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a b s t r a c t
The Sr/Ca and Mg/Ca ratios of many biogenic skeletons provide useful paleotemperature estimates. As yet
however, it has remained largely impossible to obtain such information from bivalve shells. In the present
study, metal-to-calcium values in the hinge plate (aragonite, outer shell layer) of four ontogenetically old (85
to 374 year-old) specimens of the long-lived bivalve, Arctica islandica, were measured on a LA–ICP–MS. The
shells were collected alive in 1868, 1986 and 2003 from three different localities around Iceland. With
increasing ontogenetic age and decreasing growth rate, a distinct trend toward increasing Sr/Ca (max.
5.17 mmol/mol) and Mg/Ca values (max. 0.89 mmol/mol) and greater variance were observed. Three potential
explanations for these trends include a reduced capacity for element selection due to cell ageing, changing
metabolism and/or a relative increase in the number of organic-rich (= Mg-rich) and organic-poor (= Sr-rich)
shell portions through ontogeny. Partition coefﬁcients however, remained far below 1, indicating that
physiology exerted a strong control over the element partitioning between the shells and the ambient water.
After mathematical elimination of these vital effects, residuals exhibited a highly signiﬁcant negative
correlation (e.g., age-detrended Sr/Ca data: R = − 0.64, R2 = 0.41, p b 0.0001, growth rate-detrended Mg/Ca
data: R = − 0.52, R2 = 0.27, p b 0.0001) with sea surface temperature. These results are in good agreement with
results obtained from the precipitation of abiogenic aragonite. The results of the present study can help to
develop new techniques to extract environmental signals from the metal-to-calcium ratios of bivalve shells.
© 2010 Elsevier B.V. All rights reserved.

1. Introduction
Metal-to-calcium ratios (Me/Ca) of biogenic carbonates likely
contain a broad array of paleoenvironmental information. Without
doubt, strontium (Sr) and magnesium (Mg) are the most studied trace
elements. For example, past water temperatures have been reconstructed from Sr/Ca and Mg/Ca ratios of many different taxonomic
groups, such as brachiopods (Lowenstam, 1961; Powell et al., 2009),
corals (Beck et al., 1992; Mitsuguchi et al., 1996; Goodkin et al., 2007),
foraminifera (Nürnberg et al., 1996), ostracods (Corrège, 1993),
echinoids (Pilkey and Hower, 1960), sclerosponges (Rosenheim
et al., 2004), belemnites (McArthur et al., 2007), gastropods (Sosdian
et al., 2006) and bivalves (Dodd, 1965, 1967; Hart and Blusztajn,
1998). In general, temperature reconstructions based on Sr/Ca and
Mg/Ca ratios are considered superior to oxygen isotope based
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reconstructions because, unlike δ18O values, the concentration of
these elements in seawater above 10 PSU (Dodd and Crisp, 1982)
remains relatively constant over time.
However, the empirically determined relationship between Me/Ca
ratios of biogenic carbonates–especially bivalve shells–and environmental parameters often depart signiﬁcantly from results obtained by
abiogenic precipitation experiments1. At equilibrium, the distribution
coefﬁcient
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1
It is worth noting that thermodynamic equilibrium is difﬁcult to maintain even
during abiogenic precipitation experiments (Gaetani and Cohen, 2006), i.e. kinetic
effects are likely always present. In fact, the mechanisms for producing impurities in
artiﬁcially grown carbonate crystals–much less complex systems because of the lack of
biologically controlled reaction compartments, e.g., semipermeable membranes–are
still strongly debated (e.g., Tiller et al., 1953; Albarede and Bottinga, 1972; Watson and
Liang, 1995; Watson, 1996, 2004).
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for an element (Me) should be close to 1. However reported KD(Me)
values of bivalve shells, gastropods and otoliths deviate from this
value (e.g., Gillikin et al., 2005; Freitas et al., 2006). Furthermore, the
Sr/Ca and Mg/Ca ratios of artiﬁcial aragonite decrease with increasing
temperature. Likewise, tropical shallow-water corals show a negative
correlation between Sr/Ca ratios and ambient temperature (Corrège,
2006; however, Gaetani and Cohen, 2006, reported the opposite).
Moreover, element partitioning in corals can be affected by variations
in precipitation rate (de Villiers et al., 1995; Cohen et al., 2001) and
reportedly varies within a single colony (Alibert and McCulloch,
1997). Such discrepancies are typically ascribed to “vital effects”
(Urey et al., 1951) or “physiological effects” (Epstein et al., 1951), i.e.
metabolic processes that modify the way in which environmental
data are recorded in the geochemical composition of biogenic hard
parts.
The empirical Me/Ca-environment relationships of many organisms seem to provide useful environmental proxies, but the number of
studies using bivalve shells has remained disproportionately small. In
fact, published results on the relationship between the Sr/Ca or Mg/Ca
ratios of bivalve shells and calciﬁcation temperature are highly
ambiguous. Shell Mg/Ca and Sr/Ca ratios vary signiﬁcantly among
different bivalve species and even among conspeciﬁc and contemporaneous specimens from one locality (Gillikin et al., 2005; Lorrain et
al., 2005; Freitas et al., 2008). Dodd (1965) reported an inverse
relationship between temperature and Sr/Ca ratios in the nacreous
shell layer (aragonite) of Mytilus edulis and so did Surge and Walker
(2006) for the middle layer (aragonite) of Mercenaria campechiensis,
while Gillikin et al. (2005) observed the opposite in Saxidomus
gigantea (aragonite). Various authors also noted a correlation of the
Mg and Sr content with growth rate (Swan, 1956; Takesue and van
Geen, 2004; Gillikin et al., 2005; Lorrain et al., 2005) or ontogenetic
age (Palacios et al., 1994; Freitas et al., 2005). Why are the Me/Ca
ratios of bivalves more difﬁcult to interpret than those of other taxa?
Is the elemental composition of bivalves more severely affected by
“vital effects” than that of other taxa?
The present study is the ﬁrst to measure skeletal Me/Ca ratios of
ontogenetically old, very-long-lived bivalves, in this case Arctica
islandica. The studied bivalves lived at different localities around
Iceland and during different time intervals of the past 500 years. We
present a potential model for reconstructing environmental signals
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from Me/Ca records. This new approach makes use of a combined
analysis of growth rates (sclerochronology) together with the
elemental composition (laser ablation–inductively coupled plasma–
mass spectrometry, LA–ICP–MS data) of the shells. We describe a
method for identifying and removing physiological (“vital”) effects
from Mg/Ca and Sr/Ca ratios of the shells, hence enabling recovery of
information on calciﬁcation temperature. Our approach may help
paleoclimatologists to develop techniques for a precise reconstruction
of environmental data recorded in the Me/Ca ratios of bivalve shells.
2. Material and methods
Four specimens of Arctica islandica were used in the present study.
They were collected alive by dredging from ca. 30 m of water depth
around Iceland (Fig. 1; Table 1). Two specimens (Möller-A5R and
Möller-A9L) lived contemporaneously at the same locality and
allowed us to identify the degree of similarity in the Me/Ca ratios
(Table 2). In order to distinguish environmental and ontogenetic
trends, two additional specimens were used that lived at different
time intervals during the past ﬁve centuries (Table 1).
Soft tissues were removed immediately after collection. One valve
of each specimen was selected and mounted on a plexiglass cube. A
quick-drying epoxy resin (JB KWIK Weld) was applied to the valve
surface along the axis of maximum growth. On that axis, two ca.
three-millimeter thick sections were cut from each valve with a
Buehler Isomet low-speed saw. Then, the sections were mounted on
glass slides with the mirroring sides facing up, ground on glass plates
with 800 and 1200 grit SiC powder, and ﬁnally polished on a Buehler
G-cloth with 1 µm Al2O3 powder. All samples were ultrasonically
rinsed in Milli-Q (18.2 MΩ cm) water.
2.1. LA–ICP–MS analyses
One polished cross-section of each valve was used for LA–ICP–MS
analysis. Mg (measured as 24Mg) and Sr (as 88Sr) concentrations were
determined in the hinge portion of the shells, where a condensed
annual growth increment record is preserved (Fig. 2). This portion of
the hinge plate was precipitated by the outer extrapallial ﬂuid and
belongs to the outer shell layer (terminology follows Ropes et al.,
1984). Like the outer shell layer at the ventral margin, the analyzed

Fig. 1. Map showing sampling localities around Iceland. F = near Flatey Island, N Iceland, 1 shell; L = near Langanes peninsula, NE Iceland, 2 shells; E = East Iceland, 1 shell. Refer to
Table 1 for further locality details.
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Table 1
List of Arctica islandica shells used in the present study and details on LA–ICP–MS measurements. Number of LA sample swaths (# swaths) does not include overlapping portions of
line scans. LA = laser ablation.
Shell ID

M071868-A3R
HM-Fla86-A1L
Möller-A5R
Möller-A9L

Locality

Life span

E Iceland; ca. N65°, W013°
near Flatey Island, N Iceland; ca. N66°11′, W017°50′
Near Langanes, NE Iceland; N66°16′, W014°55.20′

1494–1868
1761–1986
1897–26 Nov. 2003
1918–26 Nov. 2003

portion of the hinge plate was not subject to repeated dissolution and
CaCO3 deposition (Crenshaw, 1990) as is the case for the inner shell
layer. Therefore the studied section represents a faithful record of the
life history of the animal (e.g., Butler et al., 2009) consisting of annual
growth increments delimited by growth lines (Fig. 2).
Ablation was achieved with a NewWave Research UP-213 Nd:YAG
laser ablation system using a pulse rate of 4–10 Hz, a pulse energy of
∼ 0.3 mJ per spot, and ca. 50 µm spot diameters (in “spot” mode) with
Ar as the ablation gas. Elemental analyses were performed on an
Agilent 7500ce quadrupole ICP–MS coupled to the UP-213 platform
(one point per peak and 10 ms dwell time) following the methods
described in Jacob (2006). NIST SRM 612 was used as the external
standard (Pearce et al., 1997), and the U.S. Geological Survey glass
standard BCR-2G was measured to monitor accuracy and instrumental drift. 43Ca was used as the internal standard (38 wt.% measured by
ICP–OES). Detection limits generally ranged between 1 and 500 ppb
for these elements, and relative standard deviations (based on
repeated measurements of the external standard) were 7.2% for Mg
and 7.8% for Sr. In order to produce trace element time-series, the
single-line scan method for ablation was applied. In this method, the
laser is moved over the sample along a straight line at a scan speed of
10 µm per second while continuously ablating the sample surface.
Data were integrated over time slices of 0.323 s. Individual ablation
lines (taken perpendicular to the axis of growth; Fig. 2) measured
between 765 and 1470 µm in length. The line scans were taken so that
their ends overlapped by several 100 µm (Fig. 2). Later, the line scans
were stitched together to obtain a single time-series for each
specimen. The total number of time slices (excluding overlapping
portions) amounted to 11,926 (Table 1).

Valve

Right
Left
Right
Left

LA–ICP–MS
# line scans

# swaths

Time coverage
(yr AD)

11
15
13
10

2999
4013
3141
1773

1500–1860
1761–1970
1897–1998
1923–2003

ment widths were determined on digitized images (Nikon Coolpix
995 digital camera mounted to an Olympus SZX16 stereomicroscope)
of the etched thick-sections of the hinge portions to the nearest 2 µm
using the image processing software Panopea (© Peinl and Schöne).
2.3. Instrumental data
Because Sr/Ca and Mg/Ca ratios function as paleotemperature
proxies in many organisms (e.g., Beck et al., 1992), Me/Ca data of the
shells were compared to instrumental sea surface temperature during
the growing season of Arctica islandica, i.e. November to August
(Schöne et al., 2005b; Schöne, 2008). NOAA_ERSST_V3 data (Xue
et al., 2003; Smith et al., 2007) were obtained from NOAA/OAR/ESRL
PSD, Boulder, Colorado, USA, from their Web site at http://www.cdc.
noaa.gov. For direct comparison with Me/Ca time-series, we have
extrapolated the monthly SST time-series over a larger area (62–68°N,
334–352°E), because (1) no data exists for the locality where the
bivalves lived and (2) SST data may not necessarily be representative
of temperature in 30 m water depth. Average Sr/Ca and Mg/Ca values
for seawater were taken from Elderﬁeld (2006).
2.4. Data analysis
We compared Sr/Ca and Mg/Ca groups of all four shells. The Wilcoxon
Mann–Whitney test was used to test whether the group means are
signiﬁcantly different from each other. We used this non-parametric test
because it does not require the assumption that the population is
normally distributed. The null hypothesis (i.e. no difference between the
medians) is rejected for p-values smaller than 0.05.

2.2. Sclerochronological analyses
3. Results
In order to temporally align the Me/Ca record and to compare the
data with shell growth rates and ontogenetic age, the remaining
polished cross-section of each valve was immersed in Mutvei's
solution (Schöne et al., 2005a) under constant stirring for 25 min at
37–40 °C. Immediately afterward, the etched sections were rinsed in
demineralized water and allowed to air-dry. Mutvei's solution
(0.5 vol.% acetic acid, 12.5 vol.% glutar[di]aldehyde, 5 wt.‰ alcian
blue powder) produces a three-dimensional relief consisting of ridges
(, i.e. organic-rich annual growth lines which are strongly stained by
alcian blue,) and valleys (, i.e. deeply etched annual growth
increments between adjacent growth lines). Annual growth incre-

3.1. Habitat-speciﬁc Sr/Ca and Mg/Ca ratios
The average, minimum and maximum Sr/Ca and Mg/Ca ratios
(intra-annual data) and corresponding KD(Sr) and KD(Mg) values
varied considerably among specimens from different localities (all
p-values b 0.0001), but Sr/Ca ratios were statistically indistinguishable
in the two shells from NE Iceland (Table 2; t-statistics, p = 0.50). For
example, average Sr/Ca ratios of shells from E Iceland (M071868-A3R)
and N Iceland (HM-Fla86-A1L) were about 0.50 mmol/mol higher
than specimens from NE Iceland. Mg/Ca ratios in the shell from E

Table 2
List of basic shell dimensions and metal-to-calcium ratios of Arctica islandica shells used in the present study. σ = standard deviation.
Shell ID

M071868-A3R
HM-Fla86-A1L
Möller-A5R
Möller-A9L

Shell height
(mm)

Shell age
(yr)

Average ± 1σ//minimum//maximum
Sr/Ca
(mmol/mol)

Mg/Ca
(mmol/mol)

KD(Sr)

KD(Mg)

82.98
89.68
83.09
79.68

374
225
106
85

1.48 ± 0.50//0.73//3.86
1.53 ± 0.49//0.71//5.17
1.02 ± 0.22//0.59//2.34
1.06 ± 0.33//0.54//2.72

0.42 ± 0.10//0.14//0.86
0.30 ± 0.09//0.15//0.89
0.30 ± 0.13//0.14//0.85
0.26 ± 0.11//0.12//0.79

0.17 ± 0.06//0.08//0.43
0.17 ± 0.06//0.08//0.58
0.11 ± 0.02//0.07//0.26
0.12 ± 0.04//0.06//0.31

0.08 ± 0.02//0.03//0.17
0.06 ± 0.02//0.03//0.17
0.06 ± 0.03//0.03//0.16
0.05 ± 0.02//0.02//0.15

B.R. Schöne et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 302 (2011) 52–64

55

Fig. 2. Cross-sectioned shell of Arctica islandica revealing major shell structures (upper panel) and annual growth patterns (middle panel). The hinge plate (lower panel) was
analyzed for Sr, Mg and Ca by means of LA–ICP–MS (line scan method). Open circles denote position where pallial line meets internal surface (i.e. position of pallial muscle
attachment).

Iceland differed signiﬁcantly (0.42 mmol/mol) from values determined in the remaining three shells (ca. 0.30 mmol/mol).
3.2. Sr/Ca and Mg/Ca trends related to ontogenetic age and shell size
Over their lifetime, all four specimens of Arctica islandica showed a
general trend toward increasing Sr/Ca and Mg/Ca ratios (Fig. 3). This is
remarkable because all specimens lived during different time intervals
and three of the four specimens dwelled at different localities around
Iceland (Table 1). Aside from this general trend however, individual
differences occurred particularly during the early years of life. In
specimen M071868-A3R, annually averaged Mg/Ca values increased
rapidly from 0.2 to 0.5 mmol/mol (KD(Mg) = 0.04 to 0.10) early in
ontogeny, but decreased toward ca. 0.4 mmol/mol (KD(Mg) = 0.08)
between LA sample swath 400 and 2000 (Fig. 3A). Thereafter, values
increased again late in the adult stage of life (Mg/Ca = 0.6 mmol/mol,
KD(Mg) = 0.12). Sr/Ca values in this shell increased gradually from ca. 1.2
to 2.5 mmol/mol (KD(Sr) = 0.13 to 0.28). In contrast, until LA sample
swath 2500, annual Sr/Ca and Mg/Ca values of HM-Fla86-A1L from N
Iceland were ﬂuctuating around 1.4 and 0.3 mmol/mol (KD(Sr) = 0.16;
KD(Mg) = 0.06) and then gradually increased to attain values of 2.5 and
0.5 mmol/mol (KD(Sr) = 0.28; KD(Mg) = 0.10), respectively (Fig. 3B).
However, in the two specimens from NE Iceland, Möller-A5R and

Möller-A9L (Fig. 3C and D), annual Sr/Ca and Mg/Ca ratios declined
during early ontogeny before reaching a plateau at about LA sample
swath 500. Me/Ca values decreased from ca. 1.2 and 0.4 mmol/mol
(KD(Sr) = 0.13; KD(Mg) = 0.08) to 0.9 and 0.2 mmol/mol respectively
(KD(Sr) = 0.10; KD(Mg) = 0.04) early in ontogeny. Values of 2.0 and ca.
0.8 mmol/mol respectively (KD(Sr) = 0.22; KD(Mg) = 0.15) were then
attained near the end of the specimens' lives. Furthermore, while
Me/Ca values typically changed gradually, Mg/Ca ratios of specimen
Möller-A9L showed an abrupt increase at ca. LA sample swath 1500
(Fig. 3D). In addition, there was an apparent tendency toward greater
Me/Ca variability from one laser sample swath to the next with
increasing ontogenetic age in all four shells (Fig. 3).
When arranged by ontogenetic age, annual Me/Ca values (arithmetically averaged) were best described by linear regression lines
(least-squares method; Fig. 4). Due to the abruptly changing Me/Ca
values in specimen Möller-A9L (Fig. 4D), two separate regression lines
were computed. Note that annual increment widths of later
ontogenetic years were sometimes smaller than the LA sample
diameter (50 µm). Therefore, time averaging in these portions
increased signiﬁcantly which accounts for the staircase-like appearance at the end of the chronologies (towards older shell portions).
Although the number of shells was too low to obtain statistically
meaningful results (all p-values were larger than 0.05), older shells
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Fig. 3. Sr/Ca and Mg/Ca ratios in shells of Arctica islandica from E Iceland (A = specimen M071868-A3R), N Iceland (B = specimen HM-Fla86-A1L) and NE Iceland (C = specimen
Möller-A5R; D = specimen Möller-A9L). Irrespective of the locality and the time interval during which the shells lived, all four shells show a general trend toward increasing Sr/Ca
and Mg/Ca values. However, note deviations from this general trend in juvenile portions (e.g., C and D versus A and B). All four shells also show an ontogenetic increase in Me/Ca
variability. LA = laser ablation.

tended to have higher overall Mg/Ca and Sr/Ca values (Table 2).
However, neither ratio seemed to be strongly linked to shell height
(size; Table 3). It should be emphasized that the oldest bivalves did
not necessarily grow the biggest shells. For example, Möller-A5R was
“only” 106 years old, but had a similar sized shell to the 374 year-old
specimen from E Iceland (Table 2).

(Fig. 5B, C), others negative relationships (Fig. 5D). In the shell from
N Iceland, however, Sr/Ca ratios decreased with increasing growth
rate, whereas Mg/Ca values increased (Fig. 5A). In general, the
correlation between shell growth and Me/Ca ratios was stronger in
slow-growing mature and gerontic shell portions than in fast-growing
juvenile portions.

3.3. Sr/Ca and Mg/Ca trends related to growth rate

3.4. Sr/Ca and Mg/Ca data related to sea surface temperature

A strong non-linear, inverse correlation was found between Me/Ca
ratios and annual increment widths below 30 to 200 µm (Fig. 5). The
relationship between the two variables was ﬁtted with non-ﬂexible
cubic splines, so that the resulting curves were as smooth as possible.
Slower shell growth was associated with higher Sr/Ca and Mg/Ca
values. However, when annual increment widths (measured in the
hinge plate) were above 30 µm in the specimen from E Iceland
(Fig. 5A), 100 µm in the shell from N Iceland (Fig. 5B) or 200 µm in the
specimens from NE Iceland (Fig. 5C and D), the correlation between
shell growth and Me/Ca ratios was much less uniform among the four
specimens. Above these thresholds, some shells showed slightly
positive linear relationships between growth and Me/Ca ratios

In Fig. 6 annual Sr/Ca and Mg/Ca time-series are arranged by
calendar year. As expected from the strong correlation with age and
shell growth, the Me/Ca chronologies do not correlate with each other
or with sea surface temperature. The Me/Ca time-series are
dominated by ontogenetic trends.
4. Discussion
The results of this study clearly indicate that vital effects
(ontogenetic age, growth rate; the latter is inﬂuenced by the habitat,
e.g., food availability) exert a major control over the Sr/Ca and Mg/Ca
ratios of Arctica islandica shells. Element partitioning between the
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Fig. 4. Annually averaged Sr/Ca and Mg/Ca ratios in shells of Arctica islandica plotted versus ontogenetic age. With increasing ontogenetic age, all four shells show a distinct trend
toward higher Sr/Ca and Mg/Ca values which is best described by linear regression lines. A = M071868-A3R; B = HM-Fla86-A1L; C = Möller-A5R; D = Möller-A9L.

shells and the ambient water does not occur in equilibrium2. In
general, these ﬁndings are in agreement with the majority of other
studied bivalve species (e.g., Gillikin et al., 2005; Lorrain et al., 2005;
Freitas et al., 2005, 2006, 2009; Elliot et al., 2009).
4.1. Reasons for ontogenetic Sr/Ca and Mg/Ca trends?
While the KD(Sr) and KD(Mg) values of synthetic aragonite are
independent of precipitation rate (e.g., Mucci et al., 1989; Zhong and
Mucci, 1989), Sr/Ca and Mg/Ca ratios of Arctica islandica shells increased
with decreasing growth rates (Fig. 5) and increasing ontogenetic age
(Fig. 4). However, skeletal Sr/Ca and Mg/Ca ratios remained far below
that of the ambient water (Mg/Ca: 5.2 mmol/mol; Sr/Ca: 8.9 mmol/mol;
Elderﬁeld, 2006) and, accordingly, KD(Sr) and KD(Mg) values remained well
below 1 (Table 2). Can the observed trends be explained by age-related
changes of the ion discrimination systems of the mantle epithelium?
Functional structures in the semipermeable membrane of the
mantle epithelium are believed to select Ca2+ against other ions and,
thus, generate an elemental concentration in the calcifying ﬂuid that

2
Interestingly, such physiological controls do not affect shell δ18O and δ13C values of
A. islandica (Schöne et al., 2005b).

differs from the ambient environment (Wheeler, 1992). Currently,
there are two major models that explain how the high Ca2+ demand
of the calciﬁcation process can be satisﬁed, while maintaining a
suitable, alkaline reaction environment and keeping the concentration of other metals in the calcifying ﬂuid low: (1) an energyconsuming Ca2+ pump mediated by Ca2+-ATPase enzymes (Wheeler,
1992; Cohen and McConnaughey, 2003) and (2) a passive transport
through ion channels (Gattuso et al., 1999; Carré et al., 2006).
However, both models fail to explain the observed ontogenetic Me/
Ca trends in Arctica islandica. For every calcium ion that is pumped into
the calcifying ﬂuid, two protons are pumped away by the Ca2+-ATPase
enzymes. This process elevates the pH and lowers the Mg/Ca ratio in the
calcifying ﬂuid, because of the relative increase in Ca (and Sr, see below)
ions. Due to its smaller size and differing electrochemical characteristics,

Table 3
Linear regression analysis of shell age and shell size (height) versus metal-to-calcium
ratios for combined data from all four shells (R2, p). All correlations were positive;
therefore only R2 values are provided.

Ontogenetic age
Shell height

R2, p (Sr/Ca)

R2, p (Mg/Ca)

0.72, 0.15
0.49, 0.30

0.87, 0.07
0.01, 0.93
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Fig. 5. Annually averaged Sr/Ca and Mg/Ca ratios in shells of Arctica islandica plotted versus annual increment width. With decreasing growth rate, all four shells show a distinct trend
toward higher Sr/Ca and Mg/Ca values. These trends are best described by non-ﬂexible cubic splines. Note that metal-to-calcium ratios can be positively or negatively correlated to
annual increment width in fast-growing shell portions. In addition, the correlation is nearly linear in such shell portions. The point at which the relationship becomes nearly linear
(indicated by the vertical dashed lines) varies among shells: 30 µm in A, 100 µm in B and 200 µm in C and D.

Mg is therefore effectively excluded from the site of calciﬁcation.
However, Sr2+ and Ca2+ are nearly identical in size and have similar
atomic properties. Therefore, the Ca2+-ATPase allows Sr2+ to enter the
calciﬁcation ﬂuid along with Ca2+, so that the Sr/Ca ratios of the
biomineral should be nearly identical to that of the ambient water
(Gaetani and Cohen, 2006). This is clearly not the case in A.islandica. Like
the ion-pump model, the presence of Ca2+ and H+ ion channels is
believed to guarantee a constant supply of calcium and removal of the
protons that build up during calciﬁcation. Due to similar binding
afﬁnities to Ca2+, Sr2+ is expected to reach the calciﬁcation sites though
the Ca2+ ion channels. With increasing biomineralization rate, higher
amounts of Ca2+ and Sr2+ are expected to pass the semipermeable
membrane. Following this hypothesis, the Sr/Ca ratio would
increase with increasing growth rate (Carré et al., 2006). However, the
opposite trend was found for A.islandica. We suggest three alternative
explanations for the positive Me/Ca trends in A.islandica through
ontogeny.
(1) Cell ageing (e.g., Abele et al., 2008) may cause the transportation mechanisms of the mantle epithelium to loose their
capability to properly select Ca2+ against other ions as the
bivalve becomes older and grows more slowly. As a result more

Mg and Sr can reach the calciﬁcation sites when bivalves are
older and therefore Mg/Ca and Sr/Ca ratios increase.
(2) Metabolism and biomineralization processes change throughout ontogeny and modify the amount of impurities in newly
forming biominerals. Support for this assumption comes from
ontogenetic changes in the amount and composition of amino
acids in Arctica islandica shell (Goodfriend and Weidman,
2001). The total amount of amino acids and the relative
abundance of less acidic, structural proteins increase with
ontogenetic age. During youth, however, acidic amino acids
prevail.
(3) Relative increase of organic-rich and organic-poor shell portions through ontogeny. With increasing ontogenetic age and
slowing shell growth, annual increment widths become
narrower and the number of annual growth lines per shell
unit increases. While growth lines are enriched in waterinsoluble organic matrices and organic-bound Mg (Foster et al.,
2008; Schöne et al., 2010), the shell portions immediately after
these lines are depleted in organics and rich in Sr (Schöne et al.,
2010). When measured in situ for example, by means of LA–
ICP–MS, Mg values tend to be three times higher at the growth
lines, while distinct Sr peaks occur immediately adjacent to the
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Fig. 6. Annual Sr/Ca (A) and Mg/Ca (B) time-series of Arctica islandica shells plotted against calendar year. Note that no agreement exists between metal-to-calcium ratios and sea
surface temperature (SST, grey curve). Due to ontogenetic trends (Figs. 4 and 5), the metal-to-calcium chronologies of contemporary specimens have little in common.

growth lines (Schöne et al., 2010). It should be noted, however,
that in situ measurements are not sensitive to element
speciation, i.e. lattice-bound and organic-bound elements are
detected (Schöne et al., 2010). The increased density of
organic-rich and organic-poor shell portions in older specimens would result in an overall enrichment of Mg and Sr and
could also account for the observed larger Mg and Sr variability
between individual laser sample swaths in older shell portions.

4.2. Can Sr/Ca and Mg/Ca ratios still be used as paleothermometers?
Only a few previous studies have suggested that the Sr/Ca or Mg/
Ca ratios of bivalve shells can be used as proxies for ambient water
temperature during calciﬁcation. According to Dodd (1965), Sr/Ca
ratios of Saxidomus gigantea are negatively correlated to temperature.
The same trend was observed for Spisula solidissima by Stecher et al.
(1996). However, the same authors also found the opposite to be true
for Mercenaria mercenaria (Stecher et al., 1996). In addition, Hart and
Blusztajn (1998) claimed that Sr/Ca ratios of Arctica islandica are
positively correlated to temperature. However, these authors did not
provide any supportive data and only reported the ﬁnding in the
appendix of a paper in which the Sr/Ca-paleothermometer was
applied to the deep-sea bivalve, Calyptogena magniﬁca.

The majority of previous studies have concluded that the Sr/Ca and
Mg/Ca ratios of bivalves do not reﬂect water temperatures, but merely
growth rates or other physiological parameters. This conclusion is well
supported by the ﬁndings herein (Fig. 6). Some authors have assumed
an indirect correlation between calciﬁcation temperatures and shell
Sr/Ca and Mg/Ca values, because metabolism is inﬂuenced by the
ambient environment (e.g., Gillikin et al., 2005; Freitas et al., 2006;
Elliot et al., 2009). However, no previous approach has tested whether
environmental variables can be reconstructed from Me/Ca ratios if the
vital effects, including the heteroscedascity (high correlation between
mean and variance), are mathematically eliminated.
The method applied here is modiﬁed from a technique routinely
used by dendrochronologists (Cook and Kairiukstis, 1990) and bivalve
sclerochronologists (Marchitto et al., 2000; Schöne et al., 2003), i.e.
detrending and standardization. The regression curves included in
Figs. 4 and 5 were used to estimate (or predict) the ontogenetic age- and
growth-rate-related changes in Me/Ca ratios. For detrending, indices
were calculated by dividing measured by predicted Me/Ca values.
Then, the indexed Me/Ca data were standardized by subtracting the
mean and dividing by the standard deviation of the indexed Me/Ca
data. By doing this, we obtained age-detrended and growth ratedetrended, standardized Sr/Ca (Sr/CaSI(age), Sr/CaSI(growth)) and Mg/
Ca (Mg/CaSI(age), Mg/CaSI(growth)) chronologies, i.e. dimensionless measures of Me/Ca ratios (unit: standard deviation). Two sets of average
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Fig. 8. Sea surface temperature (grey curve; NOAA_ERSST_V3; averaged over larger area stretching from 62°N, 334 °C to 68°N, 352°E) in direct comparison with detrended and standardized
Sr/Ca and Mg/Ca time-series (black curves) of Arctica islandica shells. (A) shows a multi-regional, age-detrended Sr/Ca chronology including three specimens from N and NE Iceland
(equivalent to data depicted in Fig. 7A), while (B) is a growth rate-detrended Mg/Ca chronology including two specimens from the same locality (NE Iceland) (equivalent to data shown in
Fig. 7H).

chronologies were computed from data of at least two contemporaneous
shells, i.e. one multi-regional chronology (N and NE Iceland: HM-Fla86A1R, Möller-A5R, Möller-A9L) and one NE Iceland chronology (MöllerA5R, Möller-A9L). Large-scale temperature effects on trace metal
impurities in the shells were estimated from spatial correlation diagrams
(Sr/CaSI and Mg/CaSI versus SST) for growing season (November to
August) averages using the KMNI Explorer (http://www.climexp.knmi.
nl) and NOAA_ERSST_V3 data (Fig. 7). Furthermore, two selected
relationships (Fig. 7A and H) were plotted as time-series (Fig. 8).
All Sr/CaSI and Mg/CaSI time-series exhibited a statistically
signiﬁcant negative correlation with calciﬁcation temperature during
the growing period (Figs. 7 and 8). These ﬁndings compare well with
inorganic precipitation experiments. Mg/Ca and Sr/Ca ratios of
synthetic aragonite also show a negative relationship with temperature (Kinsman and Holland, 1969; Gaetani and Cohen, 2006).
Typically, age-detrended time-series revealed stronger relationships
with SST (up to 41% explained variability; Figs. 7A–D, 8A) than growth
rate-detrended data (up to 27% explained variability; Figs. 7E–H, 8B.
This suggests that ageing has a stronger effect on the amount of

impurities in the shells than growth rate, i.e. physiological effects have
a stronger effect than kinetic effects (here: calciﬁcation rate).
Although the trend elimination did not result in 100% explained
variability, the correspondence between SST and detrended and
standardized Mg/Ca or Sr/Ca data is intriguing (Fig. 8). The remaining
unexplained variability may be partly due to the low temporal
resolution in slower growing shell portions (LA–ICP–MS swath width:
50 µm, annual increment widths in older shell portions were as
narrow as 5 µm). Furthermore, instrumental temperature records did
not come from exactly the same locality as where the shells lived, but
were averaged over a larger area.
4.3. Are vital effects species-speciﬁc or related to ontogenetic age?
Although vital effects reportedly control the elemental chemistry
of most bivalves, different species seem to exhibit diametrically
opposed relationships between Me/Ca ratios and growth rate or
ontogenetic age, irrespective of the CaCO3 polymorph. For example,
the Sr/Ca ratios of some aragonitic (Protothaca staminea: Takesue and

Fig. 7. Spatial correlation charts between detrended and standardized Sr/Ca and Mg/Ca ratios of Arctica islandica shells and sea surface temperature (NOAA_ERSST_V3). SST data
represent averages from November of the previous year to August of the current year, i.e. the duration of the growing season of the ocean quahog. Red circles denote the specimens
included in the correlation analysis: A–D = specimens HM-Fla86-A1R from N Iceland and Möller-A5R and Möller-A9L from NE Iceland; E–H = Möller-A5R and Möller-A9L from NE
Iceland. Age-detrended (A, B, E, F) metal-to-calcium ratios exhibited a stronger negative correlation than growth-rate-detrended data (C, D, G, H). Diagrams were made with the
KMNI explorer (http://www.climexp.knmi.nl).
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van Geen, 2004; Saxidomus gigantea: Gillikin et al., 2005; Mesodesma
donacium and Chione subrugosa: Carré et al., 2006) and calcitic
bivalves (Pecten maximus: Lorrain et al., 2005) are positively
correlated with growth rate and negatively correlated with ontogenetic age. Likewise, Klein et al. (1996) found decreasing Sr/Ca ratios in
the slower growing (calcitic) shell portions of Mytilus trossulus.
Conversely, the calcitic portion of Pinna nobilis (Freitas et al., 2005)
showed an inverse relationship between Sr/Ca and growth rate, while
the Sr/Ca ratios of Tridacna gigas (aragonitic; Elliot et al., 2009) and
Mercenaria mercenaria (Gillikin et al., 2005) did not vary with growth
rate or age at all. Mg/Ca ratios do not have not provide coherent
relationships with ontogeny either. In T. gigas, Elliot et al. (2009)
observed a negative correlation between Mg/Ca ratios and growth
rate. Yet no such relationship seems to exist in Mytilus edulis and
Pecten maximus (calcitic shell portions; Freitas et al., 2008). As such,
are there species-speciﬁc vital effects?
Scrutiny of the published data admits alternative interpretations for
the observed incoherent trends between Me/Ca ratios and ontogeny
among different species. Notably, published data on element chemistry
and its relation to growth rate or ontogenetic age were exclusively
obtained from relatively short-lived bivalves (e.g., Freitas et al., 2005;
Gillikin et al., 2005; Lorrain et al., 2005; Surge and Walker, 2006) or from
the juvenile portions of short-lived (Klein et al., 1996; Pearce and Mann,
2006) or long-lived species (Elliot et al., 2009). How was it assured that
the alleged ontogenetic or growth rate-related trends observed over a
time interval of ﬁve, ten or twenty years were not actually inﬂuenced by
environmental factors, when these remained unexamined and perhaps
ﬂuctuated on decadal time scales? Furthermore, it may be that element
partitioning during youth is subject to stronger biological inﬂuences
than during adulthood. It should be kept in mind that bivalves need to
quickly escape the predation window and they therefore rapidly grow
big shells during the ﬁrst few years of their life in order to reach
reproductive size (e.g., Seed and Brown, 1978). This ontogenetic growth
pattern is genetically predetermined, affects evolutionary success and
may have a signiﬁcant inﬂuence on metabolic rates and, therefore, on
element partitioning between the shell and the ambient water.
According to the results of the present study, Mg/Ca and Sr/Ca ratios
of the juvenile portions of Arctica islandica shells can differ signiﬁcantly
among specimens that lived at different time intervals during the past
ﬁve centuries (and in different environmental settings). At least in fastgrowing shell portions, no consistent species-speciﬁc Me/Ca trends
related to ontogeny seem to exist (Fig. 5). Such trends seem to develop
only in the later stages of life when growth was slower. It is also
interesting to note that the correlation between shell growth rate and
Mg/Ca or Sr/Ca values only occurs at growth rates below ca. 30–200 µm
(hinge plate), i.e during mature and gerontic stages of life. At faster
growth rates, Me/Ca ratios are only weakly correlated to growth rate, if
at all. Some specimens showed a slight positive (linear) correlation,
others a negative correlation. Apparently, the inﬂuence of vital effects
changes through ontogeny.
Further studies are certainly required in order to analyze how the
amount of impurities in biominerals is controlled by physiological
processes and also, how their effects may change during the lifetime of
the organism. What are the roles of proteins, metabolism and
physiological ageing? Veriﬁcation of the existence of ontogenetic
trends in short-lived bivalves requires analyses of multiple specimens
of the same species that lived during different time intervals and/or in
different habitats. By using this approach, the effects of decadal climate
ﬂuctuations and local environmental variables that are likely to affect
the shell growth and the Me/Ca content of the shells can be excluded.
4.4. Why are long-lived species more suitable for paleoclimate
reconstructions?
Despite the undeniably great value of short-lived bivalves for
paleoseasonality studies, such shells can hardly provide paleoclimate

data. By deﬁnition, “climate” represents an average of environmental
variability over at least 30 years. Therefore, bivalve sclerochronologybased paleoclimate studies require long-lived species (and old
individuals of these). As yet, however, element data from long-lived
bivalve shells have rarely been reported and, moreover, such studies
have typically relied merely on the youth portions of such specimens
(Hart and Blusztajn, 1998 and Toland et al., 2000: Arctica islandica;
Elliot et al., 2009: Tridacna gigas; Purton et al., 1999 and PurtonHildebrand et al., 2001: Venericarda planicosta). Recently, Wisshak
et al. (2009) presented element maps of a deep-sea oyster,
Neopycnodonte zibrowii, which may have attained a lifespan of ca.
500 years. However, due to the absence of veriﬁed annual growth
patterns, the data were not aligned by ontogenetic age and agerelated trends remained unmentioned. The present study closes this
gap of knowledge by measuring metal-to-calcium ratios across the
entire lifespan of a long-lived species.
5. Summary and conclusions
In this study, the element chemistry in the hinge portion of
ontogenetically old shells of Arctica islandica, collected alive from
different localities around Iceland, was analyzed. Sr/Ca and Mg/Ca
ratios are strongly regulated by physiological effects. Values increase
with ontogenetic age and decreasing growth rates. However, these
ontogenetic trends can be estimated and mathematically eliminated
by ﬁtting regression lines to the Me/Ca time-series. Over 40% of the
variability of the detrended and standardized Sr/Ca and Mg/Ca ratios
is explained by calciﬁcation temperature. In agreement with synthetic
aragonite, Me/Ca ratios of A. islandica are inversely proportional to
calciﬁcation temperature.
The approach presented here may open up new perspectives in
using the Me/Ca ratios of bivalve shells as environmental proxies.
However, our approach needs to be tested in other long-lived
bivalves. Furthermore, the biochemical pathway of trace and minor
elements, changes through ontogeny, and changes in different crystal
fabrics, deserve further investigation.
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