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Retrospective estimates of life-history traits (e.g., growth rate, lifespan, phenology) ofmollusks are valuable data
for a number of fields, including paleontology, archaeology, and fisheries science. The best option for obtaining
these data for species such as oysters that lack reliable morphological indicators of annual accretionary growth
(e.g., growth lines) is to use time consuming and expensive stable isotope analyses. However, laser ablation anal-
yses ofMg/Ca are faster and less expensive than stable isotope analyses, and although several studies have shown
Mg/Ca ratios in bivalve shells do not reflect water temperature, there is often a weak correlation that may allow
annual cycles to be detected. Here,we explore theutility of line scan analyses ofMg/Ca ratios using laser ablation-
inductively coupled plasma-mass spectrometry (LA-ICP-MS) as a more rapid and less expensive method for
obtaining ontogenetic age estimates of mollusk shells than more traditional oxygen stable isotope analyses.
We tested this method by measuring Mg/Ca ratios from 21 fossil and modern specimens of two oyster species,
Crassostrea virginica and Magallana gigas (formerly Crassostrea gigas), collected across a wide geographic area
along the coast of the United States. We compared Mg/Ca growth profiles with either known lifespans or
with growth characteristics estimated from δ18O profiles. These analyses showed that Mg/Ca profiles from
laser ablation analyses reliably reproduced the annual features of the more widely used δ18O profiles. In total,
97% (n = 102) of all seasonal peaks and troughs, including both those from the δ18O profiles and the expected
patterns in the shells of known age, were detectable in the Mg/Ca profiles. We conclude that laser ablation anal-
ysis of Mg/Ca ratios is a rapid and cost effective alternative to stable isotope analysis for retrospective estimation
of the growth characteristics of oysters and potentially other taxa with shells lacking reliable annual morpholog-
ical features.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Determination of life-history traits (e.g., growth rate, lifespan, phe-
nology) of mollusks is an important task for researchers in a number
of fields, including paleontology, archaeology,fisheries science, andma-
rine biology formyriad research purposes, such as studies of species' re-
sponses to environmental change and evaluations of the fishing
behaviors of past human populations (Kirby et al., 1998; Andrus and
Crowe, 2000; Kirby, 2001; Mann et al., 2009; Harding et al., 2010;
Lartaud et al., 2010; Andrus, 2011; Thomas, 2015; Rick et al., 2016;
Savarese et al., 2016; Twaddle et al., 2016). This information is usually
gathered by analyzing shells or parts of shells exhibiting regular accre-
tionary growth, the characteristics of which often display seasonal
llikid@union.edu (D.P. Gillikin),
u (G.P. Dietl).
periodicities. For instance, shell growth rates and lifespans of the
venerid clam Mercenaria mercenaria can be estimated by counting
growth bands in polished shell cross-sections under a microscope
(e.g., Jones et al., 1989). However, determination of life-history traits
from the shells of other mollusk groups that in many cases lack
simple-to-interpret morphological features, such as oysters, is more
challenging.

A variety of methods has been used to estimate the growth charac-
teristics of oyster shells retrospectively, such as tracking cohorts using
population size-frequency distributions (e.g., Mann et al., 2009),
counting growth lines or undulations of the surface of the resilifer
(hinge plate) of left valves (Custer and Doms, 1990; Richardson et al.,
1993; Kirby et al., 1998; Johnson et al., 2007; Kraeuter et al., 2007; Fan
et al., 2011; Savarese et al., 2016), cathodoluminescence imaging to re-
veal seasonalMn2+ variations (Langlet et al., 2006; Lartaud et al., 2010),
and sclerochemical analyses (sensu Gröcke and Gillikin, 2008) of stable
isotopes or trace elements in the shell (e.g., Kirby et al., 1998; Surge and
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1 Although we present our data in molar units to allow comparison with other studies,
this step is not necessary to estimate growth characteristics from theMg/Ca profiles; ratios
of blank-subtracted raw counts of Mg and Ca (i.e., units of counts/counts) are generally
sufficient for these analyses.

202 S.R. Durham et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 485 (2017) 201–209
Lohmann, 2008; Goodwin et al., 2010, 2013; Fan et al., 2011; Bougeois
et al., 2014). Although some studies have found that morphological fea-
tures of oyster shells, such as growth lines or undulations on the surface
of the resilifer, are annual (e.g., Kirby et al., 1998; Kraeuter et al., 2007;
Fan et al., 2011), others have found that estimation of oyster growth
characteristics from such features is inaccurate (e.g., Hong et al., 1995;
Andrus and Crowe, 2000; Surge et al., 2001). By contrast, geochemical
analyses are arguably the most accurate and reliable methods of retro-
spective age determination, but can be expensive and time consuming.
For instance, the 18O:16O ratio in shell carbonate, expressed as δ18O
values, is a common and trusted method of estimating a wide range of
growth-related characteristics from mollusk shells (e.g., size-at-age re-
lationships, lifespan, growth rate, and season of recruitment or death),
including oysters (Kirby et al., 1998; Goodwin et al., 2010, 2013). Stable
oxygen isotope analysis, however, often requires hours of sample collec-
tion followed by a lengthy analysis procedure (or weeks of waiting for
results if the samples are sent to a commercial lab) and analyzing
large numbers of specimens is usually cost-prohibitive.

An alternative geochemical proxy, whose applications to assessing
mollusk growth characteristics have yet to be widely explored, is the
magnesium to calcium (Mg/Ca) ratio in shell carbonate. The Mg/Ca
ratio of biogenic minerals has been intensely studied as a temperature
proxy in a variety of calcifying taxa (e.g., sponges: Swart et al., 2002;
Fabre and Lathuiliere, 2007; corals: Watanabe et al., 2001; Sherwood
et al., 2005; and mollusks: Dodd, 1965; Klein et al., 1996; Vander
Putten et al., 1999; Wanamaker et al., 2008; Freitas et al., 2012), includ-
ing oysters (Surge and Lohmann, 2008; Mouchi et al., 2013; Bougeois
et al., 2014, 2016; Tynan et al., 2017). Although evidence shows that
Mg/Ca ratios are not reliable paleothermometers in the case ofmollusks
due to vital effects associated with Mg2+ incorporation into shell car-
bonate (coefficient of determination typically b0.5; e.g., Lorrain et al.,
2005; Wanamaker et al., 2008; Surge and Lohmann, 2008; Poulain
et al., 2015; Graniero et al., 2017), the sensitivity of Mg/Ca ratios to sea-
sonally correlated environmental forcings or shell microstructural pat-
terns (e.g., Marali et al., 2017) may be sufficient as an alternative to
δ18O values for estimation of growth characteristics such as lifespan
and growth rate (e.g., Richardson et al., 2004, 2005; Bougeois et al.,
2014; but see Graniero et al., 2017).

The major potential advantage of using Mg/Ca ratios for estimating
growth characteristics is that they can be analyzed more rapidly and
are less expensive than δ18O analyses. Mg/Ca ratios aremost oftenmea-
suredusing laser ablation-inductively coupled plasma-mass spectrome-
try (LA-ICP-MS). This technique uses one of several kinds of lasers to
ablate small amounts of shell that are then swept into an ICP-MS by a
stream of helium and/or argon (Durrant and Ward, 2005). Trace ele-
ment concentrations are measured in real time and, depending on the
scan speed and specimen size, entire specimens can be analyzed in mi-
nutes. Our experiences suggest that around 10–15 specimens can be an-
alyzed in one day by LA-ICP-MS, and per-specimen costs are currently
approximately 1/10 those of stable isotope analysis.

Here, we test Mg/Ca ratios measured from LA-ICP-MS line scans as a
rapid and cost-effective method of estimating growth characteristics of
oysters. We used the eastern oyster, Crassostrea virginica, because they
lack reliable morphological indicators of annual accretionary growth
(e.g., distinct annual growth lines; Hong et al., 1995; Andrus and
Crowe, 2000; Surge et al., 2001), leaving few alternatives to
sclerochemical approaches for obtaining accurate retrospective esti-
mates of life-history traits from their shells. Oysters are also a group
for which growth data are frequently needed—information on growth
rates and population dynamics of C. virginica, mostly gathered from co-
hort analyses using size-frequency distributions, is important for the
conservation, restoration, and management of oyster populations
(e.g., Harding et al., 2010; Levinton et al., 2013; Baggett et al., 2015). Ac-
curate estimates of oyster lifespans and growth rates from geochemical
analyses of shells could complement these data by, for instance,
allowing verification of cohort identifications and making rapid and
inexpensive investigations of growth characteristics in the past possible
through retrospective analysis of dead shells.

2. Material and methods

Sixteen C. virginica specimens were analyzed for both Mg/Ca ratios
and δ18O values: one live-collected specimen from Connecticut; one
live-collected specimen and six modern dead-collected shells from
South Carolina; seven fossil shells from the Pleistocene Canepatch For-
mation in South Carolina; and one modern dead-collected specimen
from Louisiana (Table 1). Additionally, Mg/Ca was analyzed from three
hatchery-reared specimens of known age (nine months; Dec. to Aug.)
from North Carolina (Table 1). Together, these specimens represent
wide geographic and temporal range, including most of the North
American portion of C. virginica's geographic range (Gulf of St. Lawrence
to the Gulf of Mexico; Carriker and Gaffney, 1996) and approximately
350,000 years of geological history. We also tested the method on two
specimens of Magallana gigas (formerly Crassostrea gigas, see Salvi and
Mariottini, 2016), collected from San Francisco Bay in California, in
order to examine the utility of Mg/Ca profiles in a different oyster
taxon, as well as the performance of the method in a location with
lower-amplitude seasonal temperature variability (Fig. 1). Stable iso-
tope and LA-ICP-MS analyses for the California specimens were per-
formed as part of previous work by a subset of the authors, but the
Mg/Ca data were not previously reported (see Goodwin et al., 2010,
2013 for details). Thus, our analysis was designed to incorporate envi-
ronmental and geographic variability, representing coastal intertidal
marsh environments with a variety of seasonal patterns in temperature
(Fig. 1) from four different ecoregions (Virginian, Carolinian, Northern
Gulf of Mexico, and Northern California; sensu Spalding et al., 2007).

We followedGoodwin et al. (2010, 2013) in analyzing cross-sections
of the hinge plate (resilifer) of the left valve for each specimen (Fig. 2).
All specimens were prepared by cutting a cross-section through the
resilifer parallel to the direction of growth and perpendicular to the
anteroposterior axis with a low-speed diamond saw (Fig. 2a). One of
the resilifer halves of each specimen was then polished using a series
of fine-grit silicon carbide sandpapers (up to P4000 grit) and mounted
on a glass slide such that the polished cross-section was horizontal
and level.

Following O'Neil and Gillikin (2014), each specimen was analyzed
for Mg/Ca ratios by ablating overlapping line patterns along the foliated
calcite layer of each resilifer (avoiding the alternating chalky and foliat-
ed calcite mineralogy that characterizes the umbonal cavity), parallel to
the direction of growth (Fig. 2c), with a CETAC LSX-213 frequency quin-
tupled Nd:YAG laser ablation unit (λ= 213 nm) connected to a Perkin
Elmer Elan 6100 ICP-MS at Union College in Schenectady, New York. A
50 μm spot size was used with a shot frequency of 10 Hz. Each line
was pre-ablated at a scan rate of 150 μm/s to remove contaminants
before being scanned again at a scan rate of 50 μm/s, resulting in an ap-
proximate sampling resolution of 50 μm. For all line scans, a 15 s shutter
delay was used so that each series of sample data was preceded by gas
blank data. The gas blank values were subtracted from the sample
values in order to remove the gas signal from the specimen data. 43Ca
was used as an internal standard and all Mg/Ca intensity values were
calibrated using the United States Geological Survey MACS-3 carbonate
standard1 (values fromUSGS, 2012). The average calibratedMACS-3Mg
concentration had a relative standard deviation (%RSD) of 2.4% (n= 32
over eight analytical days), showing excellent precision. The calibration
was checked using the non-matrix-matched NIST 610 glass standard,
yielding an average Mg concentration of 445 ± 20 ppm—within 5% of
the recommended value (465 ppm; Pearce et al., 1997)—and 4.5%RSD
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Fig. 1. Plots of averagemonthly temperature for areas near our sample locations. Data are
from the National Oceanic and Atmospheric Administration (NOAA) Coastal Water
Temperature Guide (https://www.nodc.noaa.gov/dsdt/cwtg/all_meanT.html; Accessed
11/3/2016). Data are averages of several years to decades, depending on the duration of
monitoring records at each location, as reported by NOAA. CT = Connecticut; NC =
North Carolina; SC = South Carolina; LA = Louisiana; CA= California.
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(n= 24 over eight analytical days). Details on the analyses and calibra-
tions for the California specimens can be found in Goodwin et al. (2013),
which were analyzed on the same LA-ICP-MS.

Each C. virginica resilifer specimen, excluding the hatchery-raised in-
dividuals of known age fromNorth Carolina, was then re-polished and a
series of carbonate powder samples was drilled along the same foliated
calcite layer, parallel to the direction of growth (from the umbo to the
growth margin; Fig. 2b), using a Merchantek micromill at Syracuse
University in Syracuse, NewYork. The carbonate sampleswere analyzed
for δ18O and δ13C values using a FinniganMAT251 coupled to a Finnigan
Kiel automated preparation device at theUniversity ofMichigan's stable
isotope laboratory in AnnArbor,Michigan or a ThermoGas Bench II con-
nected to a Thermo Delta Advantage mass spectrometer in continuous
flow mode at the stable isotope laboratory at Union College. Analyses
from the University of Michigan and Union College both had an analyt-
ical uncertainty for δ18O and δ13C values of b0.1‰ (VPDB) based on 22
and 13 NBS-19 standards, respectively. Details on the δ18O and δ13C
analyses for the California specimens can be found in Goodwin et al.
(2010, 2013).

The resulting Mg/Ca and δ18O and δ13C profiles were matched by
measuring sample distances for both the laser line scans and the
micromill samples from digital photographs, using a single scale, with
the ImageJ 1.51f image processing software (Rasband, 1997). Sample
distances for the North Carolina hatchery specimens were estimated
using the same method. The Mg/Ca, δ18O, and δ13C values were then
plotted against the sample distances from the umbo in order to compare
the profiles.

To aid in distinguishing the lower-frequency annual variability from
the higher-frequency intra-annual variability in the high-resolution
laser ablation line-scan data, each Mg/Ca profile was centered around
zero by subtracting the linear trendline values from the raw data to re-
move ontogenetic trends and applying running medians to the data.
Linear detrending is commonly used in sclerochronology and is
among the simplest detrending methods available (e.g., Cook and
Holmes, 1986; Cook and Krusic, 2005), but we also tested two alterna-
tive detrending methods with variance-stabilizing properties on a sub-
set of the Mg/Ca profiles (measured/predicted ratios and the adaptive
power transformation, Cook and Peters, 1997). The choice of detrending
method did not impact our interpretations of annual peaks and troughs
in the test profiles (Appendix 1), sowe used the simple, widely used lin-
ear detrending method. Note that detrending was inappropriate for

Image of Fig. 1
https://www.nodc.noaa.gov/dsdt/cwtg/all_meanT.html


Fig. 2. (a) Images of a fossil C. virginica left valve highlighting the resilifer (res.) and the plane cut to produce the cross-sections used in our geochemical analyses. The composite images on
the right show the growth margin of the resilifer cross-section for specimen SC-F-04. The foliated calcite layer at the resilifer surface was sampled with (b) a micromill and (c) by laser
ablation. Micromill point samples (b) and laser lines (c) are highlighted with circles and lines, respectively. Images for panels (b) and (c) were taken with different cameras and
lighting. Note: the 0.5 cm scale bar and growth direction label apply to both (b) and (c).

Fig. 3. Regressions of resilifer growth rate (GR) against age in years for the specimen from
Connecticut (CT) and modern and fossil dead specimens from South Carolina (SC;
determined from δ18O profiles). The regressions were used to determine the window
widths of the runningmedians to aid inMg/Ca profile interpretations (see text for details).
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specimens b 1 year old, because in such cases the trend lines would
track intra-annual variation in Mg/Ca, obscuring the incomplete
annual pattern (e.g., Fig. A3.16). Thus, the Mg/Ca profiles of the
three nine-month-old North Carolina specimens were not adjusted for
ontogenetic trends (Fig. A3.17).

Running medians with adaptive median windows based on oyster
growth data were plotted to help distinguish annual variability in
the Mg/Ca profiles from intra-annual variability. We used “adaptive”
median windows because oyster growth rate slows during ontogeny—
meaningmore intra-annualMg/Ca variationmust be discounted in ear-
lier parts of the profiles than in later portions. This correction was
achieved by having the median windows decrease in width with in-
creasing distance from the umbo according to regressions of oyster
growth rate against specimen age (size-at-age relationships were esti-
mated from the δ18O profiles). Further, because oyster growth patterns
vary with latitude (e.g., Shumway, 1996), we plotted separate medians
based on growth data from three geographical and temporal subsets of
our oyster specimens. The three geographic and temporal subsets were
1) the Connecticut specimen, 2) the modern South Carolina specimens,
and 3) the fossil South Carolina specimens (Fig. 3). All three medians
were plotted on each profile in order to testwhether local oyster growth
data are needed to use this method—if the same life-history interpreta-
tionswere given by all threemedians, this resultwould indicate that re-
gional oyster growth data would be sufficient for future uses of the
method. The windows for the running medians were all scaled so that
a growth distance of 40 mm would result in a median window width
of five data points. A fourth running median was calculated for each
specimen individually—using the growth data from the live-collected
South Carolina specimens—that scaled the median window widths to
five data points at the maximum growth distance for each specimen.
These trendlines were then comparedwith the δ18O profiles to evaluate
the ability of Mg/Ca to capture annual signals. Peaks and troughs in the
δ18O profiles were matched visually to the closest peak in the corre-
sponding Mg/Ca profile based on the following criteria. A δ18O peak
was considered detectable in the Mg/Ca profile if all running medians
substantially crossed zero in the direction corresponding to the δ18O
peak or trough. In cases where features of the δ18O profile were visible
in the Mg/Ca profile, but one or more running medians did not
substantially cross zero, the peakwas considered present but ambiguous.
Undetectable δ18O peaks were those that would have beenmissed in the
Mg/Ca profile in the absence of the δ18O profiles.

3. Results and discussion

Annual peaks in the δ18O profiles were identifiable in themajority of
Mg/Ca profiles (See Appendix 2 for raw Mg/Ca and stable isotope
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values). Further, our results agree with those of previous studies
reporting that the foliated calcite growth lines in the oyster hinge
cross-sections may not always form with annual periodicity
(e.g., Hong et al., 1995; Andrus and Crowe, 2000; Surge et al., 2001;
Fig. 4), highlighting the importance of geochemical analyses for evaluat-
ing growth characteristics in this taxonomic group. Collectively, out of
105 total peaks and troughs in the δ18O profiles of the Connecticut,
South Carolina, and California oyster specimens, 97% (n = 102) were
detectable in the Mg/Ca profiles, 9% (n = 9) of which would have
been ambiguous in the Mg/Ca profiles in the absence of the δ18O pro-
files. Three percent (n = 3) of the δ18O profile peaks and troughs
were undetectable in theMg/Ca profiles (see Fig. 5 for an example; pro-
files for all specimens can be found in Appendix 3). The specimen from
Fig. 4.Resilifer cross-sections of the three North Carolina specimens included in our study:
(a) NC-L-01, (b) NC-L-02, and (c) NC-L-03. These specimenswere live-collected in August
2015 at the same time from the same hatchery at nine months of age, yet show highly
variable numbers of foliated calcite growth lines (examples are labeled f.c.),
demonstrating that the lines are not annual morphological features in these specimens.
Scale bar applies to all images. White arrows indicate direction of growth.

Fig. 5. Plots showing (a) the raw Mg/Ca ratio data, (b) the Mg/Ca profile centered around
zerowith four runningmedians, and (c) the δ18O (black line, axis inverted) and δ13C (grey
line) profiles for the C. virginica specimen CT-L-01. Dark grey lines above the profile in
panels (a) and (b) represent the distances covered by individual laser ablation line
scans. Mean-subtracted data (i.e., residuals) in panel (b) are in light grey. The four
running median trendlines in panel (b) have median windows based on growth rate/
age relationships for: 1. the live-collected Connecticut specimen (blue); 2. the fossil
South Carolina specimens (green); 3. the modern South Carolina specimens (dark grey);
and 4. the modern South Carolina specimens, but with window widths scaled to the
individual specimen (grey). See text for details. Vertical dashed lines that cross panels
(b) and (c) correspond with peaks and troughs in the δ18O profile. Shaded circles in
between the two panels indicate whether the corresponding peak or trough in the δ18O
profile is detectable in the Mg/Ca profile (black = detectable; grey = present but
ambiguous; white = undetectable).
Louisiana was not included in these totals because the geochemical re-
sults suggested it was less than a year old2 (Fig. A3.16).

TheMg/Ca profilesmatched all δ18O peaks in nine of the 17 shells an-
alyzed that were more than one year old, and only three specimens had
δ18O peaks that were undetectable in the Mg/Ca profiles (Appendix 3).3

Lifespan estimates based on each of the four medians were equal for six
of the 17 specimens (35%) that were over one year old and were within
one year or less of each other for 14 of the 17 specimens (82%). The
medians based on Connecticut growth data and the individually
scaled modern dead South Carolina data tended to overestimate the
2 This conclusion was based on three factors: 1) the rawMg/Ca profile had a prominent
positive slope, similar to the nine-month-old specimens from North Carolina; 2) the only
major positive excursion in the δ18O profile corresponded to a large positive excursion in
the δ13C profile and was not visible in the Mg/Ca profile, suggesting that it may not have
been a winter seasonal signal; and 3) the Louisiana specimen was from a lower latitude
than the South Carolina specimens (so would likely have grown as fast or faster than
them), several ofwhich grew10–20mmin theirfirst year (Appendix 3). Finally, thematch
between the median patterns and the δ18O profile for the Louisiana specimen is poor
(Fig. A3.16).

3 It should be noted that theMg/Ca peaks and troughswere occasionally offset from the
corresponding distance position of their counterparts in the δ18O profiles. We consider
these offsets to be related to the difference in spatial and temporal averaging between
the LA-ICP-MS and stable isotope sampling methods and the fact that we matched the
δ18O peaks and troughs to the running median trendlines rather than the Mg/Ca profiles
themselves.
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corresponding δ18O profile lifespan estimates, and themedians based on
the growth data from fossil dead South Carolina specimens and themod-
ern dead South Carolina data (withwindows scaled to 40mm)more fre-
quently underestimated the corresponding δ18O profile lifespan
estimates. Overall, lifespan estimates based on 67 out of the 68 medians
(98.5%) were within ±1 year of the corresponding δ18O profile esti-
mates, and the average differences betweenMg/Ca profile and δ18O pro-
file lifespan estimates were 0.21 ± 0.41 years, −0.18 ± 0.52 years,
−0.18 ± 0.47 years, and 0.46 ± 0.81 years, for the medians based on
growth data from the Connecticut specimen, the South Carolina fossil
dead specimens, and the South Carolina modern dead specimens with
windows scaled to 40 mm and to the maximum growth distance of
each specimen, respectively. Further, the Mg/Ca profiles accurately rep-
resented the lifespans of the three nine-month-old C. virginica specimens
from North Carolina (Fig. A3.17), and all present but ambiguous and un-
detectable peaks occurred at the beginning and/or end of growth
profiles, areas in which the annual pattern is often not clear, even for
δ18O profiles (e.g., Goodwin et al., 2003). Altogether, these results sug-
gest that Mg/Ca profiles are useful alternatives to δ18O profiles for deter-
mination of growth characteristics, such as lifespan and growth rate,4 in
oysters.

These encouraging results for oysters also suggest that this method
is likely to be useful for many other molluscan taxa. The oysters studied
here produce calcite shells, which are expected to incorporate Mg rela-
tively easily due to the similar crystal structures of MgCO3 and CaCO3

(Oomori et al., 1987), suggesting that this method is likely to work
well for analyzing the shells of other calcitic mollusk species. Further,
although the Mg partition coefficient is about 100 times lower in
aragonite than in calcite (Oomori et al., 1987; Poulain et al., 2015)—
suggesting that there should be relatively low Mg incorporation in ara-
gonitic mollusk shells—seasonally correlated Mg/Ca ratios have been
reported for a number of aragonitic mollusk taxa (e.g., Takesue and
van Geen, 2004; Richardson et al., 2005; Schöne et al., 2011; Marali
et al., 2017; but see also Foster et al., 2008). The Mg/Ca ratio values re-
ported in some of these studies are also very similar to those of the cal-
cite shells reported here (e.g., Takesue and van Geen, 2004; Schöne
et al., 2011). This similarity despite the differences in Mg/Ca ratios
between inorganic aragonite and calcite is likely due to the vital effects
associatedwith biogenic carbonates. Thus, LA-ICP-MS analysis of Mg/Ca
ratios is likely applicable to a wide variety of molluscan taxa, including
both aragonitic and calcitic species.

3.1. Effects of species, seasonality, geography, and growth rate on Mg/Ca
profile interpretations

The age estimates fromMg/Ca profiles largely agreewith those from
the δ18O profiles of all specimens analyzed, including both C. virginica
and M. gigas and across all localities. This result demonstrates that Mg/
Ca profiles can be used to estimate growth characteristics even when
seasonal variability in temperature is relatively low, as is the case in
San Francisco Bay (Fig. 1). Despite the overall agreement among the
medians and with the corresponding δ18O profiles, growth variability
between specimens from different locations did influence the perfor-
mance of the runningmedians. For instance, the growth differences be-
tween localities in our study qualitatively corresponded to expectations
based on differences in temperature (Shumway, 1996): the Connecticut
specimen, from our northernmost locality, grew most slowly and
its growth rate decreased the least between years, and the fossil South
Carolina specimens, from a lower latitude, grew most rapidly and
4 Note that because our analyses were performed on the resilifer, the growth rate
reflected in the δ18O and Mg/Ca profiles is that of the resilifer, and not necessarily that of
the whole shell. A linear regression of resilifer height against whole-valve height for
256 left valves from themodern South Carolina samples, however, shows the two dimen-
sions are well correlated (whole shell height= 3.08 ∗ resilifer height+ 17.09; R2 = 0.75;
F1,253 = 743.3; p ≤ 0.0001).
decreased their growth fastest with age (Fig. 3). The modern South
Carolina C. virginica specimens were intermediate in their growth rate
and the rate of decline in growth rate over ontogeny (Fig. 3). This pat-
tern also fits with interpretations of the Pleistocene Canepatch Forma-
tion that suggest it was deposited during a warm interglacial period
(although exactly which one is uncertain; e.g., Wehmiller et al., 1988).

These variations in growth characteristics were evident in the per-
formance of the runningmedians because they determined the patterns
of median window widths over the Mg/Ca profile distances. For in-
stance, because the Connecticut specimen grew relatively slowly and
had a relatively small decrease in growth rate over time, the median
windows based on this relationship were narrow and did not change
very much with shell distance. The result was an increased sensitivity
in this running median to intra-annual variation in the Mg/Ca profiles
for specimens from warmer locations (e.g., South Carolina) that had a
greater difference in growth rate between early and late ontogeny
(Fig. 6). The opposite was true of the running median based on growth
of the fossil South Carolina specimens, which showed the most rapid
growth early in ontogeny and the steepest decline in growth rate with
time (Fig. 3). This running median tended to have windows that
began verywide and narrowed rapidlywith shell distance, which some-
times resulted in insensitivity to inter-annual variability in the Mg/Ca
profiles, especially the ontogenetically early sections (Fig. 6).

The variability in patterns of growth rate also affected the perfor-
mance of the running median scaled for each specimen individually
versus the one scaled to 40mm growth distance. Interestingly, the indi-
vidually scaledmedian oftenmatched the runningmedian based on the
Connecticut specimen growth characteristics fairly closely because they
both tended to have relatively narrowmedian windows (though in the
former the narrow windows were the result of scaling to shorter shell
distances, whereas the latter had narrow windows because of the
slow growth rate of the Connecticut specimen). Although this sensitiv-
ity made both medians, especially the individually scaled median,
susceptible to overestimating the δ18O profile lifespan estimates
(e.g., Figs. A3.13–15), in other cases they captured important variation
towards the ends of the Mg/Ca profiles that was missed by the other
medians (e.g., Figs. A3.1, A3.2, A3.5). Thus, basing our interpretations
of oyster lifespans from the Mg/Ca data on multiple running medians
helped account for the effects of geographic and environmental varia-
tions in growth.

3.2. Sources of variation between Mg/Ca and δ18O profiles

Potential sources of variation between the Mg/Ca and δ18O profiles
could include variation in insoluble organic matrix content of the
shell with growth rate, differential effects of salinity variations on the
Mg/Ca and δ18O profiles, and the distance of the samples from the
edge of the resilifer cross-section. For instance, it has been shown that
the concentration of insoluble organicmatrix (IOM) increases at growth
lines in the aragonitic bivalve Arctica islandica (i.e., when shell growth
slows; Schöne et al., 2010), leading to errors in themeasured Mg/Ca ra-
tios by LA-ICP-MS. This variation in IOM concentration could effectively
decrease the amplitude of seasonal variation in Mg/Ca profiles. For in-
stance, growth lines in bivalve shells are often produced during winter
months at mid to high latitudes, which tend to be characterized
by low Mg/Ca ratios in the shell, but the increased concentrations of
Mg-enriched IOM at these growth lines might dampen that pattern.
Thus, if such heterogeneous distribution of IOM is also characteristic of
the oysters analyzed here, then this effect could contribute to difficulties
in interpreting some annual cycles in theMg/Ca profiles in our study by
decreasing the amplitude of annual cycles relative to the often noisy
intra-annual Mg/Ca patterns. Mg-enriched IOM associated with non-
annual growth lines formed in response to other disturbances such as
reproduction, temperature, or osmotic stress, may also complicate Mg/
Ca profile interpretations. However, the intertidal, estuarine oysters
used in this study likely experience a wider range of environmental



Fig. 6.Mg/Ca profiles for twomodern C. virginica specimens from South Carolina: (a) SC-D-06 and (b) SC-D-05, demonstrating the decrease in thematch between the runningmedians in
smaller specimens (i.e., SC-D-06 in this case) because of the way the median window widths were calculated. See text for details.

207S.R. Durham et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 485 (2017) 201–209
stresses than mollusks living in full marine conditions, suggesting that
this may not be a very common impediment to analyzing Mg/Ca
profiles.

Salinity variations are another potential source of disagreement be-
cause Mg/Ca ratios have low sensitivity to salinity fluctuations above
about 10 (Dodd and Crisp, 1982), but δ18O and δ13C values are typically
both positively correlated with salinity (Epstein and Mayeda, 1953;
Mook and Tan, 1991). Although C. virginica can survive salinities of
5 or lower for short periods, optimal salinities are typically 14–28 and
populations inhabiting waters with average salinities around 10 tend
to be sparse (Shumway, 1996), thus it is unlikely that the oysters used
in our study—all of which were collected from areas with dense oyster
populations—regularly experienced salinities below 10. Indeed, a re-
gression of the δ18O and δ13C values measured from our specimens
showed they were positively correlated overall (δ18O = 0.61 ∗ δ13C −
0.93; R2 = 0.23; p ≤ 0.0001), and thus likely reflect salinity variations
(cf. Gillikin et al., 2006) given the coastalmarsh environments inhabited
by C. virginica andM. gigas (see also Goodwin et al., 2010). We consider
it unlikely that salinity variations influenced the match between the
Mg/Ca and δ18O profiles for most specimens, however, because there
were few large excursions in the δ13C profiles and there was generally
a good correspondence between the Mg/Ca profiles and the δ18O pro-
files. Two potential exceptions were specimens SC-L-01 and LA-D-01
(Figs. A3.2 and A3.16), both of which showed prominent, simultaneous,
positive excursions in the δ18O and δ13C profiles that were not reflected
in the Mg/Ca profiles (i.e., consistent with short-term increases in
salinity).

Finally, Mg concentration has been shown to vary with distance
from the edge of shell cross-sections in the calcitic bivalve Pecten
maximus (Freitas et al., 2012). Specifically, Freitas et al. (2012)
found that Mg/Ca ratios increased in magnitude and variability within
~200 μm of the exterior edge of the shell cross-section. Because the
laser lines are straight but the shell layer in cross-section often is not
(the reason multiple overlapping laser lines are required to construct
the Mg/Ca profile), the distances from the laser lines to the exterior
edges of the resilifer cross-sections were not constant. For instance,
laser lines frequently were b200 μm from the cross-section edge at
the ends of line scans and in the resilifer sections fromearly in ontogeny,
when the foliated calcite layer is often very thin.We tested this relation-
ship in C. virginica by regressing the distances of the laser lines from the
edge of the cross-section against the variance in Mg/Ca values from the
South Carolina C. virginica specimens (Appendix 4). Surprisingly, there
was aweak but statistically significant positive correlation between dis-
tance from the exterior edge of the cross-section and the mean (Mg/Ca
mean = 0.73 ∗ Dist. + 2.3; R2 = 0.02; p = 0.0019; Fig. A4.1) and vari-
ance (Mg/Ca variance = 0.31 ∗ Dist. + 0.13; R2 = 0.05; p ≤ 0.0001;
Fig. A4.2) of Mg/Ca ratios, suggesting that the mean and variability of
ratios increase with distance from the exterior edge of the resilifer
cross-section in C. virginica (Appendix 4), counter to previous findings
in Pecten. These weak relationships, however, make it unlikely that
the distance of the laser lines from the cross-section edge affected the
Mg/Ca profile interpretations for the specimens in our study.

3.3. Advantages of Mg/Ca ratios over δ18O values for sclerochronology

There are a few major potential advantages to choosing Mg/Ca-
based sclerochronological analyses over stable isotope analyses for at
least some applications, including the relative ease of higher resolution
sampling that is possible with the LA-ICP-MS technique, as well as its
lower time and financial costs. For instance, an interesting possibility
is that the high-resolution sampling afforded by laser ablation line
scans (~50 μm in this case, but LA-ICP-MS resolution can be easily ad-
justed by changing the laser scan rate and involves little additional sam-
pling effort or cost) may out-perform δ18O profiles for detecting some
late-ontogeny annual cycles, because each LA-ICP-MS measurement is
less time-averaged than the typical point samples milled for stable iso-
tope analyses (resolution usually ~300 μm; see Goodwin et al., 2003). A
potential example of this advantage is specimen CT-L-01, the longest-
lived specimen in our study. There is an additional trough and peak at
the distal end of the Mg/Ca profile for CT-L-01, relative to the δ18O pro-
file, thus possibly capturing almost an additional year of growth missed
by the δ18O profile (Fig. 5). This example highlights the fact that al-
though life-history trait estimates from δ18O profiles are generally con-
sidered reliable, they are not always completely accurate or easily
interpretable (e.g., Goodwin et al., 2003).

In addition, the lower time and financial costs of LA-ICP-MS relative
to stable isotope analyses allow formore shells to be analyzed. The ben-
efits of larger sample sizes may outweigh the costs associated with the
occasionally challenging profile interpretations, particularly for life-
history studies of populations. To illustrate this point, for the present
study we completed stable isotope sampling for no more than three
specimens per day and there was a turnaround time of at least one
week to acquire the data, whereas we sampled up to ~10–15 specimens
per day by LA-ICP-MS and the results were available in real time.

Image of Fig. 6
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Finally, interpretation of δ18O analyses of estuarine taxa, such as
C. virginica andM. gigas, is sometimes challenging due to the combined
influence of temperature and salinity on δ18O water values (e.g., Surge
et al., 2003). Thus, another potential advantage of using Mg/Ca profiles
measured by LA-ICP-MS for characterizingmollusk shell growth charac-
teristics is the low sensitivity of Mg/Ca ratios to salinity fluctuations rel-
ative to δ18O values (Dodd and Crisp, 1982).

3.4. Conclusions

Our results suggest thatMg/Ca ratiosmeasured from LA-ICP-MS line
scans are a viable alternative to more traditional stable oxygen isotope
analyses for estimating lifespans and growth rates of oysters and other
mollusks that lack reliable annual morphological shell features. We
also found that running medians with median windows based on shell
growth data can capture annual cycles in the Mg/Ca profiles, making
them easier to interpret. Further, plotting multiple running medians
based on different sets of growth data or scaled to different maximum
growth distances can aid the interpretation of ambiguous peaks and
troughs in theMg/Caprofiles. Although δ18Oprofiles have been used ex-
tensively for sclerochronological applications for decades, the lower
time and financial costs and increased sampling resolution of LA-ICP-
MS analyses are potentially significant advantages over stable oxygen
isotope analyses, particularly for studies requiring analysis of large
numbers of specimens. Future research should further investigate the
reasons for mismatches between the Mg/Ca and δ18O profiles, particu-
larly in ontogenetically early and late sections.
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