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Abstract: Bivalve shells serve as powerful high-resolution paleoclimate archives. However, the
number of reliable temperature proxies is limited. It has remained particularly difficult to extract
temperature signals from shell Sr/Ca, although Sr is routinely employed in other biogenic arago-
nites. In bivalves, Sr/Ca is linked to the prevailing microstructure and is sometimes affected by
kinetics. Here, the hypothesis is tested that temperature can be reconstructed from shell Sr/Ca once
microstructure and/or growth-rate-related bias has been mathematically eliminated. Therefore, the
relationship between Sr/Ca and increment width, as well as biomineral unit size, has been studied in
three different shell portions of field-grown Arctica islandica specimens. Subsequently, microstructure
and/or growth-rate-related variation was removed from Sr/Ca data and residuals compared to
temperature. As demonstrated, the hypothesis could not be verified. Even after detrending, Sr/Ca
remained positively correlated to water temperature, which contradicts thermodynamic expectations
and findings from inorganic aragonite. Any temperature signal potentially recorded by shell Sr/Ca
is overprinted by other environmental forcings. Unless these variables are identified, it will remain
impossible to infer temperature from Sr/Ca. Given the coupling with the biomineral unit size, a
detailed characterization of the microstructure should remain an integral part of subsequent attempts
to reconstruct temperature from Sr/Ca.

Keywords: shell microstructure; biomineral unit; bivalve sclerochronology; Sr/Ca; seasonal growth
rate; temperature proxy

1. Introduction

Bivalve mollusks offer outstanding potential for paleoclimate research [1–7]. They
are biogeographically widely distributed, occur abundantly and are sometimes excellently
preserved in the fossil record. Based on shell growth pattern analysis, each sample taken
from the shells can be accurately dated to the nearest calendar year [8,9], day [10–12] or tidal
cycle [13–15], provided that the time of death or birth is known. While some species only
live for several months or years, offering valuable insights into sub-seasonal environmental
variability [16–19], others attain a lifespan of several hundred years [2,3,20–25]. The latter
can be used to reconstruct decadal and century-scale climate dynamics [4,26–32], specifically
if the growth increment series of many specimens with overlapping lifespans are crossdated
to form stacked chronologies that cover centuries to millennia, and can provide well-
replicated climate data [3,31,33,34].
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Despite major advances in bivalve sclerochronology during the last decade [35], the
quantitative reconstruction of environmental variables from shells, specifically ocean tem-
perature, remains a challenging task owing to the very limited number of well-accepted
proxies and the dual nature of many of those. For example, the stable oxygen isotope
value, by far the most frequently used surrogate for temperature in bivalves and other
biogenic archives, simultaneously records changes in temperature and the δ18O signature
of the ambient water [36,37]. Given that most bivalve species form their shells near oxygen
isotopic equilibrium with the water [38–40], temperatures can be reliably estimated from
δ18Oshell as long as the δ18Owater value is known or can be otherwise inferred, e.g., from
salinity [41], which is strongly correlated to δ18Owater. The shell growth rate, another poten-
tial temperature proxy in shells, is likewise controlled by several environmental variables,
i.e., temperature, food supply and food quality—e.g., [42–45]. Unless the influence of
food conditions on the shell growth rate has been quantified, changes in increment width
cannot provide precise temperature data. Amongst others, carbonate clumped isotopes
overcome the duality dilemma of the aforementioned proxies [46–49] and can potentially
occupy a prominent place in future bivalve sclerochronological studies. However, analytical
refinement is still needed, namely a reduction in error, sample size, sample throughput, etc.

In many other biogenic carbonates, strontium (in aragonite) and magnesium (in
calcite) can provide reliable temperature proxy data—e.g., [50,51]. However, in bivalves,
the interpretation of these elements has remained notoriously difficult. In particular, the
use of Sr in aragonitic shells as a proxy for temperature has been hotly debated, and
many controversial findings have been reported on the relationship with temperature,
ranging from negative to positive correlations to none at all—e.g., [52–59]. Some studies
even reported a link between Sr and the shell growth rate [60], rather than temperature.
There is a broad consensus, however, that the incorporation of Sr into shell aragonite is
controlled by vital and kinetic effects. This is firstly indicated by much smaller distribution
coefficients than in abiogenically precipitated aragonite [61]. Secondly, in most studies in
which the expected negative correlation between Sr/Ca and temperature was found, the
temperature sensitivity of shell Sr/Ca differed from thermodynamic expectations [62–66].
Another important, common observation is that the shell Sr content is tightly linked to
the prevailing shell microstructure [55,67–69], with strong enrichment at the growth lines
(reflecting periods of slow growth) and much lower values in the portions between adjacent
growth lines (=growth increments, periods of fast growth). For example, in Arctica islandica,
shell Sr/Ca values of more than 3 mmol/mol were measured in annual growth lines
(consisting of irregular simple/spherulitic prismatic [ISP] microstructure; for an overview
on abbreviations used in this paper, see Appendix A, Table A1), whereas those in the
annual growth increments (homogenous [HOM] microstructure in the outer portion of
the outer shell layer [oOSL]; crossed-acicular microstructure [CA] in the inner portion of
the outer shell layer [iOSL]) fluctuated between 0.7 and 1.3 mmol/mol [56,70]. Values in
contemporaneous shell portions of the oOSL were higher than those in the iOSL [70,71].
Similar differences were observed at a higher resolution within the annual increment of
Cerastoderma edule. While 3.5 mmol/mol Sr/Ca was measured in circatidal growth lines
(formed during low tide; ISP in iOSL), the circatidal increments (reflecting growth during
high tide; nondenticular composite prismatic in iOSL) contained only 2.5 mmol/mol [68].
It is worth noting that, in artificially cultivated bivalves, the shell microstructure is often
much more uniform than in field-grown specimens [72], and, in such bivalves, a statistically
significant negative correlation between shell Sr/Ca and temperature has occasionally been
reported [66].

Based on these findings, it is hypothesized here that temperature can be reconstructed
from shell Sr/Ca data once the microstructure and/or growth-rate-related bias has been
mathematically eliminated. To test this hypothesis, we have investigated the relationship
between molar shell Sr/Ca values and morphological parameters (area, elongation) of
the individual building blocks of the shell microstructure, i.e., individual biomineral
units (BMUs), in three different shell portions of field-grown A. islandica with a specific
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microstructure (oOSL: HOM, iOSL and hinge: CA). Furthermore, the coupling between
Sr/Ca and the growth rate was studied. In a subsequent step, we have mathematically
removed the microstructure and/or growth-rate-related variation from the shell Sr/Ca
data and compared the residuals to seasonal water temperature changes. The focus was
placed on BMU variations occurring during the main growing season, i.e., within annual
increments and, thus, the same microstructure category. If it were possible to unlock the
temperature information encoded in shell Sr/Ca, bivalve sclerochronology would make a
major leap forward and boost paleoclimate research.

2. Materials and Methods
2.1. Sample Material and Preparation

To assess the link between Sr/Ca values, growth rate and microstructural proper-
ties (BUM area and elongation) of the shells at high resolution (weekly/monthly), three
live-collected, juvenile specimens of A. islandica were studied (Table 1). The bivalves
were obtained by dredging from 7 m water depth at Þistilfjördur, NE Iceland (66◦11′ N,
015◦21′ W), on 17 August 2006. After return to the coast, the bivalves were shucked, and
the shells were rinsed with tap water. In the laboratory, the left valve of each specimen was
mounted on an acrylic glass cube using WIKO Multi Power 3 plastic welder. Along the
prospective cutting axis, the outer and inner shell surfaces were covered with a protective
layer of WIKO 05 metal epoxy resin. Once the plastic welder and epoxy resin had cured,
two approx. 2.5 mm-thick sections were cut from each valve along the axis of maximum
growth (Figure 1a) using a Buehler IsoMet 1000 low-speed saw (operated at 200 rpm)
equipped with a 0.4 thick diamond wafering blade (Buehler 15LC 11-4255). Subsequently,
both sections were ground on glass plates using F800 and F1200 SiC suspensions and
polished with 1 µm Al2O3 suspension on a Buehler MasterTex polishing cloth. After each
preparation step, the shell sections were ultrasonically cleaned in tap water. One section
of each specimen was then glued to a glass slide and used for in situ chemical analysis
via laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS), whereas
the mirroring section was attached to a one-inch sample holder with a carbon sticker for
microstructure analysis via scanning electron microscopy (SEM).

Table 1. Overview of specimens of Arctica islandica used in present study along with number of
chemical analyses and areas in which microstructural analyses were conducted. Bivalves were
collected alive at Þistilfjördur, NE Iceland (66◦10′ N, 015◦21′ W) on 17 August 2006. SEM = scanning
electron microscopy; LA = laser ablation.

Specimen ID Ontogenic
Age (yr)

# SEM Images # LA Spots
Ventral
Margin Hinge Ventral

Margin Hinge

ICE06-6.2-
A201L 7 318 44 315 31

ICE06-6.2-
A202L 6 353 21 351 21

ICE06-6.2-
A203L 4 259 15 298 21
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formed in shells of Arctica islandica. (a) Schematic representation of the left valve showing the cutting 
axis along (black dotted line). (b) Cross-sectioned shell slab showing different shell layers and dom-
inant microstructures. The outer and inner shell layers (OSL, ISL) are separated by the myostracum. 
The OSL is further subdivided into an outer and inner portion (oOSL, iOSL). Homogenous micro-
structure (magenta) dominates the oOSL and crossed-acicular microstructure (green) prevails in the 
iOSL and hinge. The direction of growth (dog) of each shell portion is indicated by arrows. (c) An 
enlargement of panel (b) showing the sampling positions for microstructural and in situ chemical 
analyses in the ventral margin. (d) An enlargement of panel (b) showing the sampling positions for 
microstructural and in situ element chemical analyses in the hinge. (e) Schematic representation of 
a laser spot (diameter = 60 µm) for in situ chemical analysis and a SEM image (square of 35 µm). (f) 
Microstructure examples: HOM and CA in the ventral margin, and CA in the hinge. The scale un-
derneath applies to all SEM images. 

Accuracy and precision of the analyses were monitored with USGS MACS-3, BCR-
2G, JCp-1 and JCt-1 (for respective quality control data, see Table S1). NIST SRM 610 was 
used to calibrate the element concentrations of shells and the quality control materials 
using preferred values reported in the GeoReM database (available at 

Figure 1. Overview of positions where element chemical and microstructural analyses were per-
formed in shells of Arctica islandica. (a) Schematic representation of the left valve showing the cutting
axis along (black dotted line). (b) Cross-sectioned shell slab showing different shell layers and
dominant microstructures. The outer and inner shell layers (OSL, ISL) are separated by the myos-
tracum. The OSL is further subdivided into an outer and inner portion (oOSL, iOSL). Homogenous
microstructure (magenta) dominates the oOSL and crossed-acicular microstructure (green) prevails in
the iOSL and hinge. The direction of growth (dog) of each shell portion is indicated by arrows. (c) An
enlargement of panel (b) showing the sampling positions for microstructural and in situ chemical
analyses in the ventral margin. (d) An enlargement of panel (b) showing the sampling positions for
microstructural and in situ element chemical analyses in the hinge. (e) Schematic representation of
a laser spot (diameter = 60 µm) for in situ chemical analysis and a SEM image (square of 35 µm).
(f) Microstructure examples: HOM and CA in the ventral margin, and CA in the hinge. The scale
underneath applies to all SEM images.

2.2. In-Situ Chemical Analysis (LA-ICP-MS)

The LA-ICP-MS system at the Institute of Geosciences, University of Mainz consisted
of a 193 nm ArF Eximer laser (ESI NWR 193) coupled to an Agilent 7500ce quadrupole
ICP-MS. The laser repetition rate was set to 10 Hz at an approximate energy density
of 3 J/cm2. For each sample, 15 s of background measurement time were followed by
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30 s of ablation and 20 s of wash-out time. Measurements were performed in single
spot mode (n = 1037) using a beam diameter of 60 µm. The distance between the spot
centers was c. 90 µm. Laser tracks were positioned parallel to the main growth axis. To
assess the relationship between shell Sr/Ca data and the BMU morphology of different
microstructure categories (HOM, CA) that were deposited simultaneously in different
shell portions, analyses were completed in the hinge and both sublayers of the outer shell
layer (oOSL, iOSL; Figure 1b–e; see Table A1 for overview on abbreviations used in this
paper). This way, three contemporaneous shell Sr/Ca chronologies were measured in
each specimen.

Accuracy and precision of the analyses were monitored with USGS MACS-3, BCR-2G,
JCp-1 and JCt-1 (for respective quality control data, see Table S1). NIST SRM 610 was
used to calibrate the element concentrations of shells and the quality control materials
using preferred values reported in the GeoReM database (available at http://georem.
mpch-mainz.gwdg.de, ver. 30, last access: 1 March 2022; [73,74]). For data reduction, the
time-resolved signals were processed using the software Glitter 4.4.1 [75]. Concentrations
of strontium were determined from measured intensities of 88Sr. Element-specific RSD%
values, and average detection limit (computed as 3σbackground according to [76]) is listed
in the Table S1. 43Ca served as the internal standard for reference materials and shells. To
convert the shell Sr concentration data to molar shell Sr/Ca ratios (mmol/mol), a constant
43Ca concentration of 380,000 µg/g was assumed [77].

2.3. Microstructure Morphometry

The remaining section of each specimen was prepared for microstructure analysis
via SEM according to the method reported by [78]. To identify individual BMUs under
the SEM, ultrafine chemo-mechanical polishing was performed. For this purpose, the
sections were polished for 10 min on a Buehler MetaServ 2000 rotational lap at 50 rpm with
a Buehler MasterTex polishing cloth and Buehler MasterMet polishing suspension. This
suspension has a grain size of 60 nm and an alkaline pH of ca. 10.1, allowing for removal
of the inter-crystalline organics while minimizing crystalline abrasion of the section sur-
face [78]. In order to directly compare microstructural properties with shell Sr/Ca values,
SEM images (35 µm × 35 µm) used for the analysis of BMU area and elongation were
taken along contemporaneous transects as the laser ablation spots (Figure 1b–e). The SEM
images were taken with a Phenom Pro Desktop SEM (3rd generation) equipped with a
CeB6 electron source and backscatter electron detector at 7700×magnification and 10 keV.
To prepare the images for morphometric studies, it was necessary to detect the individual
BMUs in the SEM images. This process is called ‘image segmentation’ and was performed
using the machine-learning-based image processing program Ilastik [79]. After some train-
ing, and aside from manual quality screening of the resulting image segmentations, the
software program was able to discern individual BMUs without further user interaction.
Unsatisfactory results were excluded from further analysis and measurements were re-
peated. BMU recognition was exclusively performed within annual increments to ensure
that data only came from one microstructure category. Therefore, images crossing annual
growth lines were discarded. In A. islandica, annual growth lines are composed of irregular
simple/spherulitic prismatic (ISP) microstructure. It should be added that annual growth
lines were also too narrow (barely more than c. 10 µm in width) to obtain a sufficient
number of BMU data required for a statistically sound analysis. In each remaining SEM
image (n = 1010), the BMU area and elongation (estimated by an ellipse-fit; measured as
the ratio between the longest and shortest BMU axes) were automatically measured using
the image processing library scikit-image [80] and the python script from [81]. As indicated
by previous studies, most morphological variation occurs among the largest BMUs, and, in
this size group, the relationship between the microstructural properties and temperature
is largest [72]. Therefore, only the 15% largest BMUs of each SEM image were used in
subsequent analyses.

http://georem.mpch-mainz.gwdg.de
http://georem.mpch-mainz.gwdg.de
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2.4. Temporal Alignment and Re-Sampling of the Shell Sr/Ca and BMU Data

In order to compare the datasets with each other, it was firstly required to convert
the distance axis (=sample track) to a time axis, i.e., to temporally align the chemical and
microstructural data of the shells, considering variable seasonal shell growth rates. For this
purpose, the shells were photographed (Canon EOS 600D DSLR) under a reflected light
microscope (Leica Stemi 508) and the images were stitched together with the Microsoft
Image Composite Editor. Then, the position (=center) of each sample relative to the
last annual growth line was determined using the image processing software ImageJ. In
conjunction with the cumulative version of the seasonal shell growth model of A. islandica
for shallow surface waters (recently refined by [78], Figure 2b), it was then possible to
assign a calendar date to the center of each LA spot and each SEM image.
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Figure 2. Water temperature and typical seasonal shell growth of Arctica islandica. (a) Weekly
sea surface temperature data at Grímsey station [82] between December 2003 and August 2006.
(b) Seasonal shell growth model (weekly resolution) of Arctica islandica in shallow waters based
on [78]. Vertical gray bars denote annual growth lines.

Once the sample positions were temporally contextualized, it was necessary to com-
pute a new set of chronologies that can directly be compared with both each other and
instrumental sea surface temperature (SST). This mathematical conversion was needed
because each of the original samples represented different amounts of time and the time
intervals between the centers of the samples varied. To compute chronologies of consistent
temporal resolution, the portions between the sample centers were linearly interpolated
(i.e., temporally aligned data were connected with lines), and the generated curves were re-
sampled at equidistant time intervals to obtain monthly and weekly resolved chronologies.
Due to differences in absolute growth rate, the annual increment width was considerably
smaller in the hinge than in contemporaneous portions of the ventral margin. Thus, the
time-averaging of the samples was larger in the hinge than in the ventral margin. Based
on the lowest temporal resolution of the original data, a monthly resampling was chosen
for data obtained from the hinge, and a weekly resampling for those obtained from the
ventral margin.

2.5. Regression Analysis and Detrending of Shell Sr/Ca Data

To assess the relationship between chemical properties and growth rate, Sr/Ca values
were layer-specifically (oOSL, IosL) plotted against weekly increment width (absolute val-
ues deducted from the annual growth model for each annual increment). Linear regression
curves were then computed for Sr/CaoOSL versus weekly increment width and Sr/CaiOSL
versus weekly increment width (Table 2). To evaluate the relationship between chemical
and microstructural properties of the shells, eight regression curves were computed for
the following data pairs: (1) Sr/Cavm vs. BMU area, (2) Sr/Cavm vs. BMU elongation,
(3) Sr/CaoOSL vs. BMU area, (4) Sr/CaoOSL vs. BMU elongation, (5) Sr/CaiOSL vs. BMU
area, (6) Sr/CaiOSL vs. BMU elongation, (7) Sr/Cahinge vs. BMU area and (8) Sr/Cahinge vs.
BMU elongation.
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Table 2. Overview of the relationships (Pearson correlation; r = correlation coefficient; R2 = coefficient
of determination; p = probability) between the shell Sr/Ca data of Artica islandica and sea surface
temperature (SST), biomineral unit (BMU) area and elongation and shell growth rate (weekly incre-
ment width). The relationships were examined for undetrended Sr/Ca data of the outer and inner
portions of the outer shell layer (oOSL and iOSL, respectively), as well as both sublayers combined
(referred to as vm = ventral margin). Regression models were computed for Sr/Ca values detrended
(d) for growth rate (dGR) and BMU size (dMS)-related effects for the iOSL, oOSL and vm. Magenta
vm = homogenous microstructure; green vm = crossed-acicular microstructure. dGRMS stands for
double detrending.

Variables SST (◦C) BMU Area
(µm2)

Weekly
Increment

Width (µm)

BMU
Elongation

Sr/Ca

vm
r = 0.15 r = −0.56 r = 0.13 r = −0.03

R2 = 0.31 R2 = 0.02
p < 0.001 p < 0.001 p < 0.001 p = 0.465

oOSL
r = 0.10 r = −0.39 r = 0.02

R2 = 0.01 R2 = 0.15 R2 = 0.02 R2 = 0
p = 0.069 p < 0.001 p < 0.005 p = 0.735

iOSL
r = 0.10 r = −0.68 r = −0.44

R2 = 0.20 R2 = 0.46 R2 = 0.26 R2 = 0.19
p < 0.001 p < 0.001 p < 0.001 p < 0.001

hinge
r = −0.04 r = −0.12 r = 0.01
R2 = 0.00 R2 = 0.01 R < 0.01
p = 0.823 p = 0.560 p = 0.980

dGRSr/Ca

vm
r = 0.01

R2 < 0.01
p = 0.908

vm
r = 0.40

R2 = 0.16
p < 0.001

oOSL
r = 0.18 r = −0.43

R2 = 0.03 R2 = 0.19
p < 0.001 p < 0.001

iOSL
r = 0.27 r = −0.58

R2 = 0.07 R2 = 0.33
p < 0.001 p < 0.001

dMSSr/Ca

vm
r = 0.22

R2 = 0.05
p < 0.001

vm
r = 0.49

R2 = 0.24
p < 0.001

oOSL
r = 0.20

R2 = 0.04
p < 0.001

iOSL
r = 0.51

R2 = 0.26
p < 0.001

dGRMSSr/Ca

iOSL
r = 0.32

R2 = 0.10
p < 0.001

oOSL
r = 0.29

R2 = 0.08
p < 0.001
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In a subsequent step, the possible influence of BMU area and/or shell growth rate
was removed from shell Sr/Ca data measured in the ventral margin (note that the number
of hinge data was insufficient for a respective mathematical conversion and that BMU
elongation did not show consistent relationships with Sr/Ca). In practice, the correlation
between Sr/Ca and BMU area, as well as between Sr/Ca and shell growth, was mathe-
matically eliminated, and shell Sr/Ca thus detrended. This was accomplished in a similar
way, as ontogenetic age trends are removed from annual increment widths of bivalves [83].
Detrended Sr/Ca data were computed by subtracting measured by predicted Sr/Ca values,
where the predicted values are obtained from the regression curves (Sr/Ca vs. growth rate
or BMU area, respectively). The resulting data provide a measure of how shell Sr/Ca val-
ues deviate from the regression curve. The following detrended shell Sr/Ca chronologies
were computed: (1) dGRSr/CaoOSL, (2) dGRSr/CaiOSL, (3) dGRSr/Cavm, (4) dMSSr/CaoOSL,
(5) dMSSr/CaiOSL, (6) dMSSr/Cavm, (7) dGRMSSr/CaoOSL, (8) dGRMSSr/CaiOSL and (9)
dGRMSSr/Cavm, where the prefix ‘d’ stands for ‘detrended’ and the following subscript
denotes how the Sr/Ca data (of the respective shell portions: oOSL, iOSL and vm) were
detrended, i.e., by growth rate (GR), microstructure (MS) or a combination of both (GRMS).
Detrended and non-detrended Sr/Ca data, as well as BMU morphology data of the two
transects of the ventral margin, oOSL and iOSL, were then compared to each other using
non-parametric Mann–Whitney U two-sample rank-sum tests. To assess possible links
between SST and shell Sr/Ca data before and after detrending, Pearson correlations and
corresponding levels of significance were calculated. SST data were obtained from Grímsey
station (Figure 2a; [82]).

3. Results
3.1. Shell Strontium-to-Calcium Ratios and BMU Morphology

Temporally aligned, weekly resolved shell Sr/Ca chronologies were, at large, highly
synchronous among the three studied specimens (Figure 3a). In both shell layers of the
ventral margin, Sr/Cavm values gradually increased during the year, reached a maximum
in summer (August) and declined toward the following annual growth line. Differences
between the Sr/Ca curves of the two sublayers of the outer shell layer were observed
during the beginning of the growing season. In the iOSL, the seasonal Sr/Ca minimum
was typically attained shortly after the annual growth line (=November), i.e., during the
beginning of the growing season (0.70 mmol/mol). However, in the oOSL, Sr/Ca values
first increased stronger than in the iOSL, reached a local maximum in February and then
declined again to attain the seasonal Sr/Ca minimum c. half-way between adjacent annual
growth lines in the oOSL (1.08 mmol/mol; c. June/July) (Figure 3a). Sr/Cavm ratios were
generally higher in the oOSL (1.55 ± 0.14 mmol/mol; average ± 1 standard deviation)
than in the iOSL (1.11 ± 0.18 mmol/mol). In the iOSL, Sr/Ca attained highest values of
1.59 mmol/mol, whereas those of the oOSL reached 2.14 mmol/mol. Note that samples
covering the annual growth lines exceeded the aforementioned values, on average, by
0.25 mmol/mol (Table S2). As explained in the preceding section, data from annual growth
lines were excluded from the analysis.

As shown in Figure 3b, the average Sr/Cavm data differed significantly between
the two sublayers of the outer shell layer (Mann–Whitney U, p < 0.001). Note that the
two sublayers also differed by their shell microstructure. The oOSL consisted of HOM
and the iOSL of CA microstructures. In contrast, contemporaneous shell portions of
the hinge and ventral margin belonging to the same microstructure category (i.e., CA)
contained statistically indistinguishable (Mann–Whitney U, p = 0.299) concentrations of
Sr (Figure 3b). On average, the Sr/Ca values of the hinge (1.25 mmol/mol) were only
0.14 mmol/mol higher than those of the iOSL. However, Sr/Ca data of the hinge were
statistically significantly (on average, 0.30 mmol/mol) lower than those of the oOSL (Mann–
Whitney U, p < 0.001).
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Figure 3. Shell Sr/Ca chronologies of the three studied specimens (A201L, A202L and A203L) of
Arctica islandica. Magenta open circles = data from the outer portion of the outer shell layer (oOSL;
homogeneous microstructure, HOM) of the ventral margin; green open circles = data from the
inner portion of the outer shell layer (iOSL; crossed-acicular microstructure, CA) of the ventral
margin; black open squares = data from the hinge (CA). Vertical gray bars denote annual growth
lines. (a) Sr/Ca chronologies of each specimen and sublayer of the outer shell layer (oOSL, iOSL).
(b) Average Sr/Ca chronologies computed from curves depicted in (a). Data from the ventral margin
are weekly resolved. Monthly Sr/Ca data of the hinge (data from all studied specimens combined)
are shown for comparison.

Aside from differences in their element chemistry and overall microstructure, the
two sublayers of the outer shell layer revealed a statistically significant difference (Mann–
Whitney U, p < 0.001) in the size of the biomineral units (BMUs) composing the CA and
HOM microstructures (Figure 4). The BMUs of the iOSL (CA) were generally larger than
those of the oOSL (HOM), with average areas of 0.98 ± 0.19 µm2 and 0.85 ± 0.17 µm2,
respectively. While the Sr/Cavm values were similar for all CA microstructures, irrespective
of the shell portion (Sr/Cahinge and Sr/CaiOSL), the CA BMUs were significantly larger
(range between 0.94 µm2 and 1.48 µm2) in the hinge than in the ventral margin (c. 0.85 µm2;
Figure 4; Mann–Whitney U, p < 0.001).
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Figure 4. Average biomineral unit (BMU) area chronologies of the three studied shells (A201L, A202L
and A203L) of Arctica islandica. Acronyms and color coding as in caption of Figure 3. Note, magenta
= homogenous microstructure (oOSL); green = crossed-acicular microstructure (iOSL). Vertical gray
bars denote annual growth lines. (a) BMU area chronologies of each specimen and sublayer of
the outer shell layer (oOSL, iOSL). (b) Average BMU area chronologies computed from the curves
depicted in (a). Data from the ventral margin are weekly resolved. Monthly Sr/Ca data of the hinge
(data from all studied specimens combined) are shown for comparison.
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The elongation of BMUs, in contrast, did not strongly differ between the specimens
or shell portions (Figure 5). On average, the elongation of the CA BMUs of the iOSL was
only 0.02 lower than the elongation of the HOM BMUs of the oOSL (average = 1.77 ± 0.05
and 1.79 ± 0.06, respectively). Moreover, the CA BMUs of the hinge were, on average,
more elongated than those of the ventral margin. With an average of 1.99 ± 0.06, the
elongation of the BMUs in the hinge differed significantly from those of the ventral margin
(Mann–Whitney U, p < 0.001).
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Figure 5. Average biomineral unit (BMU) elongation chronologies of the three studied shells (A201L,
A202L and A203L) of Arctica islandica. Acronyms and color coding as in caption of Figure 3. Note,
magenta = homogenous microstructure (oOSL); green = crossed-acicular microstructure (iOSL).
Vertical gray bars = annual growth lines. (a) BMU elongation chronologies of each specimen and
sublayer of the outer shell layer (oOSL, iOSL). (b) Average BMU elongation chronologies computed
from the curves depicted in (a). Data from the ventral margin are weekly resolved. Monthly Sr/Ca
data of the hinge (data from all studied specimens combined) are shown for comparison.

3.2. Relationships between Shell Sr/Ca, Growth Rate and BMU Morphology

Regression models for shell Sr/Ca and the growth rate, BMU area and BMU elongation
are depicted in Figure 6. The mathematical relationship between shell Sr/Ca data and the
growth rate was best described with non-linear regression models (Figure 6a and Table 2).
In the iOSL, Sr/Ca values (Sr/CaiOSL) increased with the growth rate, but the opposite
occurred in the oOSL. The strongest changes in Sr/CaoOSL and Sr/CaiOSL were observed
during slow growth. If Sr/Ca data from both shell layers were combined (Sr/Cavm) in
a single linear regression model, a weak positive linear correlation was found (r = 0.13,
p < 0.001; Figure 6a and Table 2).

Sr/Ca values were negatively coupled with the BMU area (Figure 6b). If data pairs
from the ventral margin (oOSL, iOSL) were combined in a regression model, the Pearson r
equaled −0.56 (R2 = 0.32; p < 0.001; Table 2). However, the strength and significance of this
correlation varied within the different shell portions. The strongest relationship occurred
in the iOSL (r = −0.68, p < 0.001), and the weakest in the hinge (r = −0.12, p = 0.47; Table 2).
A moderately strong, though significant link between Sr/Ca and BMU area was observed
in the oOSL (r = −0.39, p < 0.001; Figure 6b and Table 2). Shell portions consisting of the
CA microstructure showed a larger variation in BMU area and contained less Sr than shell
portions made of HOM. Much less covariation was observed between Sr/Ca and BMU
elongation, and only in the iOSL were both parameters significantly coupled with each
other, though not particularly strongly (r = −0.44, p < 0.001; Figure 6c and Table 2).
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Figure 6. Relationships between Sr/Ca data and microstructural properties of Arctica islandica shells.
Acronyms and color coding as in caption of Figure 3. BMU = biomineral unit. Note, magenta =
homogenous microstructure (oOSL); green = crossed-acicular microstructure (iOSL); black = hinge.
Green and purple data are weekly resolved, black data monthly. Regression curves are depicted in
same color as data of respective shell portion. Black dashed lines represent linear regression model
of entire outer shell layer (oOSL + iOSL) dataset. (a) In the inner portion of the outer shell layer
(iOSL, magenta), shell Sr/Ca is weakly negatively linked to increment width, whereas a stronger and
positive correlation exists in the outer sublayer of outer shell layer (oOSL, green). Note that non-linear
models provided a better fit than linear models. When data from both OSL sublayers (oOSL, iOSL) are
combined, a weak positive correlation is found with shell growth rate. (b) Shell Sr/Ca is negatively
correlated to BMU area. (c) In the oOSL and hinge, shell Sr/Ca is weekly positively coupled to BMU
elongation, but a stronger and negative correlation exists in the iOSL.
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3.3. Growth Rate and BMU Area-Detrended Shell Sr/Ca Ratios

Based on the regression models depicted in Figure 6, the correlation with growth rate
and/or BMU area was mathematically removed from the shell Sr/Ca data (Table 2). The
resulting chronologies are depicted in Figure 7a–d. If the correlation with growth rate was
shell-layer-specifically eliminated from the Sr/Ca data using the non-linear models for the
iOSL and oOSL (Figure 6a), the resulting dGRSr/CaiOSL and dGRSr/CaoOSL chronologies
(Figure 7a) were plotted much closer together than the non-detrended series depicted
in Figure 3 and were statistically indistinguishable (Mann–Whitney U, p = 0.808). The
new time-series also conserved most of the seasonal range of the original Sr/CaoOSL and
Sr/CaiOSL data (Figure 3). However, if detrending was accomplished based on the regres-
sion model that combined Sr/Ca and growth rate data from both sublayers (Figure 6a),
the new dGRSr/Cavm time-series differed significantly from each other (Mann–Whitney U,
p < 0.001) (Figure 7b) and were nearly identical to the non-detrended Sr/Cavm chronologies
(Figure 3).Minerals 2022, 12, x FOR PEER REVIEW 13 of 27 
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Figure 7. Detrended shell Sr/Ca chronologies of the outer and inner sublayers of the outer shell layer
(oOSL, iOSL, respectively) of the ventral margin (vm) of Arctica islandica. Data represent averages
of three specimens. Acronyms and color coding as in caption of Figure 3. (a,b) Growth rate (GR)-
detrended Sr/Ca data. (a) Shell-sublayer-specific detrending based on non-linear models for oOSL
and iOSL depicted in Figure 6a (magenta = dGRSr/CaoOSL; green = dGRSr/CaiOSL). (b) Detrending
based on a regression model in which data from oOSL and iOSL (=“vm”) were combined (Figure 6a)
(magenta = dGRSr/Cavm of oOSL; green = dGRSr/Cavm of iOSL). (c,d) BMU area (MS)-detrended
Sr/Ca data. (c) Shell-sublayer-specific detrending based on linear models for oOSL and iOSL
depicted in Figure 6b (magenta = dMSSr/CaoOSL; green = dMSSr/CaiOSL). (d) Detrending based on a
regression model in which data from oOSL and iOSL (=“vm”) were combined (Figure 6a) (magenta =
dMSSr/Cavm of oOSL; green = dMSSr/Cavm of iOSL). (e) Crossplot of growth-rate-detrended Sr/Ca
(sublayer-specific detrending as in (a)) vs. BMU area. (f) Double detrended Sr/Ca chronologies based
on linear models depicted in E (magenta = GRMSSr/CaoOSL; green = GRMSSr/CaiOSL).
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The layer-specific detrending by the microstructure (here: BMU area) based on the
regression models shown in Figure 6b also produced Sr/Ca chronologies (dMSSr/CaiOSL
and dMSSr/CaoOSL) that showed a stronger synchronicity with each other than the origi-
nal curves (Figure 3), and their distributions were statistically indistinguishable (Mann–
Whitney U, p = 0.741). However, the amplitudes were attenuated compared to the growth-
rate-detrended (Figure 7a) and non-detrended Sr/Ca chronologies (Figure 3). As in the
case of the growth-rate detrending, the Sr/Ca chronologies of the oOSL and iOSL were
still strongly offset from each other if detrending was carried out based on the regression
model that combined Sr/Ca and BMU size data from both sublayers of the OSL (Figure 7d).
The dMSSr/Cavm time-series were statistically different from each other (Figure 7d; Mann–
Whitney U, p < 0.001) and revealed similar seasonal ranges to the Sr/Cavm series (Figure 3).

A double detrending likewise resulted in strongly coherent Sr/Ca chronologies of the
oOSL and iOSL (Figure 7f). For this purpose, the layer-specific growth-rate-detrended Sr/Ca
data (dGRSr/CaiOSL and dGRSr/CaoOSL) were plotted against the BMU area (Figure 7e). The
linear regression curves were then used to further detrend the data, resulting in double-
detrended Sr/Ca values. The dGRMSSr/CaiOSL and dGRMSSr/CaoOSL chronologies showed
no statistical difference (Mann–Whitney U, p = 0.847), and, when plotted against time
(Figure 7f), the seasonal variations had lower amplitudes than the undetrended Sr/Ca
series (Figure 3).

3.4. Relationships between Sr/Ca Ratios and Water Temperature

Sr/Ca data of the ventral margin were weakly positively correlated to SST (r = 0.15;
p < 0.001; Table 2). A slightly stronger link existed when layer-specific regression analyses
were conducted (Figure 8a). In fact, Sr/CaiOSL was the only profile that was significantly
coupled to SST (r = 0.45, p < 0.001), whereas Sr/CaoOSL was not (r = 0.10, p = 0.07; Table 2).
Sr/Ca values of the hinge revealed no correlation with SST (r = −0.04, p = 0.823; Table 2).

While the growth-rate-detrended Sr/Ca data showed only extremely weak though
statistically significant positive correlations with SST (r = 0.18 to 0.27, p < 0.001; Figure 8a,b
and Table 2), the BMU-area-detrended Sr/Ca data of the iOSL data were more strongly
tied to SST (r = 0.51, p < 0.001; Table 2). However, BMU-area-detrended Sr/Ca values
of oOSL were only very weakly correlated to SST (r = 0.20, p < 0.001; Table 2). Double
detrending resulted in weak correlations between Sr/Ca and SST in both OSL sublayers
(r = 0.30, p < 0.001; Table 2).
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Figure 8. Relationships between shell Sr/Ca data of Arctica islandica and SST. Acronyms and color
coding as in caption of Figure 3. (a) Undetrended Sr/Ca data; (b–f) detrended Sr/Ca data. (a) Shell
Sr/Ca of the oOSL and iOSL are weakly positively correlated to sea surface temperature, and
those from the hinge are not. (b,c) Growth rate (GR)-detrended Sr/Ca data. (b) Sublayer-specific
detrending, (c) detrending based on all ventral margin data. (d,e) BMU area (MS)-detrended Sr/Ca
data. (d) Sublayer-specific detrending, (e) detrending based on all ventral margin data. (f) Double-
detrended Sr/Ca chronologies (growth rate + BMU area detrending, layer-specific as in (a,c)).

4. Discussion

Based on the findings presented here, the hypothesis examined in this study needs to
be rejected. It does not seem to be possible to reconstruct water temperature from intra-
annual shell Sr/Ca values of A. islandica, even if the growth rate and/or microstructure-
related bias was mathematically removed from the data. Shell Sr/Ca values were weakly
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and non-linearly linked to the shell growth rate and more strongly, linearly and likewise
statistically significantly coupled with both the biomineral unit size and water temperature
(Figures 6 and 8a). However, contrary to thermodynamic expectations for aragonite and
results from inorganically precipitated aragonite [61,84], the seasonal shell Sr/Ca values
were positively correlated to temperature (r = 0.15; Figure 8a), and remained so even
after detrending by the growth rate and/or BMU area (r = 0.01 to 0.49; Figure 8b,d,f).
Furthermore, the strong synchronicity among Sr/Ca chronologies of contemporaneous
specimens suggests that other, unknown, environmental parameters exerted a strong
control over the incorporation of strontium relative to calcium into the shell. Such a covari-
ation would not be expected if the shell Sr content was largely governed by (individual)
physiological processes.

4.1. Temperature Control of Shell Sr/Ca?

The development of environmental proxies in bivalve shells and other biogenic hard
parts is typically based on empirical observations and supported by thermodynamic con-
siderations or results from synthetically precipitated minerals. A strong running similarity
of chemical or structural time-series among different contemporaneous specimens sug-
gests a common response to an extrinsic forcing and represents a major prerequisite to
establish an environmental proxy. For example, if shell growth rates change coherently
among several contemporaneous specimens from the same habitat, it is highly likely that
growth was controlled by environmental factors; in the case of bivalves, by a combination
of temperature, food supply and food quality [42–45]. Likewise, a running similarity of
element chemical profiles in shells of several coeval specimens—as observed in the present
study for Sr/Ca—is typically considered as an indicator of environmental controls [77].
However, the specific environmental variables causing such common signals often remain
enigmatic (e.g., Ba/Ca: [85]; various element/Ca ratios: [77]).

It can be tempting to infer causality from synchronicity and a statistically signifi-
cant correlation between a given environmental variable, e.g., water temperature, and a
chemical property, e.g., shell Sr/Ca, specifically if a relationship between these variables
has previously been identified in synthetic CaCO3 [61,84]. However, to substantiate a
causal relationship between shell Sr/Ca and temperature, at least the sign of the regression
curve needs to be identical to that observed in abiogenic precipitates, and, ideally, the
intercept and the steepness of the regression slope should be similar as well. Since the
Sr content of synthetic aragonite decreases with rising temperature [61,86], the observed
positive correlation between the seasonal shell Sr/Ca of A. islandica and water temperature
most likely does not reflect a causal relationship. The same applies to similar observa-
tions made in ocean quahogs in previous studies [87,88], as well as other species with
aragonitic skeletons—e.g., [89].In most studies in which the thermodynamically expected
negative correlation between the two variables could be verified [66,68], the temperature
sensitivity of −0.02 mmol/mol/◦C remained well below that observed in synthetic arago-
nite (−0.04 mmol/mol/◦C, [61]; see [62–64]), suggesting that strong vital effects were at
work. This view is further supported by consistently low concentrations of Sr in bivalve
shells [57,58,90,91]. For example, in the studied specimens, shell Sr/Ca ratios remained, on
average, almost eight to nine times below values expected for equilibrium fractionation
at the same temperature range (2 to 10 ◦C: 1.34 ± 0.11 mmol/mol as opposed to c. 11 to
12 mmol/mol using Equation (8) of [61]; see further details in next section).

Theoretically, it appears possible that seawater Sr/Ca values varied on seasonal time-
scales—e.g., due to riverine influx [92]—and overprinted temperature signals potentially
encoded in shell Sr/Ca. In that case, the studied shells would have predominantly recorded
changes in seawater Sr/Ca. However, the study region was not affected by major rivers,
and highly resolved Sr/Cawater time-series are currently not available to evaluate the tem-
poral variability of the water chemistry where the shells grew. Our own unpublished
data indicate that Sr/Cawater near the sample locality can spatially vary between 8.09 and
8.17 mmol/mol in surface water (66◦11′58.68′ ′ N, 015◦23′32.76′ ′ W and 66◦11′23.46′ ′ N,
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015◦20′34.02′ ′ W, respectively, 21 August 2012), and 8.12 and 8.13 mmol/mol in bottom
water (ca. 10 to 20 m water depth; localities and date as before). If these changes re-
mained unconsidered, temperature estimates would be off by 5 to 40 ◦C considering the
weak temperature sensitivity of −0.02 mmol/mol/◦C. Near Reykjavík (64◦07′52.32′ ′ N,
021◦57′38.35′ ′ W), the surface water Sr/Ca varied between 9.49 mmol/mol on 19 Apr 2012
and 8.02 mmol/mol on 21 May 2012. Certainly, more data are required to test the hypothesis
of shells predominantly recording changes in water chemistry rather than temperature.

It remains unclear why annually averaged Sr/Ca values of old-grown A. islandica
specimens from Iceland were moderately strongly and significantly negatively linked to
water temperature [56], whereas intra-annual Sr/Ca values of conspecific specimens from
the same locality (present study), other sites [87,88] or those grown in the laboratory [59],
were not. Was [56] deceived by a spurious correlation, or were the shell Sr/Ca values
of their study less strongly biased by other, unknown extrinsic factors than in the shells
studied here, so that the actual negative relationship emerged? Or is the main reason for
the significant negative correlation that Sr/Ca data from the annual growth lines were
included in their analysis? As the calculations demonstrated in [56], annual growth lines
may have formed near or even in chemical equilibrium with the ambient water. A possible
reason for that is that, during growth line formation, the food supply was strongly reduced
and thus so was the production of energy. Energy would be needed to biologically control
the incorporation of Sr and other trace impurities into the shell (e.g., by actively pumping
Sr2+ ions away from the site of biomineralization or producing organic macromolecules
that can scavenge Sr2+ so that it cannot be incorporated into the shell). The remaining
energy sufficed to form biominerals (ISP), but not to precipitate chemically ‘pure’ shell
material. Elevated Sr/Ca values of the growth lines may have strongly contributed to
the annual Sr/Ca average, resulting in an inverse relationship between annual Sr/Ca
with SST. With an increasing ontogenetic age, annual growth lines become gradually
broader and represent an increasingly larger proportion of annual increments. Hence, the
contribution of growth line Sr/Ca values to the annual average gradually increases through
its lifetime [56]. Accordingly, annual Sr/Ca values of ontogenetically older shell portions
should be increasingly strongly negatively correlated to SST. These hypotheses should be
tested in subsequent studies.

4.2. Relationship between Sr/Ca and Shell Microstructure

In the studied shells of A. islandica, the Sr concentration was distinctly inversely
correlated to the BMU size, i.e., Sr/Ca values gradually decreased with an increasing
BMU area. However, the regression slopes and, more importantly, the intercepts of the
regression lines with the y-axis differed between the studied shell portions (Figure 6b).
For that reason, it was not possible to effectively reduce the statistical difference between
Sr/CaoOSL and Sr/CaiOSL chronologies based on a regression model in which data from
both OSL sublayers were combined (Figures 6b and 7d). The differences in the regression
lines suggest that Sr/Ca is not directly coupled to BMU size, but to other properties that
covary with BMU area and/or Sr/Ca. This assumption is supported by the following
observations: (i) the oOSL contained more Sr than the iOSL (which agrees with previous
observations [70,71,93]) although the BMU size ranges were nearly the same in both OSL
sublayers; (ii) based on the negative correlation between Sr/Ca and the BMU size, the
lowest Sr concentration should be measured in the annual growth lines (which were
not further analyzed in this study) because they contain the largest BMUs (ISP) of the
entire shell [94–97]. However, the opposite is the case in A. islandica and other hitherto
studied bivalves. The highest Sr concentrations are typically found in annual growth lines
(Table S2, [68,70,71,98]); (iii) Sr/Ca values of the hinge show a different linear relationship
with the BMU size than the Sr/Ca of the iOSL, despite consisting of the same microstructure
type, i.e., CA (Figures 1b–f and 6b).

To identify variables that could have caused the apparent relationship between the
BMU size and Sr/Ca values, the mechanism of Sr incorporation into the shells needs to
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be considered. Due to similar ionic radii and charge, Sr2+ (132 pm) can substitute for Ca2+

(114 pm) in the crystal lattice of aragonite [99–101]. As experimentally demonstrated in
inorganically precipitated aragonite, the Sr concentration decreases with an increasing
temperature [84]. Inorganic aragonite precipitated at 15 ◦C contained 1.25 times as much
Sr as present in the calcifying fluid, whereas, at 25 ◦C, this value—also known as the
Doerner–Hoskins exchange coefficient—decreased to 1.16 [61]. Using the exchange equa-
tion provided by [61] (Equation (8)), and taking Sr/Ca values of the habitat of the studied A.
islandica specimens into account (i.e., 8.5 to 8.8 mmol/mol cf. [102]), the shell Sr/Ca should
vary between 11.05 and 12.24 mmol/mol for the observed temperature range of 2 to 10 ◦C
(Figure 2a), provided the shells formed in chemical equilibrium with the ambient water (or
biomineralization fluid). However, the measured shell Sr/Ca values (Figure 3) remained far
below that figure, which agrees with many previous findings [57,58,90,91], suggesting that
the incorporation of Sr into the shell is under strong biological control. This ensures, for
example, that the optimal mechanical properties of the shell are maintained, which secures
the survival of the bivalve (predator resistance). Increased amounts of trace impurities
can increase the hardness of the CaCO3 [103] at the expense of elasticity, i.e., a harder
shell is more vulnerable to fractures. Given the inverse relationship between the shell Sr
content and temperature, it may be possible for Sr to be more effectively removed from
the biomineralization site when more energy is available. For the same reason, the bivalve
can likely also better control microstructural properties. In contrast, during formation
of the annual growth lines, metabolic rates are strongly reduced, and the energy is thus
limited. Instead of highly complex microstructures (HOM, CA), the bivalve then forms
Sr-rich irregular simple/spherulitic prisms that are similar in habit though smaller than the
spherulitic grains observed in inorganic aragonite [61]. If that interpretation is correct, the
shell Sr/Ca and BMU size would be merely indirectly correlated with each other.

The incorporation of trace metals into CaCO3 also depends on the crystal habit and
varies among the different crystal faces, amongst others, due to crystal lattice defects. For
example, in the case of calcite, Sr2+ incorporation is facilitated by increased amounts of
crystal lattice defects [104,105]. The same applies to the incorporation of Mg2+ into arago-
nite [106]. Due to a different mode of growth [105], some crystal faces (e.g., the dominant
{1014} face in calcite) develop more lattice defects than others, which significantly lowers
the energetic cost of Mg2+ and Sr2+ incorporation. Furthermore, the substitution of Ca2+

by Mg2+, and especially by Sr2+, is energetically less costly on the surface of aragonite
than deeper inside the crystal [107,108]. Therefore, large, exposed crystal faces should
promote the incorporation of trace impurities. If different crystal faces provide variable
opportunities for trace metal incorporation [105,109], and larger amounts of trace impuri-
ties can be accommodated on large, exposed crystal surfaces [107,108], the Sr content of
the shell may thus be intimately linked to the BMU habit [55]. Idiomorphic BMUs with
well-developed primary crystal faces may thus accommodate a larger number of strontium
ions than xenomorphic BMUs, which lack a characteristic habit due to competition with
neighboring BMUs during growth. This interpretation would fit well with the observed
Sr/Ca differences among the different microstructures. Blocky, idiomorphic BMUs present
at annual growth lines possess well-developed crystal faces and, accordingly, show the
largest Sr/Ca values (Table S2, [69–71]). Biomineral units of the oOSL (HOM), in contrast,
are not idiomorphic in habit and consist of several co-aligned or twinned crystals (i.e.,
irregularly shaped crystallites). This suggests that the development of ideal crystal growth
faces is inhibited during the formation of BMUs of the homogenous microstructure, which
is likely the reason why they contain less Sr2+ than the irregular simple/spherulitic prisms
found at the annual growth lines. The CA-BMUs of the iOSL are highly ramified, convo-
luted and interfingered, and hence probably possess the least developed primary crystal
faces. Accordingly, the iOSL contains less Sr than the oOSL.

Following the hypothesis that Sr2+ incorporation into the shell aragonite depends on
the degree of idiomorphism of the BMUs, (microstructure-specific) correlations between
Sr/Ca and the BMU size should occur (Figure 6a). Sr/Ca values of both sublayers of the
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outer shell layer of A. islandica decreased with an increasing BMU size, which is expected,
given that an increasing size also leads to increased twinning (HOM) and ramification of
the BMU outline (CA). In contrast, the large idiomorphic BMUs of the annual growth lines
have larger, well-developed crystal faces and, thus, contain more Sr.

If Sr/Ca is indeed coupled to the shell microstructure via preferential incorporation
along specific crystal faces, then this coupling could be better described and predicted
by the surface area-to-volume (SA/Vol) ratio of the BMUs rather than by the BMU area.
Large SA/Vol ratios indicate highly convoluted BMU contours, and, hence, less Sr2+-
accommodating crystal surfaces. Unfortunately, it is not yet possible to image individual
sub-µm-sized BMUs in three dimensions, so the SA/Vol ratios of the BMUs cannot currently
be directly measured. However, SA/Vol ratios increase in smaller and less rounded objects.
Accordingly, the small, equidimensional HOM-BMUs (Figure 1f) likely come with a lower
SA/Vol ratio than the slightly larger, more acute and ramified CA-BMUs (Figure 1f). If
this hypothetical correlation between SA/Vol ratios and BMU size actually exists, the
microstructure-dependent seasonal variation in Sr/Ca could be related to changing SA/Vol
ratios. Element incorporation into shells may generally be affected by changing BMU
SA/Vol ratios because they regulate the exchange rates of ions, heat, energy and many
other physical properties [110,111]. Thus, SA/Vol ratios could be used as a proxy to
explain the preferential incorporation of Sr into the HOM microstructure of the oOSL. If
three-dimensional SA/Vol data were available, a more robust relationship could likely be
identified between the shell Sr/Ca and microstructure.

Organic components likely also play a major role during microstructure formation
and Sr2+ incorporation. Organic matrices promote crystal nucleation and spatially confine
the BMUs during formation [112–114], which ultimately not only determines the overall
microstructure type but also the mechanical properties of the bioceramic (cf. [103]). Organic
matrices can likely also promote or inhibit the incorporation of trace impurities into the
crystal lattice by controlling the development of cation-affine crystal surfaces or by causing
lattice defects. For example, in abiogenic precipitation experiments, the addition of shell-
associated organic components promoted the incorporation of Mg2+ into the calcite crystal
lattice [71,115]. A similar mechanism may explain the incorporation of Sr2+ into aragonite,
because higher Sr/Ca values are typically found in organic-rich shell portions [93,96,97,116],
and specifically those dominated by sulfur [71,117,118]. Accordingly, the S/Ca and Sr/Ca
of bivalve shells typically co-vary with each other [68,71].

However, strontium and sulfur (and thus organics) are not only much higher within,
but also somewhat elevated near (=at both side of) the annual growth lines [68,71], i.e.,
in shell portions dominated by the largest and smallest BMUs, respectively. Whereas
higher levels of Sr in the ISP-BMUs can be explained by strongly reduced vital effects
during formation of the growth lines, the elevated Sr concentration in shell portions with
smaller BMUs may be explained by organic-bound Sr. In fact, instead of substituting for
calcium in the crystal lattice, strontium can also be covalently bound to sulfur-rich organic
macromolecules [71,118]. The higher organic content of the portions in the immediate
adjacency of the annual growth lines may result from a large SA/Vol ratio of the small
HOM and CA-BMUs.

The link between shell organics and strontium content—whether Sr2+ is accommo-
dated in the crystal lattice and/or bound to organics—can also help in the understanding
of why the amount of this metal is overall higher in the oOSL than in the iOSL. The former
contains more organic components than the latter, which is indicated, for example, by
higher pigment concentrations in the oOSL [119], as well as higher S/Ca values [71]. Simi-
lar findings have been reported from other bivalves species; e.g., in Ruditapes philippinarum,
the oOSL is enriched in sulfur and Mg [120]. If the BMU size (within the same microstruc-
ture type) is negatively correlated to the shell organic content (larger SA/Vol ratio = more
organics in smaller BMUs), the BMU area can serve as a surrogate to assess microstructure
or organic compound-dependent variations in shell Sr/Ca until high-resolution analyses of
shell organics are available.



Minerals 2022, 12, 500 19 of 26

In conclusion, the data of this study revealed a link between the BMU size and shell
Sr/Ca values. This correlation partly explained the Sr partitioning between the biomineral-
ization fluid (extrapallial fluid) and the two sublayers of the outer shell layer (oOSL, iOSL)
of A. islandica, as well as the intra-annual Sr/Ca variability. However, other properties
may be more suitable for explaining the coupling between the shell microstructure and
Sr/Ca, because a microstructure-specific Sr enrichment would not be expected if a direct
link existed between the BMU size and Sr/Ca. As Sr2+ may be preferentially incorporated
into aragonite along specific crystal faces, and organics not only control the microstruc-
ture formation but can also bind strontium, both the BMU SA/Vol ratios as well as the
amount and composition of organic components likely affect shell Sr/Ca values. Until
three-dimensional analyses of BMUs are possible and a detailed, high-resolution mapping
of shell organics is available, the BMU size serves as a mean to assess microstructure-
dependent variations in shell Sr/Ca, even if the two parameters are not directly linked to
each other.

4.3. The Influence of Shell Growth Rate on Sr/Ca

Sr/Ca ratios of both sublayers of the outer shell layer were weakly and non-linearly
linked to the shell growth rate (Figure 6a). However, the signs of the regression slopes
differed between the iOSL and oOSL. Sr/CaoOSL correlated negatively with the shell
growth rate, whereas the opposite was observed in the iOSL. Furthermore, Sr/Cahinge
values compared well with Sr/CaiOSL data, irrespective of the drastically different growth
rates of the two shell portions (Figure 1b). These findings may suggest that no direct
relationship exists between Sr/Cashell and the shell growth rate, or that other factors had a
larger impact.

Inconsistent results on the relationship between the growth rate and Sr/Ca in shell
aragonite have also been reported from many other bivalve species. While some authors
noticed positive correlations (Spisula solidissima: [89]; Leukoma staminea: [121]; Saxidomus
gigantea: [90]), others observed inverse relationships between Sr/Ca and the growth rate
(inner shell layer of Mytilus edulis: [52]). Opposing findings also came from the same
species. For example, in Mercenaria mercenaria, ref. [89] identified a positive correlation, but
according to [90], no relationship exists at all between Sr/Ca and the shell growth rate in this
species. In A. islandica, similar discrepant findings were made. Whereas [55,59] did not find
any significant correlation between Sr/Ca and the shell growth rate in juvenile, lab-grown
and some decades-old field-grown A. islandica specimens, respectively, ref. [56] identified
a negative correlation in the hinge of old-grown (several centuries-old) ocean quahogs
collected in the field. These results either suggest that no clear relationship exists between
the shell growth rate and Sr/Ca, that the relationship is species-specific or that Sr/Ca is
actually coupled to bivalve physiology or metabolism and only correlates mathematically
but not causally with the growth rate. In cases where opposite findings were made in the
same species, ref. [90] discussed the possibility of habitat-specific differences; specifically,
the substrate type.

It is worth noting that controversial findings regarding precipitation rate (=kinetic)
effects on the partitioning of Sr between the calcifying fluid and the mineral also came
from inorganically precipitated aragonite and theoretical considerations for biomineralized
tissues. For example, while Sr/Ca ratios increased non-linearly with the precipitation
rate in experiments conducted by [61], ref. [122] found no effect of the precipitation rate
on Sr/Ca in inorganic aragonite. Perhaps other experimental parameters had a stronger
impact on Sr partitioning than kinetic effects. For coral aragonite, ref. [123] expected a
negative correlation because a higher precipitation rate is coupled with an increase in
active transmembrane Ca2+ transport, which would dilute the Sr2+ content in the calcifying
fluid. In contrast, ref. [124] argued that, during faster growth, an increased ATP-mediated
transmembrane Ca2+ transport across specialized channels would also result in larger
amounts of strontium in the extrapallial fluid of bivalves. This is because strontium can
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diffuse more easily through these calcium channels if the calcium gradient between both
sites of the membrane is higher.

While differing environmental regimes could explain differences between species
or conspecific specimens from different habitats, it remains difficult to understand why
growth-rate-related kinetics should differently affect the Sr2+ incorporation into shell
portions with a different microstructure that formed from the exact same calcifying fluid,
namely the oOSL and iOSL (Figure 1b). Is the answer again linked to differences in the
BMU habit and the preferential substitution of Ca2+ along certain crystal faces—cf. [55]? Is
it possible that the incorporation of strontium occurs at a different pace along the different
crystal faces that are exposed in the respective microstructures of the oOSL and iOSL? More
research is certainly needed to shed light on these aspects.

In summary, both Sr/CaoOSL and Sr/CaiOSL were weakly correlated to the shell growth
rate, albeit the former negatively and the latter positively. The mechanisms causing these
different relationships remain currently unclear and require a better understanding of
biomineralization processes.

5. Conclusions

According to the findings of the present study, shell Sr/Ca values of A. islandica
measured between annual growth lines cannot currently be used to reconstruct water
temperature. Shell Sr/Ca data were positively correlated to seawater temperature, even
when the apparent correlations with the microstructural properties (BMU area) and growth
rate (increment width) were mathematically eliminated. This contradicts thermodynamic
predictions and results from inorganic aragonite. It cannot be precluded that temperature
is still recorded by shell Sr/Ca, but, if so, the signal is superimposed beyond recognition by
other, hitherto unknown environmental forcings. Unless these environmental variables are
identified, it will remain impossible to infer seasonal temperature changes from shell Sr/Ca
values of the studied species. The general agreement between the seasonal shell Sr/Ca
chronologies of contemporaneous specimens indicates that a common environment forcing
is at work, which should be understood as encouragement toward the identification of this
environmental variable in future studies. Given the strong coupling between Sr/Ca and
the biomineral unit size, a detailed characterization of the shell microstructure will most
likely remain an integral part of subsequent attempts to reconstruct temperature from shell
Sr/Ca. Aside from the BMU area, it may be useful to quantify other BMU parameters, such
as the shape and habit in two and three dimensions, and to assess relationships with shell
Sr/Ca. In addition, an ultra-high-resolution characterization and mapping of shell organics
may help to better understand the Sr distribution patterns in the shells.
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Table A1. Overview of the abbreviations used in the paper. 

Sclerochronology  
vm Ventral margin of the shell 
OSL Outer shell layer of the ventral margin of the shell 

oOSL Outer part of the OSL 
iOSL Inner part of the OSL 
HOM Homogenous microstructure, dominating the oOSL  

CA Crossed-acicular microstructure, dominating the iOSL and the hinge 

ISP 
Irregular simple prismatic microstructure, found at the annual 

growth lines 
BMU Biomineral unit; microstructures are composed of BMUs and organics 

Sr/Ca data  

Sr/Cavm 
Sr/Ca in all of the ventral margin (oOSL and iOSL combined) of the 

shell 
Sr/CaoOSL Sr/Ca specifically in the oOSL of the ventral margin of the shell 
Sr/CaiOSL Sr/Ca specifically in the iOSL of the ventral margin of the shell 
Sr/Cahinge Sr/Ca in the hinge of the shell 

dGRSr/Cavm 
Sr/Ca detrended by a growth rate (GR)-based method for all data 

from the ventral margin of the shell (colored in magenta or green if 
the data are for HOM or CA, respectively) 

dGRSr/CaoOSL 
Sr/Ca detrended by a growth rate (GR)-based method specifically for 

oOSL data  

dGRSr/CaiOSL Sr/Ca detrended by a growth rate (GR)-based method specifically for 
iOSL data 

dMSSr/Cavm 
Sr/Ca detrended by a BMU size (MS)-based method for all data from 

the ventral margin of the shell (colored in magenta or green if the data 
are for HOM or CA, respectively) 

dMSSr/CaoOSL 
Sr/Ca detrended by a BMU size (MS)-based method specifically for 

oOSL data  

dMSSr/CaiOSL Sr/Ca detrended by a BMU size (MS)-based method specifically for 
iOSL data 

dGRMSSr/Cavm 
Sr/Ca detrended by growth rate (GR) and BMU size (MS)-based 

methods for all data from the ventral margin of the shell (colored in 
magenta or green if the data are for HOM or CA, respectively) 
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vm Ventral margin of the shell

OSL Outer shell layer of the ventral margin of the
shell

oOSL Outer part of the OSL
iOSL Inner part of the OSL

HOM Homogenous microstructure, dominating the
oOSL

CA Crossed-acicular microstructure, dominating
the iOSL and the hinge

ISP Irregular simple prismatic microstructure,
found at the annual growth lines

BMU Biomineral unit; microstructures are composed
of BMUs and organics

Sr/Ca data

Sr/Cavm
Sr/Ca in all of the ventral margin (oOSL and

iOSL combined) of the shell

Sr/CaoOSL
Sr/Ca specifically in the oOSL of the ventral

margin of the shell

Sr/CaiOSL
Sr/Ca specifically in the iOSL of the ventral

margin of the shell
Sr/Cahinge Sr/Ca in the hinge of the shell

dGRSr/Cavm

Sr/Ca detrended by a growth rate (GR)-based
method for all data from the ventral margin of

the shell (colored in magenta or green if the
data are for HOM or CA, respectively)

dGRSr/CaoOSL
Sr/Ca detrended by a growth rate (GR)-based

method specifically for oOSL data

dGRSr/CaiOSL
Sr/Ca detrended by a growth rate (GR)-based

method specifically for iOSL data

dMSSr/Cavm

Sr/Ca detrended by a BMU size (MS)-based
method for all data from the ventral margin of

the shell (colored in magenta or green if the
data are for HOM or CA, respectively)

dMSSr/CaoOSL
Sr/Ca detrended by a BMU size (MS)-based

method specifically for oOSL data

dMSSr/CaiOSL
Sr/Ca detrended by a BMU size (MS)-based

method specifically for iOSL data

dGRMSSr/Cavm

Sr/Ca detrended by growth rate (GR) and
BMU size (MS)-based methods for all data

from the ventral margin of the shell (colored in
magenta or green if the data are for HOM or

CA, respectively)

dGRMSSr/CaoOSL

Sr/Ca detrended by growth rate (GR) and
BMU size (MS)-based methods specifically for

oOSL data

dGRMSSr/CaiOSL

Sr/Ca detrended by growth rate (GR) and
BMU size (MS)-based methods specifically for

iOSL data

Environmental data set

SST Sea surface temperature (◦C)
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