had been at age 130 (approx. 0.35 mmol/mol) (Fig. 1B). The 
ontogenetic Mg/Ca trends of two young specimens from GOM differed 
from the above-mentioned pattern. In GOM090829R1 and 
GOM090803R3, Mg/Ca sharply increased by >100% between age 12 
and 18, stayed at that level for about 20 years and then dropped again 
(Fig. 1B). 

The average decline of Sr/Ca during early ontogeny was smaller (ca. 
10 to 20%) than of Mg/Ca, but values likewise increased steadily and 
nearly linearly afterward (on average, from around 1.0 mmol/mol at age 
20 to 2.2 mmol/mol at age 170) (Fig. 1E). In the oldest specimen 
(IOM0525475R), highest Sr/Ca levels were attained at around age 170, 

followed by a gentle decline toward the end of life (age 250: 1.8 mmol/ 
mol as at age 70) (Fig. 1E). Regression slopes varied notably between 
localities and were shallowest at GOM and ICE and steepest at IOM and 
FO (Fig. 1E). Accordingly, specimens from the latter two localities 
reached higher Sr/Ca values (ca. 2.5 mmol/mol) than those at ICE at the 
age of 170 (1.6 mmol/mol) (Fig. 1E). As in Mg/Ca, the slope of Sr/Ca 
chronologies occasionally varied considerably between specimens from 
the same site. The strongest difference was observed at FO. In specimen 
FO10–10-01-V6AR1, Sr/Cashell increased by 0.005 mmol/mol per year, 
whereas the increase was twice as strong in specimen FO10–10-01- 
V12AR1 (Fig. 1E). 

Similar to Sr/Ca, after a gradual increase, Ba/Ca values reached a 
plateau at about age 130 and started to decline after age 160 
(IOM0525475). When the oldest studied specimen died (age 250), the 
average Ba/Ca values had fallen back to about the same level as at age 
40 (approx. 6 μmol/mol) (Fig. 1F). The slowest relative increase was 
observed in Sr (30% in 100 years), followed by Ba (approx. 50%), and 
the sharpest rise was in Mg/Ca (doubling in 100 years) (Fig. 1). 

Among the elements that revealed overall ontogenetic trends toward 
lower values (Pb: Fig. 1G; Na, Mn: Supplements 1), only Na/Ca 
decreased monotonously through lifetime (Supplements 1). Pb/Ca in 
specimens from IOM attained lowest levels at the age of ca. 70 years and 
then rose. In the oldest studied specimen (IOM0525475R), at the age of 
ca. 160, Pb returned to values obtained from shell portions formed 
during youth. Thereafter, a gentle decline was observed (Fig. 1G). Pb/Ca 
remained below LOD (0.07 μmol/mol) at ICE and FO, but still showed 
trends similar to those at IOM (Fig. 1G). At GOM, Pb/Ca occasionally 
exceeded the LOD and gently declined through ontogeny. In Na and Pb/ 
Ca, the ontogenetic decrease was typically exponential, and the subse
quent rise in Pb/Ca non-linear (Fig. 1G; Supplements 1). 

All chronologies of studied elements exceeding the LOD showed 
oscillations on quasi-decadal and shorter time-scales (Fig. 1), most 
distinctly developed in Mg/Ca and Sr/Ca (Fig. 1B, E). While the inter- 
annual variability decreased during lifetime, the lower frequency (=
decadal) oscillations became stronger with increasing age, i.e., their 
amplitudes increased (Fig. 1; Supplements 1). This was particularly well 
seen in B, Na, Mg and Sr/Ca, but also in Ba and Pb/Ca (Fig. 1A, B, E–G; 
Supplements 1). Aside from decadal variations, some element chronol
ogies (Al, Zn, Ba, and Pb/Ca) were interrupted by sharp peaks which 
exceeded background levels by multiple times (Fig. 1C, D, F, G). For 
example, Al/Ca peaks were up to 5800% larger than background levels 
(and were clearly above the LOD) (Fig. 1C). In Zn/Ca, peaks exceeded 
the background values by up to 2400% (likewise above LOD) and were 
less frequent than in Al/Ca (Fig. 1C, D). 

3.2. Growth rate-related changes of shell element chemical properties 

Besides being linked to ontogenetic age, five of the studied element/ 
Ca values were also non-linearly coupled with shell growth rate, posi
tively in case of Na and Mn (Supplements 1), and negatively in case of B/ 
Ca, Mg/Ca and Sr/Cashell (Fig. 1A, B, E). Natural logarithms typically 
provided the best fit to describe this relationship, but for Mg/Ca and Sr/ 
Ca, power functions were often more useful, because the slope of the 
relationship changed very rapidly (Fig. 1B, E). Among all shell element/ 
Ca ratios, Sr/Ca showed the strongest link to increment width (Fig. 1E). 
R2 values ranged between 0.48 and 0.73 for logarithmic fits, and 0.51 to 
0.76 when power functions were used (the latter are depicted in Fig. 1E). 
Mg/Ca and Sr/Ca dropped sharply as increment width increased from 
approx. 10 to 100 μm, i.e., on average, 0.70 to 0.30 and 2.50 to 1.20 
mmol/mol, respectively (Fig. 1B, E). The regression curves gradually 
shallowed as growth rate further increased (Fig. 1B, E). Above an 
increment width of 250 μm, both element-to-Ca ratios were slightly 
positively correlated with growth rate, i.e., above this threshold, faster 
growing hinge portions contained increasingly higher amounts of Mg 
and Sr relative to Ca (Fig. 1B, E). In both elements, the change from a 
negative to a positive relationship were neither well captured with 
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power functions nor natural logarithms (Fig. 1B, E). In B/Ca, the 
regression slope likewise leveled-off with increasing growth rate, but no 
change in the sign of the slope was observed (Fig. 1A). With 0.01 to 0.33, 
R2 values remained well below those of Mg/Ca (0.26 to 0.60, ln-fits). In 
contrast to Mg, Sr and B, Na/Ca strongly increased with growth rate up 
to an increment width of about 100 μm (from approx. 18 mmol/mol at 
10 μm to 21 mmol/mol at 100 μm), thereafter the regression curve 
gradually shallowed (Supplements 1). The same was observed for Mn/ 
Ca at GOM and IOM, but the slope of the relationship decreased more 
gradually than in Na/Ca (Supplements 1). At the other two localities, Mn 
content remained below LOD prohibiting a meaningful assessment 
(Supplements 1). In the remaining four studied elements (Al, Zn, Ba and 
Pb), the relationship with increment width was either very weak or 
impossible to assess because data remained below LOD (Fig. 1C, D, F, G). 
In slow-growing shell portions, Ba and Pb showed larger variability than 
in faster growing shell portions (Fig. 1F, G). 

3.3. Relationship between detrended element chronologies of 
contemporaneous specimens from the same locality 

Averaged over the studied elements, specimens from GOM showed 
the strongest agreement (positive linear correlation and running simi
larity) between corresponding chronologies (maximum age difference 
between specimens: 13 years), closely followed by specimens from ICE 
(108 years difference) and IOM (168 years difference) (Fig. 2; Table 2). 
The weakest relationship occurred among the two specimens from FO 
(41 years difference). At GOM, the average r value of the seven studied 
elements – computed from the strongest (though not always statistically 
significant; see further below) positive linear correlations between two 
specimens (= one-by-one comparison) – was 0.68, while respective r 
values for ICE, IOM and FO equaled 0.66, 0.47 and 0.09, respectively 
(Fig. 2A; Table 2; Supplements 3). If the strongest correlation between 
the element chronology of one specimen versus the average chronology 
of all other specimens of the same locality was considered (= one-versus- 
others comparison; not possible to provide for FO), the average r values 
remained nearly unchanged (GOM: 0.67; ICE: 0.64; IOM: 0.43) (Fig. 2B; 
Table 2). Sign tests reflected these differences (Fig. 2A, B; Table 2), i.e., 
G values were 67 (GOM), 65 (ICE), 64 (IOM) and 53% (FO) for one-by- 
one comparisons, and 71 (GOM), 62 (ICE) and 63% (IOM) for one-vs- 
others comparisons, respectively. Except for FO, r values were higher 
when high-frequency components were eliminated (one-by-one: 0.74, 
0.68, 0.56, and 0.05 for GOM, ICE, IOM and FO, respectively; one- 
versus-others: 0.72, 0.61, 0.49 for GOM, ICE and IOM, respectively), 
but running similarity remained largely unchanged (Fig. 2C, D; Table 2). 

Correlation and running similarity between chemical data of 
contemporaneous specimens not only varied between sites but also 
among the different elements (Fig. 2; Table 2). In general, statistically 
significant correlation occurred more frequently between the studied 
element chronologies than significant running similarity (Fig. 2; 
Table 2). In a few cases (Sr at FO and Pb at IOM and GOM), significant 
running similarity was identified, while correlation remained insignifi
cant (Fig. 2; Table 2). At all localities except FO, B, Mg and Sr/Ca 
chronologies of contemporaneous specimens from the same site were 
consistently highly significantly (p < 0.05) correlated with each other 
(Fig. 2; Table 2). With some exceptions this result was reflected by 
significant running similarity (Fig. 2; Table 2). B/Ca reached r values of 
up to 0.92 (GOM), Mg/Ca 0.88 (GOM) and Sr/Ca 0.90 (ICE). G values for 
these elements were as high as 82 (GOM), 79 (ICE), 79 (GOM) and 77% 
(ICE). Of all studied elements, Ba/Ca chronologies showed the strongest 
linear correlation and running similarity among contemporaneous 
specimens from the same locality (r values of up to 0.96 and G values of 
up to 88%), but only at IOM, ICE and GOM (Fig. 2; Table 2). At FO, Ba/ 
Ca series were not in synchrony. In almost all instances, Na/Ca chro
nologies of co-occurring specimens from the same site were moderately 
to strongly linked to each other (r values of up to 0.81), but running 
similarity was only significant at ICE and GOM (G values of up to 69%) 

(Supplements 1). Weak positive links were found among Pb/Ca chro
nologies at GOM and IOM (Fig. 2; Table 2). As before, no meaningful 
assessment was possible of elements remaining largely below LOD, i.e., 
Al/Ca and Zn/Ca at all sites as well as Pb/Ca at FO and ICE (Fig. 2; 
Table 2). 

3.4. Relationship between detrended element chronologies and 
environmental properties 

Water temperature and age-detrended Sr/Ca ratios were statistically 
significantly correlated at all sites, although the relationship was posi
tive at GOM and only weakly negative at FO (Fig. 3; Table 3). The 
strongest negative correlation was observed at ICE. At this locality, up to 
30% of the year-to-year variability in Sr content of the shell was 
explained by changes in water temperature (25% if an alignment error of 
− 1 year was taken in account) (Fig. 3D; Table 3). This finding was 
corroborated by a strong visual agreement between the temperature 
curve and the ontogenetic age-detrended Sr/Ca series (for both the in
dividual chronologies as well as the average chronology), specifically on 
decadal and multidecadal time-scales (Fig. 4). Furthermore, the running 
dissimilarity (Sr, Mg, Ba and B/Ca chronologies are expected to run 
counter to temperature curves) between Sr/Ca and temperatures was 
statistically significant at ICE and IOM, but not at the other two local
ities, even after low-pass filtering was applied (Fig. 3; Table 3). 

Age-detrended Mg/Ca series showed the strongest (consistently 
negative) correlation with temperature at IOM (17% explained vari
ability, 21% when filtered, and 32% when an alignment error of − 1 year 
was considered and data of one specimen were omitted from the anal
ysis) (Fig. 3; Table 3). Running dissimilarity exceeded the significance 
level if one chronology (showing the weakest agreement with the 
others) was omitted (FO, IOM) and the data were low-pass filtered (D 
values at all localities below p < 0.05) (Fig. 3; Table 3). Growth rate- 
detrended Ba/Ca correlated strongly with Chl a at FO, ICE and GOM, 
and mostly showed significant running similarity unless non-filtered 
series of individual specimens were compared with each other 
(Fig. 3C, D; Table 3). Note that available Chl a chronologies at FO, ICE 
and GOM comprised only a few years (8 to 10; due to end-fitting 
problems 4 years less after low-pass filtering) limiting the explanatory 
power of the r values. Growth rate-detrended shell Ba/Ca was only 
significantly correlated with water temperature at FO and IOM (up to 
21% explained variability), but D values remained below significance 
level. The strength of agreement improved after digital smoothing (up to 
32% explained variability and 65% running dissimilarity at IOM) (Fig. 3; 
Table 3). 

In addition to the detrending methods described in Section 2.3, 
alternative approaches were exemplarily tested for shell Sr/Ca data from 
ICE (Supplements 4): (i) Growth rate-detrending of the element chem
ical data resulted in lower agreement with environmental data sets than 
age-detrending. (ii) A double-detrending, i.e., growth rate-detrending of 
age-detrended data, increased the correlations only marginally 
compared to data corrected only for age relationships (R2 values were 
increased by merely 0.01 or so). After age-detrending, the residuals did 
not reveal any distinct or significant relationship with increment width 
any more. If data pairs from early ontogeny were discarded, i.e., only 
element data from slow-growing portions (growth increments <100 μm) 
were considered, many elements were strongly non-linearly correlated 
with growth rate. However, the use of such data in the double 
detrending approach did not improve correlation, neither between Sr/ 
Ca chronologies of contemporaneous specimens, nor between Sr/Ca 
time-series and environmental variables (Supplements 4). Given these 
results, interpretations were largely based on age-detrended data. 

3.5. Partition coefficients 

Aside from Al, Zn and Pb/Ca, studied molar element/Ca ratios were, 
on average, lower in the shells than in ultrafiltered seawater (Table 4). 
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Fig. 2. Agreement between shell element/Ca chronologies (sorted by atomic number) of Arctica islandica (hinge portion) evaluated by linear correlation (Pearson r 
value; left panels) and sign tests (G value = running similarity; right panels). For each locality, the highest r and G values are given. (A) One-by-one comparison, i.e., 
agreement between two specimens of the same site was assessed. (B) One-versus-others comparison, i.e., agreement between one specimen and the average of all 
remaining specimens from the same locality was assessed. (C) Same as A, but based on low-pass filtered chronologies. (D) Same as B, but based on low-pass filtered 
chronologies. FO = Faroe Islands, IOM = Isle of Man, ICE = NE Iceland, GOM = Gulf of Maine. Dark colors indicate significant (p < 0.05) agreement, light colors 
insignificant relationship (p > 0.05). Further details are given in Table 2. 
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The strongest depletion (ca. 14,000 times) was observed for magnesium. 
In contrast, Zn was enriched by nearly four times in the shells, Pb by 71 
times, and Al by ca. 94 times. A detailed list of apparent partition co
efficients (KX/Ca

D =
X/Caaragonite
X/Caseawater

; note KB/Ca
D =

B/Caaragonite
[B(OH)

−
4 /HCO−

3 seawater, assuming 
[B(OH)4

− /HCO3
−
seawater] = 0.04 mol/mol cf. Yu et al., 2007) is listed in 

Table 4. 
Only for six of the studied element/Ca ratios, partition coefficients 

have been determined in inorganic aragonite (i.e., B, Na, Mg, Zn, Sr, Ba/ 
Ca; Table 4), with sometimes greatly differing results (e.g., B/Ca, Ba/Ca; 
Table 4). Note, many precipitation experiments were conducted at room 
temperature. Following these data, Na and Zn/Ca were, on average, 12 
and 41% higher in the shells than in inorganic aragonite, whereas the 
remaining four element/Ca ratios were depleted in A. islandica shells by 
a factor of ca. 3 (Ba/Ca) to 19 (Mg/Ca) (Table 4; Fig. 5; Supplements 5). 
Depending on the choice of KD

B/Ca value, B/Ca can either be depleted by 
12 to 28 times in the shells or enriched by 8 times (Table 4; Fig. 5). 
Annual Ba, Na and Zn/Ca peaks exceeded respective molar element/Ca 
values of inorganically precipitated aragonite by up to 13 times (Table 4; 
Supplements 5). 

4. Discussion 

4.1. Scope for element-based environmental reconstructions 

Based on the findings herein, the question regarding the usability of 
element chemical data of A. islandica as environmental proxies cannot 
be answered unambiguously. The moderately strong and statistically 
significant reproducibility between element time-series of contempora
neous specimens after detrending indicates a common response to 
environmental forcings rather than common physiological trends or 
spurious agreement (Figs. 2, 4; Table 2). Accordingly, variations in 
annually-resolved, age- and/or growth rate-detrended time-series of 
shell B, Mg, Sr and Ba (i.e., elements with concentrations above LOD) 
were at least partly controlled by external drivers (the same applies to 
Na, K and Mn/Ca, see Supplements 1 + 3). However, it remains largely 
unknown which particular environmental variables are encoded in the 
shells. Actually, the agreement between shell element/Ca ratios and 
environmental quantities was weaker (up to R2 = 0.23 and G = 66%, 
site-specific averages of all specimens; Mg/Ca and Sr/Ca vs T and Ba/Ca 
vs Chl a; IOM, ICE and GOM; low-pass filtered data) than the agreement 
between respective element/Ca ratios of contemporaneous specimens 
from the same site (up to R2 = 0.44 and G = 70%, one-versus-others 
comparison, low-pass filtered data) (Tables 2, 3). This could suggest 
that the available information on temperature, food, and water chem
istry did not properly reflect the environmental conditions which the 
bivalves experienced or other extrinsic forcings were at work. 

A major deficit is also the lack of information on the chemistry of the 
parent solution from which the shells actually formed, i.e., the extrap
allial fluid or gel (EPF). This data would be critically required to 
compute representative KD values and calibrate transfer functions. Ac
cording to the few available studies, the EPF of marine bivalves differs 
chemically from average seawater (Wada and Fujinuki, 1974, 1976). For 
example, in the oyster, Pinctada fucata, the EPF was enriched in K by 
23%, and depleted in Na, Mg, Ca and Sr by 5 to 14% relative to average 
seawater. Furthermore, the EPF of this species was excessively enriched 
in redox elements and contained ca. 9100 times more Mn, 23,500 times 
more Fe, 1250 times more Cu, and 35,400 times more Zn than seawater 
(Onuma et al., 1979). Note that respective analyses were completed in 
non-filtered EPF (i.e., the element content of colloids and small particles 
may have been measured as well). These findings suggest the bivalves 
inhaled water that differed chemically from average seawater and was 
very likely influenced by sedimentary porewater (Bruland and Lohan, 
2003; Smrzka et al., 2019; Lenstra et al., 2020). Some elements may 
have also been sourced from digested particles (Martin and Knauer, 
1973; Barats et al., 2009, 2010; Thébault et al., 2009, 2022). In addition, 
the bivalves have presumably actively modified the chemistry of their 
EPF to facilitate CaCO3 precipitation (e.g., Onuma et al., 1979; Carré 
et al., 2006). While the data of P. fucata are mere snapshots which 
cannot provide information on how the chemical composition of the EPF 
changed during the course of time, they clearly illustrate average 
seawater does not provide a suitable approximation of the EPF chem
istry, even in an encrusting, epibenthic bivalve. 

Most certainly, the chemical composition of the EPF of A. islandica 
deviated from average seawater as well, which could explain why some 
of its partition coefficients (shell vs seawater) differed significantly from 
those computed for inorganic aragonite precipitated from a parent so
lution resembling seawater chemistry (Table 4; Fig. 5). However, the 
low KD values of A. islandica (shell vs seawater) for Sr/Ca and Mg/Ca 
ratios (KD

Sr/Ca = 0.17; KD
Mg/Ca = 0.00007) can probably not solely be 

attributed to a different EPF chemistry, because they agree at large with 
corresponding KD values of P. fucata (shell vs EPF; KD

Sr/Ca = 0.13; KD
Mg/Ca 

= 0.00016). Note that the EPF of these bivalves is likely not identical, 
because P. fucata is an epibenthic bivalve, whereas A. islandica lives 
buried in the sediment and is thus more directly exposed to the influence 
of porewater. Also, both species very likely have different food prefer
ences and thus digest organics with very different chemical composition. 

Table 2 
Agreement between shell element/Ca chronologies (sorted by atomic number) 
of Arctica islandica (hinge portion) evaluated by linear regression analysis 
(Pearson r value) and sign tests (G value = running similarity). Fig. 2 is the 
graphic representation of this table. For further explanation see caption of 
Fig. 2. Red font denotes negative correlation; turquoise font = most values 
below LOD. Cells highlighted red indicate insignificant r and G values (p >
0.05). Blue highlighted cells indicate only correlation is significant, sign-test is 
not; green stands for the opposite. 

Locality↓ B/Ca Mg/Ca Al/Ca Zn/Ca Sr/Ca Ba/Ca Pb/Ca
One-by-one, r values
FO -0.10 0.04 -0.09 0.03 0.14 -0.06 0.17
IOM 0.75 0.68 -0.20 0.08 0.44 0.69 0.17
ICE 0.40 0.71 -0.26 -0.29 0.64 0.87 -0.26
GOM 0.87 0.83 -0.20 -0.33 0.60 0.93 0.19

One-by-one, G values
FO 51.4 50.5 53.2 53.2 59.6 46.8 55.2
IOM 63.2 71.1 55.1 53.7 57.9 82.9 62.8
ICE 59.0 73.2 57.4 68.6 62.7 80.7 54.2
GOM 73.6 77.4 47.6 60.5 69.8 77.4 64.2

One-vs-others, r values
FO -0.10 0.04 -0.09 0.03 0.14 -0.06 0.17
IOM 0.66 0.57 -0.14 0.05 0.43 0.67 0.20
ICE 0.29 0.69 -0.32 -0.40 0.65 0.92 -0.11
GOM 0.70 0.83 -0.14 -0.24 0.59 0.95 0.27

One-vs-others, G values
FO 51.4 50.5 53.2 53.2 59.6 46.8 55.2
IOM 61.3 69.2 48.8 56.1 60.3 75.6 67.1
ICE 61.1 73.6 50.9 48.6 64.7 80.1 52.5
GOM 81.5 77.4 51.9 66.7 68.5 81.1 69.8

Low-pass filtered, one-by-one, r values
FO -0.10 0.04 -0.01 0.00 0.07 -0.12 0.07
IOM 0.88 0.69 -0.41 0.24 0.49 0.73 0.32
ICE 0.43 0.74 -0.25 -0.44 0.90 0.94 0.40
GOM 0.92 0.88 -0.28 -0.26 0.64 0.93 0.34

Low-pass filtered, one-by-one, G values
FO 53.3 42.9 41.9 46.7 58.1 51.4 52.3
IOM 70.6 77.9 55.1 56.8 67.6 67.6 55.4
ICE 71.4 75.9 55.6 49.3 77.2 80.9 64.2
GOM 71.4 61.2 51.3 59.0 67.3 87.5 62.5

Low-pass filtered, one-vs-others, r values
FO -0.10 0.04 -0.01 0.00 0.07 -0.12 0.07
IOM 0.76 0.50 -0.30 0.17 0.41 0.72 0.36
ICE 0.39 0.74 -0.30 -0.42 0.72 0.96 0.26
GOM 0.71 0.87 -0.19 -0.36 0.69 0.95 0.39

Low-pass filtered, one-vs-others, G values
FO 53.3 50.5 41.9 46.7 58.1 51.4 52.3
IOM 63.5 74.3 50.0 55.1 64.9 78.4 57.7
ICE 69.1 79.1 53.1 44.1 75.4 82.8 61.4
GOM 68.0 68.0 50.0 62.0 60.0 77.5 60.0
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Fig. 3. Agreement between shell element/Ca chronologies (sorted by atomic number) of Arctica islandica (hinge portion) and environmental variables. Note, only 
relationships that were frequently reported in previous studies were investigated. T = water temperature, Chl a = chlorophyll a. For each locality, the highest 
explained variability (R2 × 100; left panels) and running dis/similarity (right panels) are provided. Red asterisk denotes negative correlation. As expected from 
inorganic aragonite, the relationship between temperature and Sr, Mg, B or Ba/Ca should be negative and the time-series (T vs element/Ca) run counter to each other; 
thus, the running dissimilarity was assessed in these cases. (A) Agreement between environmental variable and the site-specific average element/Ca chronology. (B) 
Agreement between environmental variable and the site-specific element/Ca chronology computed from all but one specimen. (C) Same as A, but based on low-pass 
filtered chronologies. (D) Same as B, but based on low-pass filtered chronologies. FO = Faroe Islands, IOM = Isle of Man, ICE = NE Iceland, GOM = Gulf of Maine. 
Dark colors indicate significant (p < 0.05) agreement, light colors insignificant relationship (p > 0.05). Further details are given in Table 2. (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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As indicated by the KD values, considerably lower amounts of Sr and Mg 
ended up in the shells than in inorganic aragonite grown from a parent 
solution with similar Mg and Sr content as average seawater or EPF of 
P. fucata. Conversely, shells of both bivalve species contained much 
larger amounts of Sr and Mg as well as other trace and minor impurities 
than thermodynamically expected or predicted by the lattice strain 
model (Blundy and Wood, 1994; for calculations see Supplements 5). 
For example, at the temperatures at which biomineralization occurred, 
shell Sr/Ca ratios should have varied within a very narrow range around 
ca. 0.5 mmol/mol (Gaetani and Cohen, 2006) as opposed to the 
observed 1.34 mmol/mol in P. fucata (calculation in Supplements 5) or 
the annual extremes of 0.78 and 2.92 mmol/mol in A. islandica 
(Table 4). On intra-annual time-scales, shell Sr/Ca of A. islandica can 

fluctuate between values expected for thermodynamic equilibrium 
within annual increments (fast-growing portion) and at least six to eight 
times higher values in annual growth lines (= slow-growing portion). 

To explain the larger amounts of impurities than expected for a 
strain-free substitution of Ca2+ in the crystal lattice of aragonite by 
smaller or larger cations, Gaetani and Cohen (2006) evoked the surface 
entrapment model (Watson, 1996, 2004). Following this hypothesis, 
rapid precipitation, i.e., fast crystal growth prevents chemical equili
bration between the forming solid and the parent solution resulting in 
the chemical entrapment of the surface region. In addition to or as an 
alternative to this kinetic process, it is suggested here that the increased 
ion impurities in the shells result from nonclassical nucleation and 
growth mechanisms which were observed in many invertebrates (De 
Yoreo et al., 2015; Boon et al., 2020; Gilbert et al., 2022) including bi
valves (Jacob et al., 2011). Thereby, ions such as Mg, Sr and Na that can 
stabilize amorphous calcium carbonate (ACC) (Schmidt et al., 2019; 
Boon et al., 2020) – a possible precursor to the formation of CaCO3 
(Beniash et al., 1997) – would become incorporated into the forming 
biomineral. Accordingly, levels of these ions should be higher in fast 
growing shell portions for which presumably lots of ACC was utilized. 
However, both models fail to explain the Sr/Ca and Mg/Ca variations in 
A. islandica, because the lowest values were measured in fast-growing 
shell portions, and vice versa. Thirdly, increased ion impurities in the 
shells could also result from non-lattice-bound elements, e.g., elements 
associated with organic matrices (e.g., Onuma et al., 1979; Foster et al., 
2008; Takesue et al., 2008; Schöne et al., 2010; Izumida et al., 2011; 
Yoshimura et al., 2014). While this could contribute to elevated Mg 
levels near the annual growth lines (Schöne et al., 2010), it cannot 
explain the high Sr/Ca values in these shell portions. As clearly shown by 
Foster et al. (2009), Sr2+ mainly substitutes for Ca2+ in the crystal lattice 
of aragonite and is barely linked to organics. We speculate here that an 
unknown physiological process is at work near the biomineralization 
front that precludes Sr and Mg from incorporation into the shell. When 
growth slows down and metabolic rates attain a minimum, not enough 
energy is available to efficiently regulate the incorporation of these ions. 
Whether the higher than thermodynamically expected levels of other 
impurities can be explained by one of the three models discussed above, 
requires more detailed analyses of intra-annual element chemical data in 
future studies, in particular the concrete relationship with seasonal 
growth rate variations. 

As further shown by Gaetani and Cohen (2006), possibly owing to 
changes in the “precipitation efficiency”, the observed relationship be
tween environmental variables and element/Ca ratios of corals and 
inorganic aragonite is opposite to thermodynamic predictions and the 
environmental sensitivity lower than expected (e.g., negative instead of 
positive correlation between Sr/Ca and T; change of Sr/Ca of − 0.04 vs 
− 0.10 mmol/mol per ◦C). These findings underscore the fact that 
element-based environmental reconstructions are typically based on 
empirical relationships rather than theoretical considerations. The 
observed negative coupling between T and Sr, Mg and B/Ca values in 
A. islandica may thus be likewise valid and useful, at least for qualitative 
temperature estimates. 

While detrended time-series of elements were reproducible between 
most specimens from the same locality, which was substantiated by 
statistically significant correlation, running similarity or both, some 
individuals exhibited only weak or insignificant chemical covariance 
with other specimens (Fig. 2; Table 2). Potential causes for such reduced 
reproducibility include differences in microhabitat (changes in benthic 
fluxes and variable amounts of particles enriched in certain elements) 
and physiology of the bivalves as well as erroneous temporal alignment. 
An important conclusion from these observations is that a meaningful 
interpretation of the shell element chemistry requires data from a suf
ficiently large number of specimens; comparing merely two shells from 
the same site is not enough. 

In general, our results corroborated the findings by Marali et al. 
(2017a), although these authors neither adjusted for bias resulting from 

Table 3 
Agreement between shell element/Ca chronologies (sorted by atomic 
number) of Arctica islandica (hinge portion) and environmental vari
ables. For each locality, the highest explained variability (R2 × 100), 
highest running similarity (G values) or running dissimilarity (D values, 
red font) are provided. Fig. 3 is the graphic representation of this table. 
For further explanation see caption of Fig. 3. Red font in “explained 
variability” denotes negative correlation. Cells highlighted red indicate 
insignificant data (p > 0.05). Blue highlighted cells indicate that only 
explained variability is significant, while sign-test is not; green stands 
for the opposite. 

Locality ↓ Sr/Ca-T Mg/Ca-T Ba-Chl a Ba/Ca-T B/Ca-T
One-by-one, explained variability (%)
FO 5.9 6.1 36.6 1.8 5.8
IOM 11.0 16.9 5.7 18.4 10.4
ICE 17.5 2.6 21.4 2.4 7.4
GOM 5.9 3.4 23.6 5.0 14.7

One-by-one, G and D values
FO 55.9 56.6 75.0 48.1 54.4
IOM 60.6 59.7 56.8 58.3 53.5
ICE 58.6 52.9 71.4 53.6 55.7
GOM 50.9 49.1 66.7 51.9 50.9

One-vs-others, explained variability (%)
FO 5.9 10.4 36.6 9.3 5.8
IOM 11.7 19.5 5.7 21.0 14.1
ICE 18.0 5.9 21.4 3.5 15.9
GOM 10.9 4.6 25.0 6.1 15.8

One-vs-others, G and D values
FO 57.8 61.5 87.5 53.3 54.4
IOM 64.3 60.6 62.2 59.7 54.9
ICE 59.3 55.7 75.0 55.7 57.1
GOM 58.2 56.4 66.7 53.7 54.5

Low-pass filtered, one-by-one, explained variability (%)
FO 9.5 6.3 95.7 3.3 6.0
IOM 12.8 21.3 9.6 26.4 23.4
ICE 29.9 6.4 98.6 0.8 32.8
GOM 9.6 2.5 59.9 2.6 21.9

Low-pass filtered, one-by-one, G and D values
FO 51.5 51.5 100.0 50.4 50.0
IOM 60.3 66.2 65.6 61.8 58.2
ICE 60.3 55.1 100.0 49.3 58.5
GOM 52.0 54.9 100.0 68.0 58.8

Low-pass filtered, one-vs-others, explained variability (%)
FO 9.5 10.4 97.1 15.9 6.0
IOM 14.7 32.3 10.9 32.4 23.4
ICE 30.4 11.6 100.0 1.9 14.1
GOM 18.1 7.5 61.4 4.6 41.4

Low-pass filtered, one-vs-others, G and D values
FO 54.3 61.5 100.0 50.4 51.9
IOM 60.3 66.2 71.9 64.7 58.8
ICE 64.7 58.1 100.0 51.5 61.0
GOM 56.0 62.7 100.0 73.5 64.7
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sample geometry, seasonal growth rate variations and ontogenetic 
age− /growth rate-related trends in element/Ca profiles, nor accounted 
for possible temporal lags in response to environmental change or minor 
temporal alignment errors. Though obscured by vital effects, shell 
element chemical properties of A. islandica encode environmental 
properties, but signal extraction will remain extremely challenging or 
practically impossible unless much more detailed information is avail
able on the chemistry of the immediate ambient environment, digested 
food items and the biomineralization fluid including temporal changes 
thereof. In the following, the potential use of the studied shell element/ 
Ca data as environmental proxies will be discussed in some more detail. 

4.1.1. Sr/Ca and Mg/Ca 
In agreement with data from inorganic aragonite (Gaetani and 

Cohen, 2006), Sr and Mg/Ca chronologies of all sites except GOM were 
significantly negatively correlated with temperature (Fig. 3; Table 3). 
Up to 30% (ICE) and 32% (IOM) of the variance in age-detrended annual 
shell Sr/Ca and Mg/Ca values, respectively, were explained by water 
temperature, which is broadly comparable with previously reported 
values (41 and 27%, respectively) also determined in the hinge portion 
of A. islandica from Iceland (Schöne et al., 2011). More importantly, 
detrended Sr/Ca (Fig. 4) and to a lesser degree detrended Mg/Ca curves 
(Supplements 1) of all four specimens at ICE closely resembled the low- 
frequency (quasi-decadal, multidecadal) oscillations of water tempera
ture. A similar observation was made by Schöne et al. (2011) in three 
other shells from the same region. Such a consistent synchrony of 
element signals cannot be mere chance and this leads to the conclusion 
that temperature contributes to the variability of annual shell Sr/Ca and 
Mg/Ca values. 

However, opposite results were reported from the relationship be
tween temperature and Sr/Ca or Mg/Ca values of A. islandica on intra- 
annual time-scales, i.e., during the main growing season (= within 
annual increments). As shown by Wanamaker and Gillikin (2019), in the 
ventral margin (outer portion of the outer shell layer) of juvenile, 
laboratory-grown specimens from GOM, Sr/Ca was unrelated and Mg/ 
Ca weakly positively linked to temperature. In field-grown, juvenile 
ocean quahogs from ICE, Brosset et al. (2022) observed a weak positive 
correlation between temperature and Sr/Ca values in the (inner portion 
of the outer shell layer of the) ventral margin, but none in the hinge 
plate. Notably, mathematical removal of microstructure-related (=
biomineral unit area) or growth rate-related effects did not result in any 
major change of the Sr/Ca vs T relationship (Brosset et al., 2022), sug
gesting neither growth rate kinetics nor the size of individual biomineral 
units of the crossed-acicular microstructure had a significant impact on 
the chemical composition of the shell. However, this does not preclude 
the possibility that other microstructural variables such as habit of in
dividual biomineral units, crystal surface area etc. or the processes 
controlling them were important. 

Similarly contradictory findings on the relationship between tem
perature and intra-annual shell Sr or Mg/Ca ratios were reported for 
many other bivalve species, and even for closely related taxa (Yan et al., 
2011, 2013, 2014; Sano et al., 2012). Results reach from negative (Yan 
et al., 2014; Füllenbach et al., 2015; Zhao et al., 2017a) to positive (Hart 
and Blusztajn, 1998) to no correlation (Foster et al., 2009; Sano et al., 
2012; Poulain et al., 2015; Vihtakari et al., 2016) and encompass field- 
grown and laboratory-raised specimens (e.g., Yan et al., 2013; Warter 
et al., 2018). Remarkably, such studies almost always focused on short- 
lived species or a few selected early ontogenetic years of longer-lived 

Fig. 4. (A) At NE Iceland, the shell Sr/Ca chronologies of the 
four specimens of Arctica islandica showed notable visual 
agreement, specifically on quasi-decadal and multidecadal 
time-scales suggesting that the incorporation of strontium into 
the shell is partly controlled by an external forcing. (B) The 
average shell Sr/Ca chronology of that site correlated moder
ately strongly with instrumental water temperature. After low- 
pass filtering, 30% of the changes in shell Sr/Ca are mathe
matically explained by water temperature (see Fig. 3 and 
Table 3). Note, the temperature axis is inverted. Shell Sr/Ca is 
anticorrelated to water temperature as the case in inorganic 
aragonite.   
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Table 4 
Comparison of the chemical composition of seawater, inorganic aragonite and Arctica islandica shells. Seawater chemistry was taken from compilation at MBARI from their website at https://www.mbari.org (“Periodic 
Table of Elements in the Ocean”, lass access: 16 May 2022). Data for the borate/bicarbonate ratio of seawater were taken from Yu et al. (2007). Data of Kinsman (1970) taken from Ram and Erez (2021). Asterisk denotes 
values calculated for a given temperature using approximation equations provided by cited authors. Av = average; Bgr = background.  

Ultrafiltered seawater Inorganic aragonite  Arctica islandica 

X/Ca Molar ratio KD Ref. Precipitation conditions Annual X/Ca    KD values (2–11 ◦C)        

Av Min Max Bgr Unit Av Min Max Bgr 

B/Ca 40.51 mmol/mol             
B(OH)4

− /HCO3
− 40 mmol/mol 0.0003–0.03 Mavromatis et al., 2015 T = 5–25 ◦C, pH = 7.42–9.49 0.10 0.05 0.15  mmol/mol 0.0025 0.0013 0.0038    

0.071 Holcomb et al., 2016 T = 20–40 ◦C, pH = 7.4–9.5          
Na/Ca 45.67 mol/mol 0.00040 Kinsman, 1970 T = 15 ◦C 20.53 16.05 26.96  mmol/mol 0.0004 0.0004 0.0006    

0.00043 Kitano et al., 1975 T = 25 ◦C          
Mg/Ca 5.13 mol/mol 0.00047 Gabitov et al., 2011 T = 25 ◦C 0.38 0.10 0.86  mmol/mol 0.00007 0.00002 0.00017    

0.00123 AlKhatib and Eisenhauer, 2017 T = 12.5 ◦C, pH = 8, S = 35.38            
0.00237 Gaetani and Cohen, 2006 T = 2 ◦C*            
0.00189 Gaetani and Cohen, 2006 T = 11 ◦C*            
0.00137 Gaetani and Cohen, 2006 T = 25 ◦C*            
0.01490 Gaetani and Cohen, 2006 T = 5 ◦C, pH = 9.65            
0.00170 Gaetani and Cohen, 2006 T = 15 ◦C, pH = 9.50            
0.00133 Gaetani and Cohen, 2006 T = 25 ◦C, pH = 9.35          

Al/Ca 0.11 μmol/mol    0.01 0.0002 0.20  mmol/mol 92.52 1.85 1850.45  
Mn/Ca 35.05 nmol/mol    3.33 0.37 16.86  μmol/mol 95.00 10.56 480.98  
Zn/Ca 0.53 μmol/mol 3.20 Crocket and Winchester, 1966 T = 50 ◦C 1.91 0.67 22.03  μmol/mol 3.63 1.27 41.90  
Sr/Ca 8.67 mmol/mol 1.15 DeCarlo et al., 2015 T = 20 ◦C*, pH = 8.2–8.88 1.50 0.78 2.92  mmol/mol 0.17 0.09 0.34    

1.17 AlKhatib and Eisenhauer, 2017 T = 12.5 ◦C, pH = 8, S = 35.38            
1.27 Dietzel et al., 2004 T = 10 ◦C            
1.40 Gaetani and Cohen, 2006 T = 2 ◦C*            
1.30 Gaetani and Cohen, 2006 T = 11 ◦C*            
1.18 Gaetani and Cohen, 2006 T = 25 ◦C*            
0.42 Gaetani and Cohen, 2006 T = 5 ◦C, pH = 9.65            
1.24 Gaetani and Cohen, 2006 T = 15 ◦C, pH = 9.50            
1.13 Gaetani and Cohen, 2006 T = 25 ◦C, pH = 9.35          

Ba/Ca 10.61 μmol/mol 0.44 Mavromatis et al., 2018 T = 25 ◦C, pH = 6.28 5.70 0.76 29.24 2.00 μmol/mol 0.54 0.07 2.75 0.19   
2.07 Dietzel et al., 2004 T = 10 ◦C            
6.40 Gaetani and Cohen, 2006 T = 2 ◦C*            
4.54 Gaetani and Cohen, 2006 T = 11 ◦C*            
2.77 Gaetani and Cohen, 2006 T = 25 ◦C*            
1.81 Gaetani and Cohen, 2006 T = 5 ◦C, pH = 9.65            
2.99 Gaetani and Cohen, 2006 T = 15 ◦C, pH = 9.50            
2.11 Gaetani and Cohen, 2006 T = 25 ◦C, pH = 9.35          

Pb/Ca 1.27 nmol/mol    0.09 0.03 2.64  μmol/mol 71.10 23.70 2085.60   
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species, but rarely included annual Sr/Ca and Mg/Ca time-series 
covering decades or centuries (Marali et al., 2017a; Schöne et al., 
2011). The expected negative coupling between temperature and metal/ 
Ca values only seem to emerge in long element chronologies and when 
annual resolution is chosen, indicating that the integration of chemical 
data from annual growth lines could be essential. 

In A. islandica, intra-annual Sr/Ca and Mg/Ca values of up to ca. 4 
and 1 mmol/mol (corresponding to KD

Sr/Ca = 0.46 and KD
Mg/Ca =

0.000195), respectively, were measured in samples covering annual 
growth lines (Schöne et al., 2013), but – due to much stronger vital ef
fects and/or different types and amounts if organics – values were three 
to eight times lower in samples taken within annual increments (Schöne 
et al., 2011, 2013; Wanamaker and Gillikin, 2019; Brosset et al., 2022). 
Actual Sr and Mg/Ca ratios at the annual growth lines (few μm broad) 
are expected to exceed the values listed above, but the sampling reso
lution (LA spot diameter: 55 μm) was too coarse to determine their 
precise chemical composition. According to calculations taking the 
relative proportion within LA spots into account, annual growth lines 
may contain nearly as much Sr and Mg as observed in abiogenic 
aragonite indicating that their formation was under reduced vital con
trol (Schöne et al., 2013). This interpretation does not seem unlikely, 
because during growth line formation, food availability is strongly 
reduced, the metabolism slow and there was much less energy available 
to control the element incorporation into the shell (Brosset et al., 2022). 
Between 2 and 11 ◦C (the observed annual T range at the four sites of the 
present study), Sr/Ca and Mg/Ca values of inorganic aragonite would 
range between 11.28 and 12.11 and 9.72–12.15 mmol/mol, respectively 
(assuming invariant Sr/Cawater = 8.67 mmol/mol and Mg/Cawater =

5.13 mol/mol cf. MBARI). These numbers were computed with Eqs. (7) 
and (8) given by Gaetani and Cohen (2006). If the assumption is correct 
that vital effects are strongly reduced during annual growth line for
mation, the Sr/Ca and Mg/Ca values in respective shell portions should 
register temperature almost as faithfully as inorganic aragonite. The 
small proportion by which the annual growth lines contribute to the 
annual metal/Ca averages may explain why the relationship between 
these elements and temperature is not strong. 

Other important issues include the lack of information on the Sr/Ca 
and Mg/Ca values in the solution from which the shell actually forms as 
well the sources of these elements in the EPF (i.e., free water column, 
sedimentary porewater; ions, colloids, particles) and their temporal 
variability. The successful application of the Sr/Ca or Mg/Ca ther
mometer critically depends on the chemistry of the biomineralization 
solution (cf. Vihtakari et al., 2016). While Sr/Ca and Mg/Ca values in 
the water column above the fluffy layer may be constant within the 
world ocean on long time-scales (Broecker and Peng, 1982; Nozaki, 
1997), they can vary markedly in different portions of the ocean (e.g., in 
the upper 5 m: Sr/Cawater = 7.80 to 10 mmol/mol, Mg/Cawater = 4.07 to 

6.60 mol/mol, Lebrato et al., 2020) and on short temporal scales (see 
Supplements 5 for own data from Iceland), e.g., due to riverine influx (de 
Villiers, 1999). Assuming the same temperature sensitivity as in inor
ganic aragonite (− 0.04 mmol/mol/1 ◦C; Gaetani and Cohen, 2006), an 
unnoticed Sr/Cawater change by ±0.15 mmol/mol (which is the approx. 
Half the range provided by Lebrato et al., 2020, for surface waters of 
ICE) would translate into a temperature change of ±3.8 ◦C, which ex
ceeds the inter-annual range at any studied site. Moreover, the chemical 
composition of the water column does not necessarily reflect that of the 
water accessed by the bivalves. With its short siphons, A. islandica in
hales water directly at the sediment water interface (Morton, 2011), i.e., 
from the fluffy layer, which is influenced by the benthic element fluxes 
to the ocean (e.g., Bruland and Lohan, 2003). In addition, at least the 
bivalve foot and parts of the mantle are engulfed by sedimentary pore
water, from which ions can reach the body fluids. It should also be kept 
in mind that the water chemistry is typically determined in filtered (0.22 
to 0.45 μm pore diameter; Lu and Wang, 2019) samples and thus reflects 
a mixture of both the dissolved and small colloid fractions. These two 
fractions may not necessarily be chemically identical (Martin et al., 
2021) nor entirely biologically available for bivalves (Wang and Guo, 
2000). 

Furthermore, as demonstrated by Ba/Ca (Fig. 1F; and Mn/Ca see 
Supplements 1), the chemical composition of the body fluids of bivalves 
is not only determined by the ambient seawater chemistry, but also by 
elements bound to digested particles (e.g., Sr: Poigner et al., 2012). 
Therefore, the chemistry of the EPF can differ from that of ultrafiltered 
seawater. More importantly, aside from seasonally varying dietary 
composition, the food preferences and food selection capabilities may 
change during lifetime. In A. islandica, diet likely consists of organic 
detritus during youth, but an increasingly larger proportion of fresh 
phytoplankton during later stages of life (Schöne et al., 2022). Consid
ering the variable chemical properties of different food items (Martin 
and Knauer, 1973; Barats et al., 2009, 2010; Thébault et al., 2009; 
Thébault and Chauvaud, 2013), this can result in significant temporal 
variability of the chemical composition of the biomineralization solu
tion, which, if it remains unconsidered, can obscure potential temper
ature signals recorded in shell Sr and Mg/Ca values. Differences in the 
chemistry of inhaled water and food may also explain the site-specific 
element/Ca regression curves (especially that at GOM; Fig. 3; Table 2; 
Supplements 1) and represent the main reason why no universally 
applicable equation can be provided to compute temperature from shell 
Sr/Ca or Mg/Ca. 

In summary, the strongest argument for a causal link between annual 
shell Sr/Ca or Mg/Ca data and temperature – besides statistically sig
nificant negative correlation and running dissimilarity – is the syn
chrony of element/Ca profiles and their agreement with low-frequency 
changes of temperature (Fig. 4). Practically, however, it still remains 

Fig. 5. Partition coefficients of shells of Arctica islandica 
compared to such of inorganic aragonite (references see 
Table 4). Most element/Ca values are depleted (red arrow) in 
shells relative to abiogenically precipitated aragonite (values 
plot below grey curve of unity) suggesting strong vital effects 
control the incorporation of respective elements into the shell. 
Na, Ba and Zn are slightly enriched (green arrow) in the shells 
relative to Ca and plot above the grey curve suggesting that 
these elements are either biologically enriched in shells or were 
taken up from other sources. (For interpretation of the refer
ences to colour in this figure legend, the reader is referred to 
the web version of this article.)   
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impossible to reconstruct quantitative temperature data from annual Sr/ 
Ca and Mg/Ca shell ratios, because only up to about one-third of the 
chemical variability is explained by temperature and other factors for 
which no proxies are available (e.g., biomineralization chemistry) 
obscure the temperature signal. Most importantly, the intercepts of the 
regression curves differed between sites, which prevents us from 
establishing a universal metal-based thermometry equation. In order to 
employ Sr/Ca or Mg/Ca values as paleotemperature proxies, a detailed 
site-specific calibration would be needed. However, if the transfer 
function constructed with modern specimens is applied to fossils, the 
assumption needs to be made that the chemical properties of the bio
mineralization solution (i.e., the chemistry of inhaled water and food) 
remained unchanged through time. 

4.1.2. Ba/Ca 
The strong correlation and synchrony of Ba/Ca series between 

contemporaneous specimens at IOM, ICE and GOM suggests that Ba 
incorporation into the shell is driven by a common external forcing, 
while the lack of reproducibility between the two shells from FO points 
to significant temporal alignment errors or physiological differences 
(Fig. 2; Table 2). Ba/Ca profiles of contemporaneous specimens from the 
same habitat are typically highly synchronous, not only in A. islandica 
(Marali et al., 2017b), but also in many other bivalve species (Barats 
et al., 2009; Gillikin et al., 2008; Doré et al., 2020). The synchrony is 
largely driven by sharp erratic Ba/Ca peaks on intra-annual time-scales 
that typically exceed the low background levels by multiple times 
(Gillikin et al., 2008; Thébault et al., 2009; Hatch et al., 2013). 

Similar to Sr and Mg, the incorporation of Ba is probably biologically 
controlled, because the background levels (< 2 μmol/mol) remained 24 
to 34 times (KD

Ba/Ca < 0.19; assuming T = 2–11 ◦C and invariant Ba/ 
Cawater = 10.61 μmol/mol cf. MBARI) below values observed in abio
genic aragonite (Gaetani and Cohen, 2006: KD

Ba/Ca = 4.54 to 6.40) 
(Table 4; Fig. 5). Changes of the shell Ba/Ca background reportedly 
covary with the Ba/Cawater value, which in turn, is inversely coupled to 
salinity (Gillikin et al., 2005, 2008; Poulain et al., 2015). The sharp 
erratic peaks (Fig. 1F; best seen in intra-annual chronologies: Supple
ments 1), however, are most certainly not solely caused by the uptake of 
barium from the water column, but also by the ingestion and digestion of 
particulate Ba. This assumption is supported by KD

Ba/Ca values that 
exceed the corresponding value of inorganic aragonite (Gaetani and 
Cohen, 2006) by 1.6 to 2.3 times (Table 4). Instead of a strong corre
lation of shell Ba/Ca peaks with bulk phytoplankton as originally pro
posed by Stecher III et al. (1996), more recent studies suggest that the 
ingestion of specific phytoplankton species enriched in barium is 
responsible for the sharp shell Ba/Ca excursions (Thébault et al., 2009; 
Fröhlich et al., 2022a). It is therefore not entirely surprising that the 
correlation and running similarity of shell Ba/Ca with Chl a in the cur
rent study often remained below the significance threshold (Fig. 3; 
Table 3) (and were often weak in previous works, e.g., Gillikin et al., 
2008). To identify which particular photoautotrophic species caused the 
Ba enrichment in the studied shells would require high-resolution 
chronologies of the abundance and chemical composition of photoau
totrophic species that were actually consumed by the ocean quahogs. 
Such information is currently unavailable for the study sites. 

In agreement with observations on synthetically precipitated 
aragonite, Wanamaker and Gillikin (2019) noticed a negative correla
tion between intra-annual shell Ba/Ca values of A. islandica and ambient 
water temperature. Evidently, a meaningful link with temperature is 
only expected in the absence of sharp shell Ba/Ca peaks, which are more 
strongly controlled by food than salinity or temperature, and unlikely to 
occur in annually averaged data (Fig. 3; Table 3). To compare annual 
shell Ba/Ca chronologies with temperature, it would be necessary to cut- 
out these peaks from the Ba/Ca chronologies. Aside from the fact that 
this would result in biased annual Ba/Ca averages, an objective sepa
ration of background data and peaks appears unfeasible. 

4.1.3. B/Ca 
A common external driver also seems to have controlled shell B/Ca 

variations, because at all sites with well-crossdated chronologies, B/Ca 
series of contemporaneous specimens were significantly correlated with 
each other and the inter-annual B/Ca variations were significantly 
synchronized (Figs. 1, 2; Table 2). Chronologies from IOM and GOM 
covaried particularly strongly with each other. Strong inter-specimen 
reproducibility was also reported from boron concentrations in shells 
of other bivalve species (Roopnarine et al., 1998). In planktonic fora
minifera (Foster, 2008), scleractinian corals (Allison et al., 2010) and 
inorganic CaCO3 (Sanyal et al., 2000), B/Ca values are linked to pH, 
reflecting the relative abundance of borate and boric acid (Hemming 
and Hanson, 1992; Yu et al., 2007). So far, no strong relationship be
tween pH and B/Ca was verified in bivalves (e.g., McCoy et al., 2011). In 
the present study, the hypothesis could not be tested, because no suit
able instrumental pH chronologies were available for comparison with 
shell B/Ca values of A. islandica. As in Mytilus californianus (McCoy et al., 
2011), the partitioning of boron between the shell and ambient water 
was under strong physiological control in A. islandica, which is indicated 
by 12 to 28 times lower B/Ca values than observed in inorganic 
aragonite (or 8 times higher depending on which KD values are used) 
(Table 4; Fig. 5). The low correlation between B/Ca and increment width 
further suggests that shell growth rate had little to no effect on the 
incorporation of boron into the shell. Apparently, protons were effec
tively removed from the biomineralization site (possibly by means of a 
Na+/H+ pump, see Section 4.1.4) – during both slow and fast growth – in 
order to maintain stable pH conditions at the growth front. It would 
therefore not be expected that shell B/Ca recorded changes of pH at the 
site of biomineralization. B/Ca chronologies of the studied ocean qua
hogs were also not coupled to salinity. Such as link was suggested by 
Furst et al. (1976) for M. edulis and Roopnarine et al. (1998) for Chione 
californiensis and Chionopsis gnidia. However, a significant negative 
correlation (up to 41% explained variability) was detected between shell 
B/Ca and temperature at all sites (Fig. 3; Table 3), an observation that 
substantiates previous findings from Mytilus californianus shells (McCoy 
et al., 2011), but differs to observations made for synthetic aragonite 
(Holcomb et al., 2016), and should thus be investigated in more detail in 
future studies. 

4.1.4. Al/Ca, Zn/Ca, Pb/Ca 
Besides episodic peaks, specifically at IOM, the concentrations of 

these metals largely remained below corresponding detection limits 
preventing a reliable interpretation of these data (Fig. 1C, D, G). In the 
following, we will discuss to which extend peaks in shell Al, Zn and Pb/ 
Ca values may have been triggered by environmental forcings. 

Lead is toxic to organisms and reaches the ocean in particulate form 
via rivers or as aerosols that become dissolved in surface waters (Wu and 
Boyle, 1997; Botté et al., 2022). Dissolved Pb then gets adsorbed to 
organic particles that sink to the seafloor (Wu and Boyle, 1997) where 
they can be digested by benthic organisms. Ingestion and digestion of 
particulate lead may explain the observed Pb/Ca peaks in individual 
specimens. A small fraction of Pb remains dissolved in the water and is 
therefore available to bivalves. Lead diffusing out of the sediment 
(Westerlund et al., 1986) may provide another source for peak Pb/Ca in 
shells. 

As indicated by previous work, bivalve shells can record temporal 
changes of Pb contamination in the environment (Price and Pearce, 
1997; Krause-Nehring et al., 2012; Holland et al., 2014b), but analysis 
should be based on a large number of specimens to account for large 
individual differences in Pb/Ca values (Gillikin et al., 2005). In contrast, 
Vander Putten et al. (2000) suggested that changes in shell Pb/Ca 
largely mirror seasonally varying amounts of shell organics to which this 
metal is bound rather than variations of Pb availability in the environ
ment. However, this hypothesis would require that Pb/Ca gradually 
increases through lifetime paralleling the ontogenetic increase in shell 
organics, which was not observed in A. islandica (Fig. 1G). 
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Aluminum can impair metabolic functions in invertebrates and is 
therefore considered a severe toxin (Rosseland et al., 1990). Similar to 
lead, this pollutant reaches the ocean by atmospheric deposition and 
riverine influx and binds to particles (Menzel Barraqueta et al., 2020) 
which can subsequently be consumed by benthic organisms. As 
aluminum also diffuses out of the sediment (Menzel Barraqueta et al., 
2020), bivalves may also assimilate this metal in its dissolved form 
(Poigner et al., 2012). Like Zn, Al/Ca values were rarely studied at high 
spatial resolution in marine bivalve shells. Warter et al. (2015) used 
shell Al/Ca profiles of Tridacna along with a range of other element/Ca 
values as an indicator for diagenesis. Due to the lack of partition co
efficients for Al and Pb/Ca of inorganic aragonite, it currently remains 
difficult to interpret the observed KD values in the shells (equaling ca. 2 
for both metals; Table 4). However, judging from the sharpness of the 
peaks is appears reasonable to assume that the Al/Ca peaks result from 
particulate Al uptake or sedimentary porewater efflux. 

Free Zn ions are rare in seawater, because this metal forms stable 
complexes with organic ligands (Bruland, 1989) and is rapidly taken up 
by phytoplankton (Bruland et al., 1978) for which it serves as the second 
most essential micronutrient (Rueter and Morel, 1981; Morel et al., 
1994; Weber et al., 2018). This likely explains the low Zn/Ca levels (well 
beyond LOD) in most of the studied shells. In turn, episodic Zn/Ca peaks 
associated with KD

Zn/Ca values up to 42 times higher than those of inor
ganic aragonite (Table 4; Fig. 5) point to another source apart from zinc 
dissolved in seawater. These Zn/Ca peaks potentially reflect large 
phytoplankton blooms, either caused by the digestion of diatoms or – as 
suggested by de Winter et al. (2017) – by exposure to increased amounts 
of Zn2+ released at the seafloor during the decay of phytoplankton cells 
(Bruland et al., 1978; Vance et al., 2017). However, zinc can also reach 
the oceans in large quantities with urban and industrial wastewater 
discharges (Wang et al., 2012; Mahboob et al., 2022), causing toxic ef
fects in organisms (Ma et al., 2020) and eventually accumulating in 
sediments. Digestion of particulate Zn can then become encoded in the 
shell and interpreted as contamination with this heavy metal. At a dump 
site of the western Baltic Sea, Liehr et al. (2005), measured average Zn 
concentrations of ca. 40 ppm in A. islandica shells (equivalent to ca. 64 
μmol/mol), whereas values at a control site were much lower. For 
comparison, highest sub-annual peaks at IOM attained 66 μmol/mol 
(Supplements 1). In connection with the Pb/Ca and Al/Ca peaks (above 
LOD), strongly elevated Zn/Ca data at IOM (Fig. 1D) more likely result 
from pollution rather than phytoplankton blooms. As yet, it is unclear at 
which proportion these metals are incorporated into the shells relative 
to their concentration in the ambient environment, and therefore no 
transfer functions are yet available which would be required to quantify 
the heavy metal pollution. Future calibration work is thus needed. 

4.2. Ontogenetic age-related and growth rate-related changes of elements 

Due to limited environmental and physiological data as well as 
missing information on the source and fate of elements, we can only 
speculate on the possible causes for the observed relationships between 
element/Ca ratios and ontogenetic age and growth rate (Fig. 1). Onto
genetically increasing amounts of chemical impurities in bivalve shells 
could have resulted from physiological changes. For example, the ability 
to preclude certain trace and minor elements from incorporation into the 
shell may have gradually weakened during lifetime as a result of energy 
rerouting. To quickly escape the predation window, juvenile bivalves 
likely devote most energy toward size increase and thus shell formation. 
Especially, the high demand for Ca2+ and HCO3

− during fast shell growth 
can only be met by active, i.e., energy-consumptive transport of these 
ions across the mantle epithelia toward the site of biomineralization 
(Carré et al., 2006). If the assumption holds true that – due to similar ion 
radii and charge – active transmembrane transport of Ca2+ to the growth 
front is associated with that of Sr2+ (Carré et al., 2006), one would 
expect increased amounts of strontium to substitute for calcium in the 
crystal lattice of aragonite in juvenile portions of the shell. However, the 

opposite was observed herein. Lowest shell Sr/Ca levels were found in 
the broadest annual increments (Fig. 1E). Furthermore, the incorpora
tion of Sr2+ into the shell is unaffected by blocking of Ca2+ channels and 
Ca2+-ATPase in Corbicula fluminea suggesting that strontium (as well as 
Mg and Ba) is not primarily reaching the biomineralization site through 
such intracellular Ca2+ transport mechanisms (Zhao et al., 2017b). In 
particular during the main growing season (i.e., when the annual 
increment is formed), Sr2+ and other ions were thus most likely actively 
precluded from the incorporation into the shell. This could have been 
accomplished, for instance, by specialized transmembrane pumps that 
transported these ions away from the biomineralization solution or some 
other, yet unexplained mechanism that caused the lower KD values than 
in inorganic aragonite. Such a process would require energy. However, 
with progressing age, energy is likely increasingly used for gamete 
production and somatic maintenance instead of rapid biomineralization 
and removal of unwanted ions. As a consequence, ontogenetically older 
shell portions contained larger amounts of certain trace impurities (B, 
Sr, Mg, Al, Zn and Ba; Fig. 1), which can lead to increasingly harder, but 
also more brittle material (Deng et al., 2022). In addition, slower shell 
growth was also accompanied by lower amounts of protons generated 
during CaCO3 formation. Consequently, the activity of ion exchangers, 
including the Na+/H+ pump (Zhao et al., 2017c) decreased, which may 
explain the exponential decline of shell Na/Ca values during ontogeny 
(Supplements 1). 

Besides active removal of ions from the biomineralization site, the 
chemistry of the EPF varied in response to ontogenetic changes of food 
preferences and food selection capabilities (Schöne and Huang, 2021). 
Following Morton (2011), due to their short siphons, A. islandica pre
dominantly consumes suspended organic particles from the fluffy layer 
as well as organic detritus collected from the sediment floor. Older, 
larger ocean quahogs, however, can likely produce a stronger inhalant 
current and thus gain increasing access to fresh phytoplankton in the 
water body above the fluffy layer. This would fit to the observation by 
Erlenkeuser (1976) who noted that ocean quahogs are “real gourmets 
which feed on the most recent organic matter only”. In addition, this is 
supported by a decline in bulk δ15N values of shell organic matter 
(Schöne and Huang, 2021) as well as a gradual decrease in trophic po
sition of the bivalves through ontogeny (Huang et al., 2023). Consid
ering the Ba-enrichment in certain phytoplankton species (Thébault 
et al., 2009; Fröhlich et al., 2022a), the increasing proportion of fresh 
phytoplankton in the diet of the bivalves during later stages of life could 
explain the ontogenetic increase in annual shell Ba/Ca values. At the 
same time, decreasing amounts of Pb-containing organic particles could 
have been ingested which resulted in lower Pb/Ca values in shell por
tions formed later during life (Fig. 1F, G). Along with the ontogenetic 
shift in diet, the shell protein composition changed (Goodfriend and 
Weidman, 2001), which may have affected the chemical composition of 
the shell, because some trace and minor elements are bound to specific 
organic compounds (e.g., Onuma et al., 1979; Foster et al., 2008; 
Takesue et al., 2008; Schöne et al., 2010; Izumida et al., 2011; Yoshi
mura et al., 2014). Future research is certainly needed to shed further 
light on these issues and clarify which ions other than Sr and Mg can be 
bound to organic matrices. 

With a larger body and the ability to produce a stronger inhalant 
water current, older bivalves are probably also less strongly influenced 
by sedimentary porewater efflux, because they can access a larger pro
portion of water above the fluffy layer. This mechanism has previously 
been evoked to explain the decreasing shell Mn/Ca values through 
ontogeny (Schöne et al., 2022) and may likewise apply to other redox- 
sensitive elements. 

While physiological changes can explain the non-linear shifts of 
many elements through ontogeny, the overall nearly linear increase of 
shell Sr/Ca and Mg/Ca values (Fig. 1B, E) probably resulted from two 
antagonizing non-linear trends: a logarithmic increase caused by phys
iological changes similar to those observed in B/Ca (Fig. 1A) as well as 
an exponential rise. The latter can be explained by annual averages 
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computed from an increasingly larger proportion of LA spots covering 
annual growth lines during lifetime. Considering the significant Sr and 
Mg enrichment near annual growth lines (Schöne et al., 2013; Shirai 
et al., 2014) and the exponential decline of shell growth rate, the annual 
Sr/Ca and Mg/Ca values are expected to increase exponentially through 
ontogeny and with declining annual increment width. When the loga
rithmic and exponential curves are combined, the resulting Sr/Ca and 
Mg/Ca curves show a linear increase. 

Despite growth rate being strongly correlated to shell element/Ca 
values, it still appears unlikely that growth rate-related kinetics exerted 
a major control on shell element/Ca values. Firstly, non-linear re
lationships with growth rate were not only observed in Sr/ and Mg/Ca 
ratios, but also B, Na and Mn/Ca (Fig. 1; Supplements 1). The latter three 
element/Ca data were not strongly elevated or depleted near annual 
growth lines and neither did they exhibit any other sharp periodic ex
cursions (Supplements 1). Secondly, after age-detrending, the residuals 
of all element/Ca values were barely correlated to growth rate any more 
(Supplements 4). The mathematical elimination of ontogenetic age- 
related effects from element chronologies removed most of the corre
lation with increment width. Thirdly, nearly identical Sr/Ca and Mg/Ca 
values have been measured in contemporaneous shell portions of the 
hinge and the ventral margin of A. islandica, although the former grows 
considerably slower than the latter (Brosset et al., 2022). The role of 
precipitation rate (= kinetic) effects on the partition of cations between 
the calcifying fluid and the mineral has been debated not just in the 
bivalve sclerochronology community (Dodd, 1965; Stecher III et al., 
1996; Takesue and van Geen, 2004; Gillikin et al., 2005; Foster et al., 
2009; Schöne et al., 2011; Wanamaker and Gillikin, 2019), but also in 
studies focusing on inorganically precipitated aragonite. Whereas Sr/Ca 
ratios increased non-linearly with the rate of inorganic aragonite pre
cipitation in some experiments (Gaetani and Cohen, 2006), no such ef
fect was observed in others (Zhong and Mucci, 1989) demonstrating that 
environmental parameters were more important. 

A more detailed interpretation of the observed relationships between 
shell element chemistry and ontogenetic age or growth rate would 
require a thorough analysis of intra-annual data, which is beyond the 
scope of the present study. In particular, this would allow us to test in 
detail which elements other than Sr and Mg are empirically linked to the 
prevailing shell microstructure. Such analyses should be completed in 
the ventral margin, because this shell portion offers a larger temporal 
resolution. In addition, LA spot analysis would provide more robust data 
than the line scan approach, because no data smoothing would occur 
and the data would be less noisy because measurements are completed 
on larger amounts of ablated shell material. 

4.3. Reproducibility assessment 

A meaningful comparison of chronologies requires that each data 
point represents the same amount of time. Minimizing the time- 
averaging bias resulting from variations in seasonal shell growth rate 
is thus a major prerequisite to assess inter-specimen reproducibility and 
detect potential links between the shell chemistry and environmental 
variables. For this purpose, weighted annual averages were computed. 
Without this mathematical transformation, data from fast growing shell 
portions would have contributed disproportionately strongly to the 
annual average (Schöne et al., 2022) and masked potentially existing 
agreement between chronologies. 

The agreement between shell chemistry and environmental variables 
as well as the chemical reproducibility between specimens was subse
quently assessed with two different methods, i.e., regression analysis 
and sign tests. Sign tests are typically used for crossdating (Eckstein and 
Bauch, 1969), but surprisingly rarely for proxy calibration purposes. 
Many studied pairs of chronologies yielded statistically significant re
sults for both tests (i.e., positive correlation and running similarity or 
negative correlation and running dissimilarity) lending strong support 
to the hypothesis that the chronologies shared common signals. 

However, in some cases, only one of the two tests returned significant 
results (Tables 2, 3; Fig. 6A). Statistically significant correlation without 
significant synchrony can occur if the low-frequency components of two 
chronologies are synchronized, whereas the high-frequency (year-to- 
year) changes are not (Fig. 6B). This indicates that the longer-term 
extrinsic signal is preserved in both series, but individual physiolog
ical factors etc. may have controlled element/Ca values on inter-annual 
time-scales (resulting in low G values). In contrast, two chronologies can 
exhibit significant running similarity without being significantly corre
lated to each other (Fig. 6C). In that case, inter-annual environmental 
variations are driving the synchronization between the chronologies 
(detectable by sign tests), whereas lower-frequency (physiological and 
other environmental) components differ between the two chronologies 

Fig. 6. Numerical models demonstrating how inter-series synchrony can be 
quantified with regression analysis and sign-tests. (A) Both chronologies are 
significantly correlated, but year-to-year changes are not statistically signifi
cantly similar (running similarity, G values not significant). (B) Both series are 
significantly correlated with each other and inter-annual changes are syn
chronous. (C) Correlation remains below significance threshold, but series 
exhibit significant running similarity. 
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causing overall weak and insignificant correlation. In both cases where 
just one test returned significant results, the series preserve common 
environmental signals and can thus be considered reproducible. By 
applying sign tests in addition to regression analysis, it was possible to 
identify reproducibility in incompletely detrended chronologies, i.e., 
where remaining low-frequency components obscured correlation (Ta
bles 2, 3). 

Heteroscedasticity, i.e., the change in data variance through 
ontogeny is another reason for poor correlation between chronologies 
including the relatively low correlation between element/Ca chronolo
gies and environmental data sets. Most element time-series showed a 
gradual weakening of high-frequency oscillations and gradual 
strengthening of decadal-scale variability through the lifetime of the 
animal (Fig. 1). Partly, these transient signals may reflect ontogenetic 
shifts in physiology. Furthermore, elements with strong links to the shell 
microstructure such as Sr and Mg (both enriched near annual growth 
lines; Schöne et al., 2013; Shirai et al., 2008), frequency shifts can be 
explained by an increasing proportion of data from growth lines which 
contribute to the annual averages as growth rate declines. A similar 
averaging bias may also occur in element time-series with comparable 
sharp intra-annual peaks (e.g., B, Na, Al, Ba, and Pb; Supplements 1). 
Future research is needed to explore possibilities to adjust for such 
coupled variance differences and produce homoscedastic chronologies. 

5. Summary and conclusions 

Detrended chronologies of weighted annual B, Mg, Sr and Ba/Ca 
ratios measured in shells of A. islandica were reproducible between most 
specimens from the same site (Figs. 1, 2; Table 2; the same applies to Na, 
K and Mn, see Supplements 1 + 3), supporting the hypothesis that the 
incorporation of these elements is at least partly controlled by envi
ronmental forcings. Notably, the element chemical composition of some 
specimens differed strongly from that of other specimens, which is 
possibly due to significant physiological differences, microhabitat het
erogeneity or poor temporal alignment. It is thus crucial to study a 
sufficient number of specimens. The coupling between shell element 
content and environmental variables, was consistently weaker than the 
inter-specimen reproducibility (Figs. 2, 3; Tables 2, 3), suggesting that 
in-situ temperature, salinity and oxygen levels which the bivalves 
actually experienced may have differed from the environmental condi
tions recorded away from their habitat. Furthermore, the ionic compo
sition of the biomineralization solution from which the shells formed 
most likely deviated from the average ocean chemistry and also varied 
through time. If this remains unconsidered, transfer functions will not 
provide meaningful environmental proxy data. The mixing of chemical 
data from shell portions consisting of different microstructures or 
organic materials can further complicate the use of elements as envi
ronmental surrogates. However, such links have so far only been studied 
in a few elements and require future attention. 

Unless low-pass filtered, no consistently strong and significant rela
tionship was observed between shell Ba/Ca peaks and Chl a (Fig. 3; 
Table 3). Judging from findings in other taxa (Thébault et al., 2009; 
Fröhlich et al., 2022a), sharp Ba/Ca peaks were most likely related to the 
digestion of specific dinoflagellate and diatom species enriched in 
barium rather than bulk phytoplankton. If the diet of A. islandica was 
known in detail and temporally highly resolved time-series of the 
respective food items and their chemical composition were available, it 
may be possible to properly calibrate the shell Ba/Ca peaks with envi
ronmental data and apply this proxy to reconstruct the species compo
sition of past phytoplankton blooms. In conjunction with shell Mo/Ca 
and Li/Ca data, which are likewise related to specific photoautotrophs 
(Thébault et al., 2022; Fröhlich et al., 2022b), the species composition 
may be further constrained and some insight given into relative abun
dances. It would be required to conduct such calibrations and re
constructions on intra-annual time-scales, because phytoplankton 
blooms are ephemeral and accordingly, associated Ba/Ca, Mo/Ca and 

Li/Ca peaks are short-lived (e.g., Gillikin et al., 2008). 
The calibration of the Sr, Mg and B/Ca thermometers is significantly 

more challenging than qualifying the relationship between Ba/Ca and 
photoautotrophic species, because these elements can be derived from a 
variety of different sources whose relative proportion varies through 
time. Temperature could possibly explain a larger proportion of the 
variance in these element/Ca ratios than that observed in the present 
study (30 to 40% explained variability; Fig. 3; Table 3) if temporally 
highly resolved data were available about the (i) chemical composition 
of the biomineralization solution from which the shell eventually 
formed and (ii) the actual temperature of the water in which the bivalves 
lived. The chemistry of the EPF is presumably not only determined by 
the amounts of dissolved ions in the water above the substrate, but also 
by the benthic flux of elements into the overlying water body, and the 
chemical composition of digested food items, colloids and inorganic 
particles. In other words, the chemical composition of all possible 
sources of bioavailable elements needs to be determined including their 
relative contribution to the chemistry of body fluids of bivalves. 
Controlled tank experiments may provide the best option to investigate 
these aspects in detail. However, in practice it is probably impossible to 
reconstruct accurate temperatures from shell Sr, Mg and B/Ca data of 
(sub)fossil A. islandica – and likely most other bivalve species –, because 
there are no proxies for the EPF chemistry. 

Controlled tank studies may also help to further constrain the 
meaning of coherent variations of other shell element/Ca. For example, 
pH changes at the growth front of the shells could be monitored and 
compared to the shell Na/Ca values. Alternatively, the Na+/H+

exchanger could be inactivated with specific toxins (similar to the work 
by Zhao et al., 2017b) in order to test if both pH and shell Na/Ca values 
decrease. Under laboratory conditions, the concentration of Al, Zn and 
Pb in the water could also be artificially increased in order to determine 
the proportion by which these elements are incorporated into the shells. 
This information is required to quantitatively assess heavy metal 
pollution with shells of A. islandica. 
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Schöne, B.R., 2022a. Ba/Ca profiles in shells of Pecten maximus – a proxy for specific 
primary producers rather than bulk phytoplankton. Chem. Geol. 593, 120743 
https://doi.org/10.1016/j.chemgeo.2022.120743. 
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peaks in high-resolution profiles of calcite and aragonite marine bivalve shells. Geo- 
Mar. Lett. 28, 351–358. https://doi.org/10.1007/s00367-008-0111-9. 

Goodfriend, G.A., Weidman, C.R., 2001. Ontogenetic trends in aspartic acid racemization 
and amino acid composition within modern and fossil shells of the bivalve Arctica. 
Geochim. Cosmochim. Acta 65, 1921–1932. https://doi.org/10.1016/S0016-7037 
(01)00564-6. 

Griffin, S.M., 2012. Applying Dendrochronology Visual Crossdating Techniques to the 
Marine Bivalve Arctica islandica and Assessing the Utility of Master Growth 
Chronologies as Proxies for Temperature and Secondary Productivity in the Gulf of 
Maine. Unpublished Master’s Thesis. Iowa State University, Ames, IA, p. 237. 
https://doi.org/10.31274/etd-180810-1103. 

Hart, S.R., Blusztajn, J., 1998. Clams as recorders of ocean ridge volcanism and 
hydrothermal vent field activity. Science 280, 883–886. https://doi.org/10.1126/ 
science.280.5365.883. 

Hatch, M.B.A., Schellenberg, S.A., Carter, M.L., 2013. Ba/Ca variations in the modern 
intertidal bean clam Donax gouldii: an upwelling proxy? Palaeogeogr. 
Palaeoclimatol. Palaeoecol. 373, 98–107. https://doi.org/10.1016/j. 
palaeo.2012.03.006. 

Hemming, N.G., Hanson, G.N., 1992. Boron isotopic composition and concentration in 
modern marine carbonates. Geochim. Cosmochim. Acta 56, 537–543, 1992. 
https://doi.org/10.1016/0016-7037(92)90151-8. 
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Zhao, L., Schöne, B.R., Mertz-Kraus, R., 2017a. Controls on strontium and barium 
incorporation into freshwater bivalve shells (Corbicula fluminea). Palaeogeogr. 
Palaeoclimatol. Palaeoecol. 465, 386–394. https://doi.org/10.1016/j. 
palaeo.2015.11.040. 
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