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Abstract To further evaluate the potential use of Mg/Ca
and Sr/Ca ratios as a paleothermometer in the shell
carbonate of the blue mussel Mytilus edulis, we grew
juvenile mussels (∼15 mm shell height; <2 years old)
collected from Maine, USA, in controlled environments for
4 months. The four-by-three factorial design consisted of
four circulating temperature baths (7, 11, 15 and 19°C), and
three salinity ranges (23, 28, and 32). During the
experiment, water Mg/Ca and Sr/Ca molar ratios were
monitored weekly, and showed little variation across all
salinity and temperature ranges. Data from sampled shells
including all salinity treatments yielded relatively poor
relationships between shell elemental chemistry and water
temperatures. However, if only the low salinity treatment

data (23) are used, the relationships between shell elemental
chemistry and water temperature improve moderately.
Based on the data presented here, it may be possible to
use Mg/Ca and Sr/Ca ratios from the shell carbonate of
juvenile M. edulis to reconstruct paleotemperatures in
estuarine settings (salinity below 24) with a corresponding
RMSE (root mean squared error; 95% confidence interval)
of ±2.4°C and ±2.8°C, respectively. In order for this
methodology to be statistically meaningful, water temper-
ature changes must be rather large, as the errors associated
with using Mg/Ca and Sr/Ca ratios from the shell material
of M. edulis are substantial. Further work is required to
determine if the findings presented here can be duplicated,
and if the potential salinity effect is pervasive.

Introduction

The use of minor elemental ratios (Mg/Ca, Sr/Ca) in some
biogenic carbonates (mainly corals and foraminifers) is
indispensable for reconstructing water temperatures, be-
cause they are often independent of other environmental
variables, especially salinity. The development of such
geochemical tools is appealing because many nearshore and
estuarine settings experience large fluctuations in the
oxygen isotopic composition of water (δ18Ow), which is
related to salinity. Because the oxygen isotopic composition
of carbonates (δ18Oc) is a function of both water temper-
ature and δ18Ow, it is often difficult to separate δ18Ow

effects from temperature effects (e.g., Epstein et al. 1953;
Emiliani 1966). Although many species-specific skeletal
Mg/Ca and Sr/Ca temperature relationships have been
developed for corals and foraminifers (e.g., Beck et al.
1992; Shen et al. 1996; Lea et al. 1999; Elderfield and
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Ganssen 2000; Quinn and Sampson 2002), relatively few of
these relationships have been reliably established using
bivalves (e.g., Klein et al. 1996a; Lazareth et al. 2003).
Bivalve elemental geochemical proxies have the potential
to improve our understanding of global environmental
change and nutrient cycling, by providing critical data from
marine and estuarine realms where instrumental data are
absent or incomplete.

The motivation to develop elemental geochemical
proxies (e.g., Mg/Ca, Sr/Ca, Ba/Ca) for bivalves is obvious
because (1) many bivalve taxa are sensitive recorders of
their environment via shell growth records (e.g., Jones et al.
1989; Witbaard et al. 1999; Richardson 2001; Schöne et al.
2003) and their shell isotopic compositions (e.g., Weidman
et al. 1994; Elliot et al. 2003; Wanamaker et al. 2007, 2008),
(2) bivalves are globally distributed, (3) bivalves live in a
wide variety of environments and water depths, (4) bivalves
are abundantly available through geologic time (e.g.,
Krantz et al. 1987), (5) some bivalves are extremely long-
lived, reaching several hundred years of age (e.g., Schöne
et al. 2005), and (6) bivalves deposit sub-daily to annual
growth bands in their shells (e.g., Clark 1976; Jones 1980;
Richardson 1989)—thus, paleoreconstructions can often be
high-resolution and well-constrained temporally. Progress
in developing a suite of elemental ratio proxies for bivalves
has been hindered for several reasons: (1) many bivalves
exhibit strong biologic effects during elemental uptake
(e.g., Gillikin et al. 2005; Freitas et al. 2006), (2) kinetic
effects during biomineralization may impact elemental
uptake (e.g., Takesue and van Green 2004; Lorrain et al.
2005; Carré et al. 2006), (3) ontogeny may impact shell
geochemistry (e.g., Freitas et al. 2005; Gillikin et al. 2005),
(4) hydrographic factors such as salinity, time during season
(e.g., spring bloom or wintertime), or food levels may
impact elemental uptake in certain bivalves (Klein et al.
1996b; Vander Putten et al. 2000), and (5) relatively few
laboratory-based/field-based experiments have been suc-
cessfully implemented to test and validate the potential of
elemental geochemical proxies in bivalves (see Gillikin et
al. 2006a for a recent example). Based on these reasons,
there is uncertainty associated with using minor and trace
elemental ratios in bivalve skeletal structures to reconstruct
paleoenvironments.

In order to use elemental ratios from bivalve shells as
environmental proxies, each species should be rigorously
calibrated and validated (e.g., Freitas et al. 2006). A
substantial benefit of laboratory-based studies is that each
environmental variable (food, temperature, salinity, etc.)
can be evaluated independently for its impact on minor
elemental uptake in bivalves, which is difficult to do in situ,
because it can be complex to deconvolve the simultaneous
effects of multiple environmental forcings. The obvious
benefit of field-based calibrations is that they represent

“real” world conditions. Recently, Gillikin et al. (2006a)
provided evidence for Mytilus edulis showing that shell Ba/
Ca ratios broadly reflected the Ba/Ca ratios of water in both
field-based and a laboratory-based study. Thus, both have
the potential to unlock many of the challenging biominer-
alization processes in bivalves. Further, it has been shown
that many bivalve species precipitate their shells in oxygen
isotope equilibrium with the surrounding water (e.g.,
Epstein et al. 1953; Grossman and Ku 1986; Chauvaud et
al. 2005; Wanamaker et al. 2007). Therefore, if elemental
ratio geochemical proxies are successfully developed for a
suite of bivalves, then a multiproxy approach (oxygen
isotopes and element ratios) can be used to unravel past
water temperature and δ18Ow conditions (e.g., Rosenthal
et al. 2000).

The relative abundance in both modern and ancient
coastal environments, and broad geographical distribution
of the intertidal bivalve M. edulis make it an ideal species
for paleoenvironmental reconstructions. The preservation of
fossil M. edulis shell material is somewhat variable, ranging
from very poor to nearly pristine. However, previous
studies investigating the minor and trace elemental uptake
in the skeletal structures of adult and juvenile M. edulis
have yielded contrasting results. Dodd (1965) suggested
that the percent SrCO3 sampled from the outer prismatic
shell layer (calcite) of M. edulis diegensis and M. edulis
edulis were positively correlated with sea surface temper-
ature (SST), while the % MgCO3 did not correlate with
SST at a statistically significant level for M. edulis edulis.
The specimens used by Dodd (1965) ranged in size (∼9–
25 mm shell height) and age (juveniles to adults), and they
were collected from coastal locations from Washington to
southern California, USA. However, Carter and Seed
(1998) suggested that Dodd (1965) might have confused
M. edulis with Mytilus trossulus, although this has not been
confirmed through genetic sequencing. Lorens and Bender
(1980) demonstrated that skeletal calcite Sr/Ca ratios in
juvenile M. edulis (<1 year old; 3–10 mm shell height)
were linearly related to the Sr/Ca composition of the water
used during a culture study, while skeletal Mg/Ca ratios in
skeletal calcite were significantly impacted by vital effects.
Specifically, Lorens and Bender (1980) suggested that high
seawater magnesium concentrations (Mg/Ca water molar
ratios >7) inhibited the growth of shell calcite, and they
concluded that this process was regulated by M. edulis
during biomineralization. Lorens and Bender (1980) also
concluded that there were no statistically significant growth
rate effects on either Sr/Ca or Mg/Ca ratios in shell calcite
for M. edulis during their laboratory-based study.

More recently, Vander Putten et al. (2000) found
significant complications in using Sr/Ca and Mg/Ca shell
ratios from M. edulis as a proxy for SST in a field-based
study. Vander Putten et al. (2000) reported that shell Sr/Ca
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ratios showed no systematic relationship with SST, while
Mg/Ca ratios covaried with SST for the first 50 to 63 days
of the ∼80 day experiment (for the four shells collected and
sampled), but eventually this relationship collapsed. During
the period of covariation of skeletal Mg/Ca ratios and water
temperature, Vander Putten et al. (2000) demonstrated the
following relationship for M. edulis:

ðMg=Ca *1; 000Þ ¼ 0:70 $0:02ð Þ *T % 0:63 $0:29ð Þ;
r2 ¼ 0:83:

However, the shell Mg/Ca–temperature equation pre-
sented by Vander Putten et al. (2000) did not include two
other shells that were also time-constrained, and it is likely
that this would have influenced the above relationship. The
results presented by Vander Putten et al. (2000) illustrate
that biological effects likely impact M. edulis during
biomineralization.

Earlier, Klein et al. (1996a) demonstrated a strong and
persistent relationship between SST and shell Mg/Ca ratios
over a period of 1 year for M. trossulus, a close relative to
M. edulis. Formerly, M. trossulus was identified as M.
edulis (Koehn 1991), and the ranges of these two
ecologically and morphologically similar species overlap
throughout the north Atlantic, so that specimens of M.
trossulus can be easily confused with M. edulis (see
Wanamaker et al. 2007). Klein et al. (1996a) collected
two adult mussels, which were notched at the ventral
margin and redeployed in Squirrel Cove, British Columbia,
Canada, and collected 1 year later. Analyses of the new
shell material revealed the following relationship between
water temperature and shell Mg/Ca ratios:

ðMg=Ca *1; 000Þ ¼ 0:30 $0:04ð Þ *T þ 2:25 $0:63ð Þ;
r2 ¼ 0:74:

Although the reported relationship noted by Klein et al.
(1996a) is rather strong, it is based on only two shells, and
these results have not yet been duplicated for any other
Mytilus species. The differences noted in the strength and
reliability of the relationships between shell Mg/Ca ratios
with SST in M. trossulus and M. edulis reported by Klein et
al. (1996a) and Vander Putten et al. (2000) illustrate the
importance of developing species-specific elemental ratio
proxies for bivalves.

Previously, Wanamaker et al. (2006, 2007) quantified
the shell isotopic variability (δ18O, δ13C) of juvenile and
adult M. edulis (collected from Maine and Greenland)
cultured under controlled conditions. During this study, we
investigate the effects of growing conditions (salinity, water
temperature) on the uptake of Mg and Sr into the shells of
juvenile M. edulis collected from Maine, USA. We present
a well-constrained, culture-based calibration of skeletal Mg/
Ca and Sr/Ca for M. edulis, and we further evaluate the use

of skeletal Mg/Ca and Sr/Ca ratios in the calcitic shells of
the common blue mussel as paleothermometers.

Materials and methods

Animal collection

In early July of 2003, 4,800 juvenile (<2 years old) M.
edulis, of ∼15 mm shell length on average, were collected
in Salt Bay, Damariscotta, Maine, USA. Wanamaker et al.
(2007) broadly classified M. edulis juveniles as <2 years
old, although the adult stage is reached after sexual
maturation, which may occur slightly earlier (1–2 years
old; e.g., Seed and Suchanek 1992). Because this determi-
nation (sexual maturation) requires significant additional
work, we use the same broad definition (i.e., adults are
>2 years old) outlined by Wanamaker et al. (2007) in this
paper to be consistent. The approximate water temperature
at collection was 14°C, and the salinity was ∼31. These
animals were transported to the Darling Marine Center in
Walpole, Maine, and were kept moist in storage containers.
Animals were sorted to ensure that a similar distribution of
size fractions was equally dispersed in each temperature/
salinity configuration. Animals were acclimated to the
culture temperature gradually for a period of 1 week. Based
on 100 random samples, the size range was 9.8–20.2 mm,
with a mean of 15.3 mm (1σ=2.4 mm).

Experimental design

We used a recirculating water bath system at the Darling
Marine Center to achieve four temperature settings (7°C,
11°C, 15°C, and 19±0.5°C) and three salinity settings (23,
28, and 32±0.1; for a complete description, see Wanamaker
et al. 2006). This four-by-three factorial design allowed 12
different growing conditions to be maintained simulta-
neously. The system consisted of three large containers
(500-l) connected to an Aquanetics heat pump for temper-
ature control. Water of each specified temperature was then
delivered to a set of three 250-l tanks that served as
individual water baths. In each tank we placed four 20-
l buckets. Two buckets (A and B) contained experimental
replicates for each temperature and salinity treatment, while
the other two buckets contained water for subsequent water
changes. The temperature of each bath was measured with a
HOBO® H8 data logger every 30 min with an accuracy of
±0.5°C (Table 1). Although the pH of the water used during
the culture period was not continuously monitored, it
generally ranged between 8.0 and 8.2.

Water was collected via the flowing seawater laboratory at
the Darling Marine Center, and was pumped from the
Damariscotta River at 10 m depth below mean low tide.
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Water was mixed with well water to obtain the desired
salinity (23, 28, and 32±0.1), and then stored in 2,460-
l containers indoors and sealed. Salinity measurements were
made using a YSI® model 85 oxygen, conductivity, salinity,
and temperature system with an accuracy of ±0.1 PSU.

Mussels were fed a shellfish diet (Instant Algae Marine
Microalgae Concentrate, Reed Mariculture, Inc.) twice
daily (total of 8×109 cells/day), of diluted algal paste made
with water from which they grew. Five mussels in each
temperature and salinity configuration were tagged on 14
July 2003 with a numbered shellfish tag (∼3 mm) directly
adhered to each shell. The shell length for each of these
mussels was determined with digital calipers (±0.01 mm)
by measuring along the maximum growth axis, and
monitored monthly. We attempted to use the average
estimated bulk growth rates for each temperature/salinity
configuration; however, because so few bivalves were
monitored for growth (and some mortality occurred in
tagged specimens) during the experiment, and because
growth rates were very low (0.06–0.14 mm/month) and
highly variable, we will not consider growth rate effects on
shell chemistry in this paper.

Unfiltered water samples (60 ml) from each bucket were
collected weekly to monitor water chemistry ([Ca], [Mg],
and [Sr]) prior to water changes, although there was no
difference noted in water chemistry when water was
collected prior to, and after water changes. Water samples
were stored in glass vials, and refrigerated prior to analysis.

For subsequent geochemical analyses, ∼50 M. edulis
individual specimens were harvested and sampled after
4 months of growth (14 July 2003–13 October 2003).
Unfortunately, due to some constraints, the sampling
strategy used caused a slight bias of the samples collected
from the temperature and salinity treatments. A more
detailed discussion of this factor, along with possible
implications, is presented in the discussion below.

Sample preparation and analysis

After soft-tissue removal, animals were cleaned and air-
dried. Shell samples were further oven-dried at 40°C
overnight. The periostracum was removed with a razor
blade along the ventral margin. The outer calcitic edge of
each valve was micro-milled using a variable speed
mounted drill and binocular microscope with ×6.5 to ×40

magnification. Great care was taken to ensure that only new
shell carbonate was removed during sampling, and gener-
ally less than 1 mm of linear shell material was removed.
Wanamaker et al. (2006) used an identical sampling
strategy for looking at shell chemistry (carbon and oxygen
isotopes) of cultured M. edulis, and after 3 months of new
growth, there was no evidence of mixed (old and new)
carbonate. Thus, we feel confident that the carbonate
samples presented in this study represent the laboratory
conditions only. Further, if there was a mixture of old and
new carbonate, there would be a systematic offset based on
the water temperature at the time of collection. Because M.
edulis has a calcitic outer prismatic layer and an inner
aragonitic layer (see Vander Putten et al. 2000), X-ray
diffraction was performed on five shell samples from shell
edges to rule out a mixed matrix of calcite and aragonite.
All measurements indicate that there was no aragonite
present near the ventral margin.

For each carbonate sample, approximately 1 mg of shell
powder was weighed into a clean 15-ml polypropylene
centrifuge tube. Each sample was dissolved in 5 ml of 1%
(1.6 M) GFS (GFS Chemicals, Inc.) redistilled grade HNO3.
Dissolved samples were kept under refrigeration until
analysis. Ca, Mg, and Sr concentrations were quantified
using a Perkin-Elmer 3300XL (axial view) ICP-AES with a
GemCone™ nebulizer and cyclonic spray chamber sample
introduction system. The wavelengths of the element lines
used were Ca 317.933 nm, Mg 285.213 nm, and Sr
421.552 nm. An internal standard (Y 360.081 nm) was
added online with each sample, and measured to compensate
for variations in sample introduction efficiency. Linear
calibration of emission intensity versus concentration of
each element was performed using serial dilutions of a multi-
element liquid stock standard (Ultra Scientific), with a target
correlation coefficient of >0.9998 for each element. Data
precision was optimized by measuring ten emission intensi-
ties for each calibration standard and sample, with the goal
of achieving a relative standard deviation (RSD) of <5% for
each element. The average RSD of emission intensity
readings for all samples was 2.32% for Ca, 3.86% for Mg,
and 3.02% for Sr. Only six (12%) of the samples did not
meet the precision goal of 5% RSD, and of those, only two
samples were >10% RSD. Data accuracy was assessed by
measuring liquid reference solutions with known concen-
trations of Ca, Mg, and Sr. Percent recoveries for these
measured reference solutions were 86.2, 101, and 101% for
Ca, Mg, and Sr, respectively. Analytical drift was monitored
by running a mid-range standard every ten samples.

Each water sample was diluted 1:11, and acidified to
pH<2 with HNO3 into a clean 15-ml polypropylene
centrifuge tube. Once water samples were diluted, the same
procedure as described above (carbonate analysis) was
used. The average RSD of emission intensity readings for

Average water temperatures
(°C) (1σ)

7.08 (0.27)
10.81 (0.26)
15.19 (0.17)
19.35 (0.27)

Table 1 Temperatures treat-
ments (with standard deviations,
1σ) for each of four recirculating
systems used during the culture
period
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all samples was 3.35% for Ca, 4.04% for Mg, and 3.73%
for Sr. In all, 47 (16%) of the samples did not meet the
precision goal of 5% RSD, and of those, 15 samples were
>10% RSD. These latter samples were not used in this
study.

Results

Culture conditions

Water temperature values from this experiment were steady,
and are shown in Table 1. Each salinity treatment was
mixed (see “Materials and methods” above) to the desired
salinity (23, 28, 32 ±0.1). Weekly water chemistry values
are shown in Fig. 1. Both water Mg/Ca and Sr/Ca ratios
during the calibration period remained relatively constant.
Water Mg/Ca molar ratios and Sr/Ca ×1,000 molar ratios
were calculated by averaging all 24 buckets each week
during the experiment, and they were determined to be Mg/
Ca=5.01±0.18 and Sr/Ca×1,000=8.09±0.17. Because Sr,
Mg, and Ca concentrations are conservative with respect to
salinity for salinities above ∼10 (e.g., Dodd and Crisp
1982), we reduced the data from all of the salinity and
temperature conditions into one weekly value for Mg/Ca
and Sr/Ca ratios to simplify the presentation of the culture
environments. Although small-scale variability in salinity
cannot be ruled out, it is likely that Sr/Ca and Mg/Ca ratios
in the water would have remained unchanged.

Relationships between shell Mg/Ca and Sr/Ca ratios
and environmental conditions

The relationships between shell Mg/Ca (×1,000) and Sr/Ca
ratios (×1,000) and water temperature for all salinity
conditions (23, 28, 32) are shown in Fig. 2. Least squares
regression was used to generate the relationships between
skeletal Mg/Ca, Sr/Ca ratios for M. edulis and water
temperature. Root mean squared error (RMSE) was
calculated at the 95% confidence interval (CI), and quoted
errors on the slope and intercepts were reported at the 95%
CI. Resulting equations are as follows:

Mg=Ca '1; 000ð Þ ¼ 0:75 $0:22ð Þ * T(Cð Þ þ 5:44 $0:31ð Þ
r2 ¼ 0:49; n ¼ 49; p < 0:0001; RMSE ¼ 3:67

ð1Þ

and

Sr=Ca '1; 000ð Þ ¼ 0:014 $0:0054ð Þ * T(Cð Þ þ 1:25 $0:073ð Þ
r2 ¼ 0:34; n ¼ 49; p < 0:0001; RMSE ¼ 0:087:

ð2Þ

Water temperature is an important factor influencing the
uptake of Mg and Sr into the shell carbonate of our mussels
(49% for Mg/Ca, and 34% for Sr/Ca). However, environ-
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Fig. 1 Mg/Ca molar ratios (open circles) and Sr/Ca molar ratios
×1,000 (squares) of water during culture period are shown. Each
weekly value was determined by averaging all 24 buckets, which
included four temperature ranges and three salinity ranges (plus
replicates). Weekly standard deviations for Sr/Ca are shown, but the
weekly standard deviations for Mg/Ca were smaller than the symbols
used here. For Mg/Ca molar ratios, weekly water standard deviations
ranged from ±0.07 to ±0.21 and averaged only ±0.12, and Sr/Ca molar
ratios ×1,000 weekly water standard deviations ranged from ±0.13 to
±0.32 and averaged ±0.20 for the duration of the culture period. The
average Mg/Ca molar ratio was 5.01±0.18, and the Sr/Ca molar ratio
×1,000 was 8.09±0.17
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Fig. 2 Shell Mg/Ca (top, squares) and Sr/Ca (bottom, circles) ratios
(×1,000) versus water temperature are shown for all salinity ranges
(23, 28, 32)
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mental factors other than water temperature, such as vital
effects, likely impact that elemental uptake. There is a large
scatter of individual Mg/Ca and Sr/Ca ratios per tempera-
ture (Fig. 2), and some of this can be attributed to analytical
error. Because there is an error associated with measuring
each element (Mg, Sr, Ca) in the shell material, when the
elements are expressed as ratios (Mg/Ca and Sr/Ca) the
total error must be propagated, which can be somewhat
large (up to 9% RSD). To determine if salinity impacted the
uptake of Mg and Sr into shell carbonate, we compared
shell Mg/Ca and Sr/Ca ratios and water temperature for
each salinity treatment separately (Figs. 3 and 4). As
illustrated in Figs. 3 and 4, salinity had a large effect on
shell Mg/Ca and Sr/Ca ratios. The weakest relationship
between shell elemental ratios (Mg/Ca and Sr/Ca) and
water temperatures occurred at the high salinity treatment
(32), while the strongest relationship occurred at the lowest
salinity treatment (23). The mid-range salinity treatment
(28) was intermediate. The derived relationships between
Mg/Ca and Sr/Ca ratios for each salinity treatment are
shown in Figs. 3 and 4. Here, we report the strongest
relationships between shell elemental chemistry (Mg/Ca

and Sr/Ca) and water temperature for the lowest salinity
treatment environment (23):

Mg=Ca ¼ 0:82 $0:24ð Þ * T (Cð Þ þ 3:60 $3:24ð Þ
r2 ¼ 0:82; n ¼ 14; p < 0:0001

ð3Þ

and

Sr=Ca ¼ 0:016 $0:006ð Þ * T (Cð Þ þ 1:30 $0:08ð Þ
r2 ¼ 0:75; n ¼ 14; p < 0:0001:

ð4Þ

These results demonstrate that a moderate interaction
exists between salinity and the uptake of Mg and Sr into
shell carbonate. However, due to the uneven sampling, only
three temperatures (missing 15.19°C) were represented in
the lowest salinity treatments, compared to four temper-
atures from the other treatments. To determine if this
sampling bias influenced the apparent salinity effect, we
removed the 15.19°C temperature data from the other
salinity treatments. The resulting relationship between
water temperature and Mg/Ca×1,000 ratios improved
slightly (r2=0.70 compared to r2=0.62) at the middle
salinity treatment (28), but it decreased slightly (r2=0.11
compared to r2=0.16) at the highest salinity treatment (32).
For Sr/Ca×1,000 and water temperature, the relationship
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ranges, and some temperature/salinity conditions have fewer than five
shell samples
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improved substantially (r2=0.67 compared to r2=0.46) at
the middle salinity treatment (28), but it decreased slightly
(r2=0.24 compared to r2=0.27) at the highest salinity
treatment (32). Based on these results, it appears that the
sampling bias did inflate the suggested salinity effect, but at
the highest salinity treatment (32), the relationships be-
tween Sr/Ca and Mg/Ca ratios×1,000 and water tempera-
ture are still rather poor. Therefore, we conclude that there
is a salinity interaction for M. edulis juveniles based on the
salinity gradient used in this study. Further work is required
to determine if adult M. edulis are impacted by a salinity
effect during calcification.

Using the best relationship noted between shell Mg/Ca
and Sr/Ca ratios and water temperatures, and rearranging
Eqs. 3 and 4, we present the following Mg/Ca and Sr/Ca
ratio×1,000 paleotemperature relationships for M. edulis
juveniles based on the lowest salinity treatments (23):

T (C ¼ ½1:00 $0:29ð Þ *Mg=Ca* % 1:38 $4:27ð Þ
r2 ¼ 0:82; n ¼ 14; p < 0:0001; RMSE ¼ 2:4(C

ð5Þ

and

T (C ¼ ½46:04 $16:66ð Þ * Sr=Ca* % 56:02 $24:84ð Þ
r2 ¼ 0:75; n ¼ 14; p < 0:0001; RMSE ¼ 2:8(C :

ð6Þ

Discussion

Comparison to other bivalve calcite Mg/Ca–temperature
relationships

The Mg/Ca–temperature relationships developed for juve-
nile M. edulis presented here (Eq. 5) have steep slopes and
high intercepts, compared to those published by Klein et al.
(1996a) and Vander Putten et al. (2000). However, these
equations have been based on adult bivalves. In addition,
the range of Mg/Ca ratios presented in this study far
exceeds the ranges noted by Klein et al. (1996a) and Vander
Putten et al. (2000), which may indicate an ontogenetic
effect. By contrast, our results are somewhat similar to the
Mg/Ca–temperature relationship for Pinna nobilis (derived
from the younger portions of the shell; see Freitas et al.
2005). Although the Mg/Ca ratios are generally higher in P.
nobilis, the slopes noted in this study and by Freitas et al.
(2005) are relatively close (∼0.8–1.0). It is interesting to
note that the shell Mg/Ca results presented here and by
Freitas et al. (2005) for relatively young bivalves (juvenile
to young adult) showed higher than normal shell Mg/Ca
ratios when compared to the studies by Klein et al. (1996a)
and Vander Putten et al. (2000). Our study corroborates
previous findings, which indicate that Mg/Ca–temperature
relationships are largely species-specific, and substantial

work is required to better understand the incorporation of
trace and minor elements into the shell structure.

Possible salinity effects during biomineralization

The results presented here illustrate the complexity of Mg and
Sr incorporation into juvenile bivalve shell carbonate (Figs. 3
and 4). Further, it is apparent that thermodynamics alone
do not control skeletal elemental uptake in many bivalve
species. Biological or vital effects also seem to influence
elemental uptake. Currently, it is unclear if the salinity effect
noted in this study is limited to juvenile M. edulis. Because
we considered only juvenile mussels in this study, it is
difficult to compare our results directly with other studies
that use only adults (e.g., Klein et al. 1996a; Vander Putten
et al. 2000); little research has focused on the suitability of
using juvenile shell portions in paleoenvironmental studies
(e.g., Freitas et al. 2005). It is interesting to note that the
bivalve M. trossulus (a close cousin to M. edulis) primarily
incorporated Mg into the shell structure as a function of
temperature (Klein et al. 1996a), while M. edulis did so
reliably only in the middle and lowest salinity treatments (23
and 28). Are these differences due to a species effect, or an
ontogenetic effect? However, as the biomineralization
process is assumed to be similar for adults and juveniles,
we explore some potential mechanisms that may explain the
inferred salinity effect noted here. Few studies have reported
salinity effects on Mg and Sr uptake during biomineraliza-
tion. Lorens and Bender (1980) suggested that M. edulis
juvenile specimens that were cultured in elevated Mg
concentrations were unable to mediate the composition of
the outer extrapallial fluid (EPF).

Klein et al. (1996b) reported that Sr/Ca ratios in skeletal
calcite from M. trossulus were influenced first by metabolic
activity, and second by salinity. In this study, both skeletal
calcite Mg/Ca and Sr/Ca ratios for M. edulis were impacted
by salinity, while only Sr incorporation was affected by
salinity for M. trossulus (Klein et al. 1996b). Although the
mechanisms are still poorly understood, elucidating the small
differences in biomineralization processes between M. edulis
and M. trossulus, for both adults and juveniles, is of great
importance. In mollusks, biomineralization occurs within the
outer EPF, which is contained between the shell surface and
the mantle epithelium (Wheeler 1992). Because the EPF is
isolated from ambient water, it may have different chemical
compositions than seawater (e.g., Watabe 1988). Klein et al.
(1996b) proposed a calcification model that related changes
in carbon isotope composition (δ13C) and Sr/Ca ratios of
shell carbonate to changes in the chemical composition of
the EPF. Their model specifically relates mantle metabolic
pumping via two pathways (intercellular and intracellular) to
the Sr/Ca concentration and δ13C composition in the EPF
(see Fig. 8 in Klein et al. 1996b for details). Klein et al.
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(1996b) suggested that low metabolic pumping (intercellular
route) results in EPF representative of ambient water, while
high metabolic pumping (intercellular and intracellular
routes) leads to EPF that is modified by a selective transport
of Ca. Using the Klein et al. (1996b) calcification model, we
infer that M. edulis grown in the low salinity treatment (23)
were primarily under the influence of low metabolic
pumping, while metabolic pumping increased as salinity
increased for M. edulis.

Unfortunately, the current Klein et al. (1996b) calcifica-
tion model does not fully explain our results, because M.
edulis shell Mg/Ca ratios were similarly impacted by
salinity, unlike M. trossulus (Klein et al. 1996a). Thus, we
explore a slight modification from the Klein et al. (1996b)
calcification model.

Recently, Wanamaker et al. (2007) suggested that shell
δ13C values in M. edulis (juveniles and adults) were
substantially impacted by metabolic activity in a laborato-
ry-based study. It should be noted that the authors only
estimated δ13C DIC (dissolved inorganic carbon) water
values based on an established salinity/δ13C DIC water
mixing line. Further, Gillikin et al. (2006b) reported no
such salinity effect on shell δ13C values for a field-based
study for adult M. edulis, and they suggested that the
metabolic carbon contribution was only ∼10%, whereas
Wanamaker et al. (2007) reported values up to 20%. The
assumed metabolic effect reported by Wanamaker et al.
(2007) increased with increasing salinity. Thus, at low
salinity conditions (∼23) shell δ13C values closely reflected
estimated δ13C DIC water values. This result is similar to
the findings reported in this study. Therefore, we propose
that in the low salinity treatments (23), biological processes
controlling the composition of the EPF for M. edulis better
reflect ambient water conditions (Mg/Ca, Sr/Ca, and δ13C
DIC; intercellular route, possibly as described by Klein et
al. 1996b), while at relatively higher salinities, the EPF is
impacted by both metabolic and ambient sources. We
suggest that in relatively low salinities, M. edulis is better
suited to selectively incorporate/mediate the composition of
the EPF during biomineralization (e.g., Lorens and Bender
1980), because the Sr and Mg concentrations are lower in
the ambient water. However, under high salinity conditions
(and increased ionic activity), thermodynamic processes
controlling the incorporation of Mg and Sr into the skeletal
calcite structure may be inhibited by the inability of M.
edulis to selectively incorporate minor elements into the
crystal lattice in a manner that reflects the ambient water.

Implications for using shell Mg/Ca and Sr/Ca ratios
in M. edulis as a paleothermometer

During this experiment, we have investigated the effects of
temperature and salinity on Mg and Sr uptake in the

skeletal calcite of juvenile M. edulis. Our results are
consistent with previously published studies that indicate
that Sr/Ca thermometry is not as good/reliable as Mg/Ca
thermometry. We caution that results presented here have
limitations (based on juveniles only, and with sampling
biases), and further validation is needed prior to using the
derived Mg/Ca and Sr/Ca–temperature relationships noted
here. The most robust relationships between Mg/Ca and Sr/
Ca ratios and water temperature occurred in the low salinity
treatment (23; Eqs. 5 and 6). Although it is not generally
appropriate to use shell Mg/Ca and Sr/Ca ratios from
juvenile M. edulis to reconstruct water temperature, it may
be possible to use shell Mg/Ca and Sr/Ca ratios to broadly
reconstruct past water temperatures (±2.4°C for Mg/Ca
[×1,000] and ±2.8°C for Sr/Ca [×1,000]) in low salinity
environments, such as upper estuaries. Given the previous
uncertainty using Sr/Ca ratios in other bivalves as paleo-
thermometers (Klein et al. 1996b; Gillikin et al. 2005;
Lorrain et al. 2005; Carré et al. 2006), and the results noted
here, we are not very confident in using Sr/Ca ratios (Eq. 6)
in juvenile M. edulis shells as paleothermometers. A field-
based study with juvenile to adult M. edulis, in an upper
estuary (with a large salinity gradient) where environmental
conditions are closely monitored, would provide a good
framework to test the validity of the Mg/Ca and Sr/Ca
paleothermometers presented here.

Conclusions

During this study, we have quantified the effects of water
temperature and salinity on the uptake of skeletal Mg/Ca
and Sr/Ca ratios in juvenile M. edulis specimens collected
from Maine, USA. The aquaculture design used here
allowed for carefully controlled and precisely measured
growing conditions (water temperature, salinity, water
Mg/Ca, and Sr/Ca ratios) to be used in the development
of paleotemperature equations. A wide range of salinity
and temperature conditions were utilized during the culture
period, and multiple bivalves were grown at most
temperature and salinity ranges. Mg and Sr uptake during
shell biomineralization was influenced by salinity gradients.
These findings illustrate the benefit of culturing biogenic
carbonates under varying environmental conditions sepa-
rately, where the effect of each environmental variable can
be accurately deconvolved. Our results corroborate previ-
ous findings, which suggest that shell Mg/Ca and Sr/Ca
ratios fromM. edulis are not generally reliable temperature
proxies. However, based on the results presented here, it
may be possible to use shell Mg/Ca and Sr/Ca ratios from
juvenile M. edulis to broadly reconstruct water temper-
atures from an upper estuarine setting. Further work from
a field setting is required to determine if the results
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presented here can be duplicated, and if the potential
salinity effect is persistent.
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