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A B S T R A C T

Widely used sclerochronological methods for biologically aging fossilized oysters, such as δ18O and Mg/Ca
analyses, are costly, time-consuming, and not always practical for population-level analyses. A method that
relies on visible morphological features, such as growth bands, to determine the lifespan of Crassostrea virginica
would provide a cost-efficient and reliable alternative. Previous studies have assessed whether counting growth
bands can be used to biologically age C. virginica from the southeastern U.S. but have produced conflicting
results. For this study, we conducted subseasonal sclerochronological analyses on Pleistocene C. virginica from
the mid-Atlantic U.S. to determine whether growth band counting could be used to reliably measure oyster
lifespan.

A highly significant correlation exists between δ18O peaks and major (annual) grey growth bands in these
oysters. Major grey and white growth bands differ significantly with respect to δ18O values. These data suggest
that, for C. virginica from the Pleistocene of the mid-Atlantic U.S., major grey growth bands are accreted during
the colder months of the year and can be used as annual markers to biologically age specimens. The results
presented here differ from previous studies that reported no link between growth bands and δ18O values, pos-
sibly because the latter focused on lower latitude regions with different seasonal temperature regimes and
sampled only the early stages of growth, which contain morphological features that could be confused with
major growth bands. While growth band counting of oysters shows promise as a method for biologically aging
oysters that experience high seasonal temperature variability, future studies are needed to assess its applicability
over a broader geographic range.

1. Introduction

Understanding the population ecology of the eastern oyster
(Crassostrea virginica) is critical for remediating estuarine habitats along
the eastern coast of North America. Oysters have served as a regional
food source since pre-Colonial times and continue to play an important
economic and ecological role in mid-Atlantic fisheries (Galtsoff, 1964;
Andrus and Crowe, 2000; Coen et al., 2007; Harding et al., 2008;
Savarese et al., 2016). During the last two centuries, over-fishing and
disease have severely depleted oyster populations in this region (Moore,
1897; Jackson et al., 2001), but the extent to which anthropogenic
disturbance has affected population demographics and shell growth
rates remains unclear.

Oyster management approaches rely on estimates of life history
traits from modern oyster populations; however, these populations are
neither healthy nor self-sustaining (Harding et al., 2008; Hanke et al.,
2017). Determining the life history traits and population dynamics of
oyster reefs that have not been significantly altered by human activities
would provide resource managers with accurate ecological baselines for
remediation (Jackson et al., 2001; Kraeuter et al., 2007; Harding et al.,
2008; Mann et al., 2009a; Mann et al., 2009b). The fossil record of C.
virginica along the U.S. mid-Atlantic Coastal Plain dates back to the
earliest Pleistocene and is a potential source of life history data for
healthy and sustainable oyster reefs (Kirby et al., 1998; Dietl and Flessa,
2011), but its usefulness is dependent on the ability to biologically age,
or determine the lifespan of, fossil oysters.
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A combination of shell growth pattern and stable oxygen isotope
analyses in bivalves provides a means for studying the ontogeny, life
span, and growth rates of individual organisms (Andrus and Crowe,
2008; Goodwin et al., 2010; Andrus and Thompson, 2012; Brocas et al.,
2012; Butler and Schöne, 2017; Colonese et al., 2017). Previous scler-
ochronological studies have sought to correlate morphological features
of Crassostrea shells to changes in oxygen isotope values for the purpose
of estimating lifespan, as Crassostrea accretes its shell in isotopic equi-
librium with the surrounding water (Hong et al., 1995; Kirby et al.,
1998; Andrus and Crowe, 2000; Surge et al., 2001; Fan et al., 2011;
Zimmt et al., 2016). Grey and white growth bands within the cross-
section of the hinge may have the most potential as growth markers
(Fan et al., 2011) (Fig. 1). A correlation among undulations on the
hinge surface, grey foliated growth bands in the hinge cross-section,
and seasonal δ18O maxima for Crassostrea gigas from the western Bohai
Sea (China) was demonstrated using subseasonal sampling (Fan et al.,
2011). Such a relationship has been more difficult to establish in C.
virginica. Kirby et al. (1998) reported a relationship between undula-
tions on the hinge surface to δ18O maxima from the shell layer above
the grey and white growth bands in C. virginica from the Pleistocene of
Virginia and modern Louisiana fisheries. Andrus and Crowe (2000)
sampled carbonate from grey and white growth bands in the hinge
cross-section and found a correlation between growth banding and δ18O
maxima in modern C. virginica from Georgia. However, a subsequent
high-resolution study of the isotopic chemistry of modern C. virginica
shells from Florida (Surge et al., 2001) sampled carbonate directly from
growth bands in the hinge cross-section and documented no correlation
among undulations on the hinge surface, growth banding, and δ18O
maxima.

To determine whether a correlation exists between growth banding
and δ18O maxima in C. virginica, we build on the approach of Surge
et al. (2001) by sampling several years of oyster growth (ranging from 6
to 15 years per individual). We sampled both early and late life history
stages, for specimens from a different latitudinal range (e.g., the mid-
Atlantic Coastal Plain) with stronger seasonal temperature variability
(Kirby et al., 1998). Our study differs from the approaches taken by
Kirby et al. (1998) and Andrus and Crowe (2000) in that we collected
multiple samples directly from each growth band and distinguished
among the morphologies of major (seasonally accreted), disturbance
(non-seasonal), and early (non-seasonal) bands (Fig. 2) to explicitly
examine the correlation between δ18O maxima and growth banding.
Here, we test the hypothesis that a correlation exists between maxima
in subseasonally resolved δ18O profiles and major grey growth bands in
C virginica from Pleistocene mid-Atlantic Coastal Plain deposits.

Additionally, we assess the importance of sampling density and un-
dertake a review of previous sclerochronological studies of C. virginica
to determine controls on the ability to detect a relationship between
δ18O values and growth banding.

2. Methods

Bulk samples of oysters were collected from Pleistocene outcrops in
both Delaware and Virginia. Shells were sampled from the Omar
Formation at two localities in Delaware, Dirickson's Creek
(38°29′46.5″N, 75°07′54.9″W) and Pepper Creek (38°31′37.3″N,
75°14′46.4″W) (Ramsey, 2010) (Fig. 3). The Omar Formation consists
of dark-grey clayey silt to silty clay deposited in a lagoonal environment
with abundant C. virginica (Ramsey, 2010).

Amino acid racemization (AAR) estimates constrain the Omar
Formation to the middle Pleistocene, with estimates ranging from
400 ka (MIS 11) to 347 ka (MIS 9) (Ramsey, 2010). Virginia samples
were collected from the Elsing Green Alloformation at Holland Point
(37°30′45.9″N, 76°25′59.9″W) (Fig. 3). The Elsing Green unit, pre-
viously part of the Tabb Formation, consists of a basal dark-blue clay
that grades upwards into yellow-brown fine to coarse sands, recording a
Pleistocene transgression and the transition from a protected estuary to
coastal estuary mouth (Berquist et al., 2014; Layou et al., 2016). AAR
age estimates place the base of the Elsing Green Formation at MIS 7 or 9
(195–347 ka) (Wehmiller, 2016).

One valve from each site, for a total of three C. virginica specimens,
was selected for stable isotope geochemical (δ18O and δ13C) analysis. In
keeping with the precedent set by past studies, we analyzed left valves
as they provide the largest surface area for sampling and preserve the
entire ontogenetic history of the oyster (Kirby et al., 1998). Specimens
were selected based on the quality of preservation, absence of bioero-
sion, and completeness of the hinge. Following the procedures of
Andrus and Thompson (2012), valves were bisected down the resilifer,
parallel to the greatest axis of growth in order to expose the growth
bands in the hinge cross-section (Fig. 1). Valves were thick-sectioned
using a low-speed, water-cooled Felker Tile Master saw with diamond
tipped blade, then polished using fine-grit sandpaper to create a hor-
izontal plane for sampling. Depending on the size of the hinge, thick-
sections were either embedded in epoxy (Buehler Epothin) or affixed to
a petrographic slide using Crystalbond thermal adhesive so that the
surface closest to the organism's medial plane was exposed for sam-
pling.

Powdered carbonate samples were collected from each shell using a
New Wave/Merchantek micromill fitted with a 0.5 mm silicon carbide
drill bit and operated using a computer-controlled XYZ micromilling
system. Milling paths were drawn within the growth bands themselves,
rather than the translucent shell layer above, parallel to the shape of the
individual growth bands (Fig. 4). The shape of the milling paths
minimized the amount of time-averaging and duplicate sampling within
the same growth band and maximized the amount of shell powder
produced. We then interpolated additional milling paths between the
boundary of each grey and white growth band with a spacing of ap-
proximately 200 μm, measured perpendicular to the middle of the
previous path (Fig. 4). Each path was milled at the shallowest possible
depth (200 μm) to account for the three-dimensional curvature of the
shell and to prevent milling into an adjacent white or grey growth band.
In specimen AD1, 182 consecutive samples were collected for isotope
analysis across the entire shell, producing approximately six samples
per millimeter. Specimen PC3 was the smallest shell sampled. Although
60 samples were collected from across the entire shell, only 53 samples
were reliably measured due to broken seals on several of the sample
bottles, producing approximately six samples per millimeter. For the
portion of HP3 that was selected for micro-milling, a total of 115
samples were collected across the sampled portion of the resilifer, or
approximately five samples every millimeter. If a milling path occurred
on the boundary between growth bands, the sample was assigned to the

Fig. 1. Interior of the left valve of C. virginica specimen AD1 from the
Pleistocene of Delaware. The dotted line from the umbo to the interior margin
of the resilifer shows the line along which the hinge was bisected. (Inset) Cross-
section of the hinge from AD1 mounted in epoxy. Alternating grey and white
growth bands are visible in the cross-section.
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previous colored growth band to avoid bias during data analysis.
We standardized the identification of growth bands by counting

grey and white growth bands in the shell cross-section prior to drilling.
While similar in mineralogy, the growth bands in Crassostrea differ in
color due to differences in their microstructure. The grey bands are
composed of calcite biominerals arranged into tight sheets (folia), while
the white bands are composed of irregularly packed biominerals with
spaces between leaflets of biominerals (Checa et al., 2007; Lee et al.,
2011; Dauphin et al., 2013). Both materials are structurally similar,
with differences in growth rate controlling the orientation of crystal
growth (Checa et al., 2018). Previous studies of C. gigas (Fan et al.,
2011) differentiated between growth bands formed during seasonal
temperature fluctuations (major growth bands) and those formed due to
sudden environmental changes and other aperiodic causes of growth
variation (disturbance bands) by correlating growth bands with

undulations on the resilifer surface.
Similar to Surge et al. (2001), we were unable to identify undula-

tions (i.e., concave bottoms and convex tops; Kirby et al., 1998) on the
resilifer surface of C. virginica. However, we were able to differentiate
between major and disturbance bands by using the shape and position
of grey and white growth bands in the hinge cross-sections (Fig. 2). If
two growth bands of the same color were conjoined at either their in-
itiation beneath the resilifer surface or at their asymptotes in the shell
cross-section, the growth bands were counted as the same major growth
band, and the growth band between them was counted as a disturbance
band (Fig. 2). This was done to minimize the double counting of growth
bands and to avoid counting disturbance bands. As we were primarily
interested in identifying growth bands due to seasonal temperature
changes, disturbance bands were not included in our statistical analysis.
For subsequent analyses, we also differentiated between major and
early growth bands (Fig. 2). Early growth bands are accreted during fast
growth in early ontogeny, thus recording a different seasonal signal
than major growth bands, and often fail to reach the same depth in the
resilifer cross-section as major growth bands. However, we were unable
to differentiate between major and early growth bands with our initial
criteria for counting growth bands and thus both were included in our
statistical analyses.

Powder samples from each shell were weighed and collected in
4.5 mL round bottomed borosiclicate Exetainer vials. All samples were
analyzed at the University of Alabama over the period of 2015–2017
using a Thermo Gas Bench II coupled to a Thermo Delta V isotope ratio
mass spectrometer (IRMS) in continuous flow mode. Samples were re-
acted with orthophosphoric acid at 50 °C to produce CO2 gas, which
was then transferred into the mass spectrometer using a continuous
flow of pure helium gas. All stable isotope values are reported in parts
per mil (‰) relative to the VPDB standard by correcting to 14 NBS-19
standards per run. NBS-19 was also used to assess and correct for drift
and sample size linearity, if indicated. Precision (1σ) was± 0.10‰ for
δ18O and ± 0.05‰ for δ13C for first set of runs in 2015, which con-
sisted of the two Delaware specimens, and ± 0.10‰ for δ18O and ±
0.03‰ for δ13C for the second set of runs in 2017 for the Virginia
specimen.

To ensure a fair and unbiased assessment of the correlation between
local δ18O maxima and growth bands, we detrended each isotope curve.
Studies of oysters and other bivalves have found that changes to growth
rates and growth patterns in longer-lived organisms distort the δ18O
signal recorded by the shell, creating false trends in annual minima and

Fig. 2. A close-up of the hinge cross-section for shell AD1
displaying major, disturbance (D), and early growth bands
(E). Major white and grey growth bands, marked by white and
black brackets labeled 9, 10, and 11, form with seasonal
temperature fluctuations. Major grey growth bands 10 and 11
both contain white disturbance bands, marked by a white D.
Major white growth band 10 contains a grey disturbance
band, marked by a black D. Disturbance bands can be iden-
tified if they fail to reach an asymptote in the cross-section, if
they fail to make contact with the surficial layer of foliated
calcite, or if they contact it at a single point (see major white
growth band 10 in the top left quadrant). Major grey growth
bands disrupted by a white disturbance band will either
coalesce at the initiation of the growth bands or at their
asymptote and are counted as a single major growth band (see
for example major grey growth bands 10 and 11). Growth
bands marked by an E are designated as early grey growth
bands (see Discussion Section 4.3). Early grey growth bands
may be mistaken for major growth bands during growth band
counting; however, these growth bands do not reach the same
depth in the resilifer cross-section as the major growth bands,
which can only be seen by observing the entire hinge cross-
section.

Fig. 3. Map of sampling sites, with inset image of the continental United States.
Sampling efforts were focused on the regions surrounding the modern
Chesapeake and Delaware Bays to assess the validity of growth band counting
for the major fisheries in Virginia, Delaware, and Maryland.
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Fig. 4. Part of the hinge cross-section for shell AD1 from the
Pleistocene of Delaware, with inset image showing the entire
hinge. Milling paths were drawn parallel to the boundaries of
the grey and white growth bands (data from full profiles can
be found in Fig. 5). Additional transects were then inter-
polated between the boundary lines to maximize the number
of samples collected per growth band.

Fig. 5. Detrended δ18O profiles for each shell sampled are plotted to show seasonal variation in δ18O values, accompanied by an image of the resilifer cross-section of
each shell. Y-axes are identical for all three graphs to show the difference in absolute ranges of each profile. Grey and white boxes on each plot represent the
corresponding position of grey and white growth bands in the shell, as counted prior to drilling. In each profile, peak values are found almost exclusively within the
major grey growth bands, indicating that major grey growth bands are precipitated during the coldest parts of the year. (A) Isotope profile and corresponding hinge
cross-section of shell AD1, from Delaware. (B) Isotope profile and mounted hinge of shell PC3, from Delaware. (C) Isotope profile and hinge cross-section of shell HP3,
from Virginia.

J.B. Zimmt et al. Palaeogeography, Palaeoclimatology, Palaeoecology 516 (2019) 54–63

57



maxima (Goodwin et al., 2003). Following Durham et al. (2017), a
simple linear regression was run on each dataset to account for onto-
genetic changes in growth rates and growth patterns over time by
standardizing each δ18O profile. We were unable to account for trends
such as increased periods of reduced growth or growth cessation as
these are not fully understood in mid-Atlantic C. virginica (Eastern
Oyster Biological Review Team, 2007). Once δ18O profiles were de-
trended, a basic mathematical criterion was used to determine which
data points represented ‘peaks’ and ‘peak values.’ The term peak was
used to refer to all values on a local part of the δ18O curve that were one
standard deviation above the mean δ18O value of the profile. The
maximum δ18O value of each peak was referred to as a ‘peak value.’
Rather than define peaks by comparing local maxima and local means,
this method allowed us to focus on regular cyclic oscillations in each
δ18O profile as opposed to the noise created by smaller-scale stochastic
variations in temperature and salinity.

3. Results

3.1. AD1 (Dirickson's Creek, Delaware)

For the hinge of AD1, δ18O values ranged from −3.04‰ to
−0.05‰ and δ13C values ranged from −0.30‰ to +2.00‰ (Fig. S1A)
before detrending. Sinusoidal patterns can be seen in both profiles,
though cycles are more consistent and regular in the δ18O profile
(Fig. 5A). δ18O values for the major grey growth bands ranged from
−2.93‰ to −0.05‰ before detrending, while the range for major
white growth bands was slightly smaller, from −3.04‰ to −0.79‰
(Table 1). On average, 14 samples were collected per each year of
growth. A linear regression revealed no significant trend towards in-
creasing or decreasing δ18O values along the hinge
(δ18O=−0.005 ∗Distance− 1.95; R2= 0.005, p > 0.05, n=182).
We identified 13 peaks in the δ18O profile, comprising 28 data points or
15% of the entire data set using our criteria for identifying δ18O peaks.
Each peak value was contained within a major grey growth band, and
23 of the 28 data points (82%) sampled from δ18O peaks occurred
within major grey growth bands. The six grey growth bands that did not
contain δ18O peaks were all located towards the distal end of the umbo,
representing the earliest growth of the shell.

3.2. PC3 (Pepper Creek, Delaware)

δ18O values across the hinge of PC3 ranged from −3.22‰ to
+0.82‰, while δ13C values ranged from −0.30‰ to +1.40‰ (Fig.
S1B) before the data were detrended. Peaks in the δ18O profile are
broader than in AD1; however, there is less regularity in the amplitude
of δ18O values and growth band width when compared to the isotope
profiles of the other shells (Fig. 5B). Similar to shell AD1, there was
some overlap in the range of δ18O values between the major grey and
white growth bands. δ18O values for the grey growth bands ranged from
−3.22‰ to +0.82‰ before detrending, while the range for white
growth bands was slightly smaller, from −3.17‰ to +0.19‰
(Table 1). On average, 9 samples were collected per each year of
growth. Fitting a linear function to the data shows a significant increase
in δ18O values from the umbo to the growing edge of the resilifer
(δ18O=−0.178 ∗Distance− 0.387; R2= 0.224, p < 0.01, n=53).
After detrending the data, six δ18O peaks were identified across the
entire isotope profile. Nine of the ten data points (90%) sampled from
δ18O peaks were found within major grey growth bands, with one data
point occurring on the boundary between a white and major grey
growth band. Maximum δ18O values fall exclusively within the major
grey growth bands, with each of the six peak values occurring within a
major grey growth band.

3.3. HP3 (Holland Point, Virginia)

δ18O values in the sampled hinge of HP3 ranged from −4.83‰ to
−0.69‰ before the data were detrended. δ13C values ranged from
−1.95‰ to +0.01‰ (Fig. S1C). Growth band width is relatively
uniform throughout the sampled section. While there is regular peri-
odicity within the shell between δ18O maxima and minima, the am-
plitude of these variations fluctuates throughout the shell with sharp
peaks and troughs. Among the three sampled shells, HP3 contains the
greatest range in δ18O values, with peak-to-trough amplitude ranging
from 1.32‰ to 3.97‰ (before detrending) across the shell. The range
in δ18O values for the major grey growth bands for HP3 spanned from
−4.83‰ to −0.69‰ before detrending, while the range for major
white growth bands was slightly smaller, from −4.58‰ to −1.03‰
(Table 1). Despite the similarity between the ranges of δ18O values for
each growth band, there are clear differences in the distribution of δ18O
values between the grey and white growth bands, which show that
higher δ18O values are more frequently found in grey growth bands
(Fig. 5C). This is also reflected in the average δ18O value for each
growth band (Table 1). On average, 8 samples were collected per each
year of growth. When a linear regression was fitted to the data, no
significant trend in δ18O values throughout the hinge was recorded
(δ18O=−0.004 ∗Distance− 2.01; R2= 0.001, p > 0.05, n= 115).
Within the δ18O profile, 14 peaks were identified. Of these, 13 peak
values (93%) are found within major grey growth bands. The other
peak value occurs on the boundary between a major white and major
grey growth band and was classified as sampled from white growth
band in accordance with our methods.

4. Discussion

4.1. Understanding δ18O peak distributions

To determine whether a relationship exists between major grey
growth bands and δ18O maxima in our profiles, a two-by-two con-
tingency table was created for each shell using growth band color and
δ18O peak presence/absence. A Fisher's exact test was used to test the
null hypothesis that there was no association between growth band
color and δ18O peak presence/absence. A highly significant two-tailed
p-value of< 0.001 is reported for each shell, indicating that a strong
relationship exists between major growth band-color and δ18O peak
presence/absence (AD1: two-tailed p≤ 0.001, φ=0.694, n= 182;

Table 1
Summary of the measured δ18O and δ13C values for each shell before de-
trending.

Min Max Range Average

δ18O (‰ VPDB)
AD1 (n= 182) Grey −2.93 −0.05 2.88 −1.86

White −3.04 −0.79 2.25 −2.17
Total −3.04 −0.05 2.99 −2.02

PC3 (n=53) Grey −3.22 +0.82 4.04 −0.98
White −3.17 +0.19 3.36 −1.63
Total −3.22 +0.82 4.04 −1.19

HP3 (n=115) Grey −4.83 −0.69 4.14 −2.04
White −4.58 −1.03 3.55 −2.82
Total −4.83 −0.69 4.14 −2.43

δ13C (‰ VPDB)
AD1 (n= 182) Grey −0.03 +2.00 2.03 +0.94

White −0.30 +1.33 1.63 +0.57
Total −0.30 +2.00 2.30 +0.76

PC3 (n=53) Grey −0.30 +1.40 1.70 +0.61
White −0.20 +1.20 1.40 +0.61
Total −0.30 +1.40 1.70 +0.61

HP3 (n=115) Grey −1.05 −0.07 0.98 −0.50
White −1.95 +0.01 1.96 −0.73
Total −1.95 +0.01 1.96 −0.61
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PC3: two-tailed p≤ 0.001, φ=1.0, n= 53; HP3: two-tailed p≤ 0.001,
φ=0.861, n=115). For each Fisher's exact test, the phi coefficient of
correlation ranged from 0.69 to 1.00, indicating a strong to very strong
correlation between growth band color and δ18O peak presence/ab-
sence across all shells.

To determine whether the distribution of δ18O peaks among the
growth bands was significantly different from a null distribution, the
total width of the grey and white growth bands was measured through
the middle of the hinge cross-section for each shell and divided by the
total length of the hinge. This fraction was then multiplied by the
number of peaks in the δ18O profile of each shell to produce a null
distribution of peaks between the grey and white growth bands for each
shell. A chi-square goodness of fit test was used to compare observed
data to theoretical data for grey and white growth bands separately.
Shells AD1 (χ2= 10.4, p=0.001, n=20) and HP3 (χ2= 13.6,
p < 0.001, n= 14) showed a significant deviation from the expected
values for a random distribution of δ18O peaks in their major grey
bands; however, shell PC3 (χ2= 3.47, p=0.062, n=6) was just above
a 5% threshold for significance. Given the sensitivity of chi-square
analyses to small sample sizes, it is likely that the low number of growth
bands in shell PC3 interfered with this analysis. In contrast, the dis-
tribution of δ18O peaks for the white growth bands in each shell is
significantly different from the null hypothesis of a random distribu-
tion. Again, the significance of this trend is weaker in PC3 (χ2= 4.05,
p=0.044, n=6) than in shells AD1 (χ2= 10.1, p=0.001, n= 20)
and HP3 (χ2= 12.6, p < 0.001, n=14) due to low sample size. In
light of these results, we reject the null hypothesis that δ18O peaks and
growth bands are randomly distributed in these hinges and document a
significant correlation between δ18O peaks and grey growth bands in
each of the shells.

Despite the non-random distribution of δ18O peaks among the grey
and white growth bands, there is still significant overlap in the range of
δ18O values recorded by the white and grey growth bands, suggesting
that δ18O values of the grey and white growth bands might be difficult
to distinguish statistically. Kernel density plots of δ18O values for each
shell show similar ranges for both the grey and white growth bands
(Fig. 6). Mann-Whitney U or t-tests, when applied to the δ18O dis-
tribution for each shell, reveal a statistically significant difference
(p < 0.05) between the δ18O values of the grey and white growth
bands (Table 2).

4.2. Implications for growth band counting in mid-Atlantic C. virginica

The sinusoidal δ18O profile observed across all three shells (Fig. 5)
represents seasonal fluctuations in temperature (Hong et al., 1995;
Kirby et al., 1998; Goodwin et al., 2003; Fan et al., 2011). Sharp and
well-defined maxima in the profile represent slowed growth during the
coldest months of the year or brief periods of growth cessation when
temperatures dip below the tolerance levels of C. virginica (Kirby et al.,

1998). δ18O minima characterized by wide troughs, such as those seen
in the Delaware samples, represent warmer temperatures and faster
growth (Fig. 5). Sharper troughs, observed in the δ18O profile of shell
HP3 from Virginia, may represent breaks in growth during the summer
months (Surge et al., 2001). Seasonal fluctuation in salinity may in-
crease the amplitude of peaks and troughs in the profiles but is not the
primary driver behind the oscillations seen in the profile (Grimm et al.,
2017). Smaller excursions in the δ18O profiles are especially prominent
within the white growth bands and capture sudden environmental
fluctuations, such as summer rainstorms, that would have changed the
δ18O value of ambient water. In Pleistocene C. virginica from the mid-
Atlantic U.S., these fluctuations are clearly distinct from the well-de-
fined peaks and troughs in each profile and do not affect the identifi-
cation of peaks and troughs.

For each shell, the average δ18O value of the major grey growth
bands is significantly different from the average δ18O value of the major
white growth bands, suggesting that they are precipitated during dif-
ferent parts of the year (Table 2). Major grey growth bands record a
larger number of more positive δ18O values (Fig. 6), a trend driven by
the presence of δ18O peaks and peak values in the major grey growth
bands. Although accounting for< 15% of the overall δ18O profile, these
more positive values highlight differences in the seasonal accretion of
major growth bands. Sharp peaks in the δ18O profiles of bivalves re-
present annual minima in temperature or when temperature tolerances
are exceeded and provide roughly annual markers that form during
coldest months of the year (Kirby et al., 1998; Goodwin et al., 2003; Fan
et al., 2011; Andrus, 2012). These data indicate that, in Pleistocene C.
virginica from the mid-Atlantic United States, major grey growth bands
are regularly accreted during the coldest months of the year. Therefore,
we propose that counting major grey growth bands, based on our
morphological criteria, can be used as a method for determining the
biological age of Pleistocene C. virginica from the mid-Atlantic United
States. In a similar manner, major white growth bands represent ac-
cretion during the warmer months of the year, meaning that a single
pair of major grey and white growth bands represents a single year of
growth.

The presence of disturbance bands provides an additional compli-
cation when attempting to count pairs of growth bands to biologically

Fig. 6. Kernel density plots of the measured δ18O values obtained from each sampled shell. (A) Shell AD1 from Dirickson's Creek (DE), (B) shell PC3 from Pepper
Creek (DE), and (C) shell HP3 from Holland Point (VA).

Table 2
Results from the comparison of the measured δ18O values from major grey and
white growth bands. (Two column table).

Shapiro-Wilks test Mann-Whitney U t-test

p-Value W p-Value U p-Value t

AD1 (n=182) < 0.001 0.905 0.006 3180 – –
PC3 (n= 53) 0.448 0.987 – – 0.016 −2.52
HP3 (n= 115) 0.007 0.968 < 0.001 750 – –
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age C. virginica. For Pleistocene C. virginica from the mid-Atlantic
Coastal Plain, major grey and white growth bands can be recognized
based on whether they reach an asymptote in the shell's cross-section,
and whether they reach an asymptote at the same depth as other major
growth bands (Fig. 2). Growth bands that fail to reach an asymptote in
the cross-section of the shell are classified as disturbance bands and
should not be counted for the purpose of determining the lifespan of C.
virginica from the Pleistocene of the mid-Atlantic Coastal Plain (Fig. 2).
White disturbance bands can be further distinguished if they fail to fully
contact the layer of foliated calcite above the growth bands (Fig. 2).
While disturbance bands are found within major growth bands, they
never mark the boundary between major growth bands. Future work is
needed to identify the cause of the disturbance bands, and whether
these definitions of major grey, major white, and disturbance bands
extend to the rest of C. virginica's geographic and stratigraphic range.

4.3. Sampling intensity and the detection of δ18O peaks within isotope
profiles

In addition to understanding the distribution of δ18O peaks within
the isotope profile, we wanted to model the effect of decreased sam-
pling density on our ability to identify a seasonal signal between the
major grey and white growth bands. To simulate a decrease in sampling
density, we artificially coarsened the resolution of the data collected
from shells AD1 and HP3 by taking the average δ18O values of samples
over increasingly wider intervals to generate artificially resampled data
sets. We chose to analyze the two largest shells to ensure that each type
of major growth band was represented by no fewer than five samples.
The averages of every two, three, four, five, and ten data points were
calculated for each shell. Each new data set was then analyzed using a
Mann-Whitney U or t-test to assess the difference between the δ18O
values of both growth bands.

For Pleistocene C. virginica from the mid-Atlantic U.S., we find that a
minimum sampling density of 3 samples per seasonal cycle is required
to detect the original relationship between growth band color and δ18O
values (Fig. 7). Comparing the raw data for shell AD1 to the degraded
profiles illustrates that the range between minima and maxima in each
δ18O profile decreases as sampling density decreases, effectively re-
moving the original seasonal signal recorded by the δ18O of the shell
(Fig. 8). While previous studies have highlighted the effect that lower
sampling density has on the shape of the isotope profiles recorded in
sclerochronological records (e.g. Goodwin et al., 2003; Burchell et al.,
2013; West et al., 2018), we would argue that these sorts of sensitivity
analyses should be applied to every sclerochronological study to de-
termine optimal sampling strategies. As noted by Burchell et al. (2013),
the impact of sampling intensity can vary among ontogenetic ages,

environments, geographic regions, and time intervals for the same
taxon, as well as among taxa. Here, we quantify the impact that de-
creasing sampling intensity has on the ability to statistically correlate
growth bands to δ18O peaks.

Even when drilling at subseasonal resolutions, a small number of
data points per annual cycle may fail to adequately capture the δ18O
signal from the shell. Implementing adaptive sampling strategies (e.g.
Fan et al., 2011) and using lower-resolution sampling in growth bands
with faster growth may produce artificially smoothed δ18O profiles and
erase interannual variation in the δ18O signal by reducing the number
of data points for each peak and trough in the δ18O profile. Even in
subseasonal sclerochronological studies, greater care must be taken to
understand the effects of sampling resolution and its influence on the
interpretation of data.

4.4. Factors affecting the correlation between δ18O peaks and growth bands

Given that studies evaluating the relationship between morpholo-
gical features and δ18O maxima (in this study, δ18O peaks) in C. virgi-
nica have produced conflicting results (e.g. Kirby et al., 1998; Andrus
and Crowe, 2000; Surge et al., 2001; this manuscript), it is important to
explore differences in methodology and study system that may explain
these disparities. Kirby et al. (1998), Andrus and Crowe (2000), and the
current study all found that growth breaks and/or growth bands could
be used to biologically age C. virginica. In the course of their study,
Surge et al. (2001) found no correlation between seasonal δ18O maxima
and the grey growth bands in C. virginica, and no significant difference
between the δ18O values of the grey and white growth bands. Kirby
et al. (1998), Andrus and Crowe (2000), and Surge et al. (2001) col-
lected modern oysters from estuarine habitats from Louisiana, Georgia,
and Florida, respectively, while Kirby et al. (1998) and the current
study analyzed Pleistocene oysters from the mid-Atlantic U.S. These
four studies all differ somewhat in three important aspects: (1) the
lifespan of the oysters examined, (2) sampling of growth bands from
early or late life history stages, and (3) study location.

The lifespan of oysters studied affects the strength of the correlation
between morphological features and δ18O maxima when most or all of
the hinge is sampled, simply because longer-lived oysters record mul-
tiple years for sampling and statistical testing. Modern C. virginica tend
to be significantly shorter-lived than fossil specimens (Kusnerik et al.,
2018), suggesting that lifespan may explain some of the differences
documented in these studies. For example, in Kirby et al. (1998), the
relationship between convex tops on the resilifer surface and δ18O
maxima is noticeably weaker in modern oysters from Louisiana
(2–4 years of growth sampled) than in longer-lived Pleistocene oysters
from the Chesapeake Bay (5–6 years of growth sampled). Andrus and
Crowe (2000) found a robust correlation between grey growth bands
and δ18O maxima in modern oysters from Georgia, averaging six years
of growth sampled per specimen. Surge et al. (2001) tested for a cor-
relation among δ18O maxima, undulations in the resilifer surface, and
grey growth bands of a modern oyster, sampling only two years of
growth, and found no evidence to support the findings of Kirby et al.
(1998) or Andrus and Crowe (2000). For comparison, if we resample
two-year intervals of growth at random from the δ18O profile of AD1,
we consistently fail to find a correlation between δ18O peaks and grey
growth bands (two-tailed p=0.4, φ=0.707, n=31) and δ18O values
and growth band color (Shapiro-Wilks: p < 0.001, W=0.828; Mann-
Whitney U: p=0.787, W=117, n=31). However, extending our
sampling window to six years of growth, similar to specimens in Kirby
et al. (1998) and Andrus and Crowe (2000), yields a correlation be-
tween δ18O peaks and growth bands (two-tailed p=0.004, φ=0.789,
n=78) and δ18O values and growth band color (Shapiro-Wilks:
p < 0.001, W=0.868; Mann-Whitney U: p=0.033, W=501,
n=78). Irrespective of the life-span of an oyster, the duration of the
sampling window and the number of years sampled plays an important
role in documenting the apparent relationship between δ18O values and

Fig. 7. Simulated resampling of shells AD1 and HP3 at progressively lower
sampling densities reveals a decreased ability to distinguish between the δ18O
values of major grey and white growth bands at lower sampling densities.
Higher p-values at lower sampling densities indicate that the original seasonal
profile of the shell is no longer preserved when shells are sampled at a density
of fewer than 3 samples per seasonal cycle.
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growth bands. Longer-lived oysters, such as those sampled by Kirby
et al. (1998), Andrus and Crowe (2000), and this study, are preferred
when studying the relationship between δ18O values and morphological
features as a larger number of samples spanning several years of growth
can be collected.

Preferentially sampling earlier versus later life history stages may
also affect the correlation between morphological features and the δ18O
profile. Previous studies have demonstrated the impact that senescence
and slowed growth has on the shape and amplitude of δ18O profile in
late life history stages (Goodwin et al., 2003; Goodwin et al., 2010),
which could affect the observed correlation between δ18O and mor-
phological features. Avoiding this complication by sampling the
youngest life history stages raises a different set of issues. Pleistocene C.
virginica from the mid-Atlantic U.S. display grey early growth bands in
the youngest portion of the hinge that do not coincide with δ18O peaks
or peak values in the δ18O profile (Fig. 2). One explanation is that early
growth in these oysters is rapid, possibly to prevent predation, and thus
grey and white early growth bands are not precipitated annually (Kirby,
2001). Other studies of growth patterns in bivalves have reported si-
milar difficulties in deciphering the relationship between morpholo-
gical features and isotope profiles during early ontogeny (Richardson
et al., 1993; Edie and Surge, 2013; Durham et al., 2017). If we restrict
our δ18O profile for AD1 to its initial two years of growth, similar to the
oysters sampled in Surge et al. (2001), we fail to find a correlation
between δ18O peaks and grey growth bands (two-tailed p=0.471,
φ=−0.063, n=41) and δ18O values and growth band color (Shapiro-
Wilks: p=0.003, W=0.908; Mann-Whitney U: p=0.595, W=155,
n=41). This would suggest that a correlation between δ18O peaks and
growth band color is absent or difficult to detect during early growth.
Further work must be done to understand the nature of these early
growth bands, whether they can be differentiated throughout the geo-
graphic and stratigraphic ranges of C. virginica, and why their pattern of
accretion differs from those seen in later stages of oyster growth.

Latitudinal differences in winter temperatures and seasonal tem-
perature ranges may also explain the discrepancies noted in previous
studies. Each study, including this manuscript, reports δ18O values that
suggest a similar average summer temperature (around 30 °C); how-
ever, Surge et al. (2001) reported average winter temperatures that are
10 °C warmer than Kirby et al. (1998), Andrus and Crowe (2000), and
this manuscript. Warmers winters documented by Surge et al. (2001)
would diminish the amplitude of seasonal oscillations in δ18O values,
weakening the correlation between δ18O maxima and grey growth
bands. A 20 °C difference in winter and summer temperatures (e.g.
Kirby et al., 1998; Andrus and Crowe, 2000) would correspond to a
~5.00‰ range in annual δ18O values, while a 10 °C difference (e.g.
Surge et al., 2001) would only produce a ~2.50‰ difference between
winter and summer values (Epstein et al., 1953). Based on these data,
growth band counting is most applicable for C. virginica specimens

collected from environments with higher seasonal temperature differ-
ences and colder winters. This would explain why studies conducted at
lower latitudes with diminished seasonal temperature fluctuations may
find no correlation between growth bands and fluctuations in δ18O
values, while studies conducted at higher latitudes, where there are
higher seasonal temperature fluctuations and cooler winter tempera-
tures, document a correlation (for a more general discussion, see
Twaddle et al., 2016).

Although we find that seasonal temperature differences are one of
the keys to identifying a correlation between growth bands and δ18O
peaks in C. virginica, we would caution applying this biological aging
technique beyond the mid-Atlantic United States. Many bivalves, in-
cluding Mercenaria, Phacosoma, and Crassostrea, show changes in
growth patterns along latitudinal gradients (Tanabe and Oba, 1988;
Jones and Quitmyer, 1996; Schöne et al., 2003; Andrus and Crowe,
2008; Andrus, 2012). In Mercenaria, accretion of grey growth bands
occurs during the summer at lower latitudes and in the winter at higher
latitudes, with a transition zone in between that includes both pheno-
types (Jones and Quitmyer, 1996). Tanabe and Oba (1988) documented
a decrease in the annual number of growth bands from lower to higher
latitudes in Phacosoma coinciding with the length of the growing
season. The next step in expanding the applicability of growth band
counting for biologically aging C. virginica would involve subseasonal
sclerochronological sampling of C. virginica over a wider latitudinal
gradient to investigate the scope of this method in assisting conserva-
tion efforts.

4.5. Implications of growth band counting for conservation paleobiology of
oysters

Pleistocene assemblages provide a much-needed source of baseline
data for oysters before human disturbance but gathering population-
level data has been hindered by the cost (in both time and money) of
using stable isotope sclerochronology to biologically age specimens
(Harding et al., 2008; Beck et al., 2011; Durham et al., 2017). The re-
lationship between major grey growth bands and δ18O peaks in C. vir-
ginica demonstrates that counting the major growth bands in the re-
silifer cross-section can be used to biologically age oysters from the
Pleistocene of the mid-Atlantic U.S., without collecting stable isotope
data from each specimen. Growth band counting is a cost-efficient and
repeatable method that would allow conservation paleobiologists to
quickly collect large amounts of information from Pleistocene C. virgi-
nica, including data on life span, growth rates, and population struc-
ture. This would open the door to a new understanding of population
dynamics in fossil and modern oyster reefs (Jackson et al., 2001;
Kraeuter et al., 2007).

Data on ancient populations could also be used to create an ecolo-
gical baseline for ecologists working to remediate modern ecosystems

Fig. 8. δ18O profiles of original and resampled data from shell AD1. As sampling density decreases, the original δ18O maxima and minima from the shell are obscured
or, in some cases, lost completely. Decreasing the number of data points per year, and thus per peak and trough, also changes the position of the minima and maxima
in the profile, further obscuring the relationship between δ18O peaks and growth band color.
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(Jackson et al., 2001; Kirby and Miller, 2005; Harding et al., 2008; Beck
et al., 2011). Ecological managers have struggled to restore sustainable
oyster populations (Harding et al., 2010; Beck et al., 2011) and com-
parisons between ancient and modern reefs could potentially highlight
deficiencies in conservation practices. This study also corroborates
techniques used to assess archaeological middens, which could be ex-
tended to better understand the fishing practices of ancient American
cultures (Andrus, 2011; Blitz et al., 2014; Thompson and Andrus,
2014). In this way, growth band counting could be applied to produce
new insight into ancient, colonial, and modern oyster populations,
without the need for extensive sclerochronological analyses to biolo-
gically age individual oysters.

5. Conclusions

Our results suggest that growth band counting is a reliable method
for biologically aging Pleistocene C. virginica from the mid-Atlantic
Coastal Plain. δ18O profiles generated from oyster hinges with sub-
seasonal resolution demonstrate that major grey growth bands accrete
during the coldest months of the year, and that the time from one major
grey growth band to the next represents approximately one year of
growth. Major growth bands can be easily discerned from disturbance
bands based on the presence and depth of their asymptote in the re-
silifer cross-section. For future sclerochronological studies in other re-
gions, we recommend utilizing adaptive sampling strategies (Schöne
et al., 2005; Fan et al., 2011) to assess the effects of: (1) sampling re-
solution (i.e., number of samples per year), (2) targeting early versus
late life history stages, (3) including oysters that vary in lifespan, and
(4) identifying major versus disturbance bands. Controlled aquacultural
experiments in long-lived extant oysters may provide the best oppor-
tunity for determining the timing of growth bands in early ontogeny.
Differences in seasonal temperature ranges (namely colder winters), in
addition to methodology, explain the conflicting results of past studies
assessing the correlation between hinge morphology and δ18O values.
Growth band counting provides a quick and efficient method for bio-
logically aging oysters in ancient, colonial, and modern populations
from the mid-Atlantic U.S.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.palaeo.2018.11.029.
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