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Abstract This study explores the giant oyster Hyotissa
hyotis as a novel environmental archive in tropical reef
environments of the Indo-Pacific. The species is a typical
accessory component in coral reefs, can reach sizes of tens
of centimetres, and dates back to the Late Pleistocene.
Here, a 70.2-mm-long oxygen and carbon isotope transect
through the shell of a specimen collected at Safaga Bay,
northern Red Sea, in May 1996, is presented. The transect
runs perpendicularly to the foliate and vesicular layers of
the inner ostracum near the ligament area of the oyster.
The measured 8'0 and 6'°C records show sinusoidal
fluctuations, which are independent of shell microstructure.
The 8'°C fluctuations exhibit the same wavelength as the
5'®0 fluctuations but are phase shifted. The 0'*0 record
reflects the sea surface temperature variations from 1957
until 1996, possibly additionally influenced by the local
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evaporation. Due to locally enhanced evaporation in the
semi-enclosed Safaga Bay, the 0"80eawarer Value is esti-
mated at 2.17%o, i.e., 0.3-0.8%o higher than published open
surface water 6'°0 values (1.36-1.85%o0) from the region.
The mean water temperature deviates by only 0.4°C from
the expected value, and the minimum and maximum values
are 0.5°C lower and 2.9°C higher, respectively. When
comparing the mean monthly values, however, the sea
surface temperature discrepancy between reconstructed and
global grid datasets is always <1.0°C. The §'°C signal is
weakly negatively correlated with regional chlorophyll a
concentration and with the sunshine duration, which may
reflect changes in the bivalve’s respiration. The study
emphasises the palacogeographic context in isotope studies
based on fossils, because coastal embayments might not
reflect open-water oceanographic conditions.

Keywords Molluscs - Bivalves - Stable isotopes -
Environmental archive

Introduction

Climate models require high-resolution, temporarily equi-
distant oceanographic data that cover long time periods
(Schone et al. 2004; Wanamaker et al. 2007). Often these
models rely on high-resolution palacoenvironmental
recorders. In tropical climates, corals are commonly used
due to their longevity and high growth rate (e.g., Klein
et al. 1997; Felis et al. 2004; Rimbu et al. 2006; Al-Rousan
et al. 2002). In contrast, bivalves are rarely considered in
the tropics, and studies are mostly restricted to the giant
clams (e.g., Jones et al. 1986; Romanek and Grossman
1989; Aharon 1991; Watanabe and Oba 1999; Watanabe
et al. 2004; Elliot et al. 2009). In temperate waters,
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however, bivalves represent the most widely used envi-
ronmental archives (Krantz et al. 1987; Hickson et al.
1999; Schone et al. 2002, 2003a, 2005b; Carré et al. 2005;
Gillikin et al. 2005; Scource et al. 2006; Wanamaker et al.
2007, 2008a, b; Goman et al. 2008; Butler et al. 2009a, b).
Some bivalves are among the longest lived animals (up to
400 years; Schone et al. 2005b; Wanamaker et al. 2008b;
Wisshak et al. 2009) and potentially record, as do tropical
corals, the ambient seasonal environmental conditions over
decades to centuries (Schone et al. 2005b; Strom et al.
2005; McConnaughey and Gillikin 2008; Wanamaker et al.
2008a; Butler et al. 2009a). Specimens with overlapping
lifespans can be combined to form so-called master chro-
nologies (Jones et al. 1989; Schone 2003; Scource et al.
20006; Butler et al. 2009a, b).

This study investigates the potential of tropical oysters
from Safaga Bay, Red Sea, as seasonal environmental
archives. For this purpose, the microstructure development
and the high-resolution oxygen and carbon stable isotope
records of the gryphaeid oyster Hyotissa hyotis (Linnaeus,
1758) is studied. The latter dataset is compared with
environmental datasets. H. hyotis belongs to the subfamily
Pycnodonteine. The geographical extension of H. hyotis
covers the tropical and subtropical waters of the Indo-
Pacific (e.g., Zuschin and Oliver 2003a, b). Recently, it was
introduced to the western Atlantic (Bieler et al. 2004). The
species is a typical accessory component in fossil and
recent coral reefs and has been present on the Red Sea
coast since the Late Pleistocene (Crame 1986; Zuschin
et al. 2001). H. hyotis is exceptional in that it can grow tens
of centimetres in size.

Red Sea

The Red Sea is a deep, channel-like, semi-enclosed, desert-
surrounded, evaporitic basin (Edwards 1987). The esti-
mated net evaporation is about 200 cm/year (Ahmed and
Sultan 1987). In the northern Red Sea, evaporation is not a
simple function of temperature. According to Eshel and
Heavens (2007), the land—sea thermal contrast is the main
physical parameter affecting the hydrological cycle: it
maximises evaporation during winter and minimises it
during summer. The mean annual rainfall is negligible, and
the Red Sea rainfall catchment area is small (Felis et al.
2004). Edwards (1987) reviewed extensive Red Sea tem-
perature sources and concluded that throughout the Red
Sea the lowest surface temperatures occur in February and
the highest values in August (northern Red Sea: February
22-23°C, August 27-28°C). Coastal waters, however, can
significantly deviate from the open ocean monthly mean
temperatures (Edwards 1987; Medio et al. 2000).
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Sampling location

The northern Bay of Safaga (Fig. 1) is a shallow-water area
with a structured bottom topography extending down to
below 50 m (Riegl and Piller 1997; Zuschin and Hohe-
negger 1998; Grill and Zuschin 2001). Temperature and
salinity show no obvious depth gradient due to complete
water mixing in the bay (Piller and Pervesler 1989; Helal
and El-Wahab 2004).

One living specimen of H. hyotis was collected in May
1996 from a shallow-water site (26.77°N, 33.95°E, 6 m
water depth; Fig. 1) at the southern tip of the northern Bay
of Safaga, where it was attached to a dead and degraded
massive coral colony (Fig. 2 in Zuschin and Baal 2007).
The dorsal-ventral size of its lower (left) valve exhibits a
length of 29 cm (Fig. 2).

Methods

All analyses were obtained from a slab positioned through
the resilifer (central ligament) and along the maximal
growth direction (Fig. 2). For sclerochronological and
microstructural analysis, three methods were applied: (1)
high-resolution scanning of the longitudinal section with a
conventional flat-bed scanner, (2) transmission light
microscopy of thin sections using a WILD M400 micro-
scope, and (3) JEOL 6400 scanning electron microscope
(SEM). For the SEM, sections were polished, treated with
10% EDTA (ethylenediaminetetraacetic acid) for 90 s, and
subsequently gold coated with the sputter coater BIO-RAD
SC 500. The foliate and vesicular microstructure alterna-
tions along the isotope transect were counted, and their
thicknesses measured.

For oxygen and carbon isotope measurements, a profile
parallel to the growth direction in the proximal inner
ostracum was selected (Fig. 2). The sample powders were
milled with a Merchantek Micro Mill (NewWave). Two
hundred and sixty tracks with a length of about 4 mm and a
distance between two tracks of about 270 um were set with
the Micro Mill System Software. Tracks were drilled
300 um deep, and about 70-100 pg sample powder was
recovered from each. Subsequently, samples were prepared
using an online carbonate preparation system (GasBench
II) interfaced with a Thermofisher DeltaplusXL isotope
ratio mass spectrometer operating in continuous-flow
mode. Standardisation was accomplished using the NBS19
standard, and scale conversion was repeatedly checked
using NBS18 (Spétl and Vennemann 2003). No drift
occurred during these analyses. Results are reported rela-
tive to the Vienna Peedee Belemnite (VPDB) standard.
Reproducibility was checked by replicate analysis of lab-
oratory standards and is better than £0.06%o for 5'°C and
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Fig. 1 a, b Location of the
study area on the western
margin of the northern Red Sea.
¢ Bathymetric map of the study
area (modified after Piller and
Pervesler 1989). Grey star
indicates collection site of
Hyotissa hyotis. Dense stippled
fields are intertidal areas
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better than +0.08%. for 6'%0 (1o). Four samples did
not contain enough material for a successful isotope
measurement.

To compare the isotope record to environmental vari-
ables obtained from satellite surveys and weather station
records, and to estimate growth rates, the isotope data were
converted from a distance scale to an absolute time scale
by tying the 6'®0 maxima and minima of the oyster
(hereafter referred to as 51800yster) to the dates of the
minima and maxima of the monthly sea surface tempera-
ture (SST) record, respectively. This procedure started at
the inner surface of the shell (precipitated shortly before
sampling) with the sampling year, and continued from this
surface backward in time (see also Omata et al. 2005).
Thereby, the difference between maxima and minima
generally exceeded 0.7%o. Only at 13—15 mm, 26-28 mm,
and 52-55 mm were the fluctuations with a difference
<0.7%o considered to be caused by the seasonal SST
oscillations because, otherwise, unrealistically high growth
rates would have to be assumed. The dates of samples
between maxima and minima were interpolated linearly

assuming a constant growth rate between the seasons
(indicated by the rather sinusoidal-shaped fluctuations of
the 5180(%16r record, especially from O to 35 mm). Each
year is defined by at least 3 values (only the case for
4 years) and up to 12 values (mean 6). To compare the
measured isotope record with environmental datasets, both
the 51800yster values were linearly interpolated to the dates
of the monthly environmental datasets (to calculate
monthly mean values), and the monthly environmental
datasets were interpolated to the interpolated dates of the
51800ymer record (for testing the correlation between the
datasets). The uncertainty of the age model is estimated to
be approximately 3 months in any given year, due to the
relatively high variability of measurements that define a
year (3—12). Shell growth rate estimations are based on this
age model. Yearly growth rates were computed by calcu-
lating the wavelength of every year, taking the interpolated
Ist January as fix points. A synthetic calcite 6'%0 record
(hereafter referred to as 5180pmdmd), assuming isotopic
equilibrium with seawater, was calculated by solving
temperature equations for 5180predicted instead of
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Inner
ostracum

Fig. 2 The left (attached) valve of the oyster sectioned from dorsal to
ventral through the resilifer and parallel to the maximum growth
direction. The isotopic composition was analysed along a transect
perpendicular to skeletal growth increments of the inner ostracum
near the ligament area

temperature. For this purpose, three equations of Anderson
and Arthur (1983) and Wanamaker et al. (2007, Egs. 4, 5)
were compared.

Two different modes of estimating the 8"80,cawater WETE
used: (1) a fixed 0"®O0gawaer value and (2) 0"¥O0gcawater
values calculated from the 6'80,. yae—sea surface salinity
(SSS) relationship (hereafter referred to as 5lgoseawate,(sss))
for the Red Sea determined by LeGrande and Schmidt
(2006). When using published 6'®Ogeawater Values (1.85%o,
Andrié and Merlivat 1989; 1.36%o0, Gansen and Kroon
1991) or the 5‘8056awmer<sss), there was a significant offset
between (5180predicted and the 5]800y5ter record. Therefore,
the fixed ESISOS%Water as well as a constant, added to the
5180563Wmer(555), were varied between 2.0-2.5%0 and
0.9-1.0%o in 0.01 and 0.001%eo steps, respectively, until the
maximal absolute error between the 51800ySter and
5180predicted record was minimal (5180predicted was taken as
predictand). Regression lines, coefficient of determination,
and P values were calculated with SigmaPlot. The Spear-
man rank order correlation was applied only for the SSS—
6'®0 and SST-SSS comparison because the data failed the
normality test (Shapiro—Wilk).

Environmental datasets

Environmental datasets used in this study include SST,
SSS, daily sunshine, and chlorophyll a (Fig. 3). Monthly
mean SSTs were extracted from the HadISST 1.1 dataset of
the UK Meteorological Office (2006) from 27°N and 34°E
(December 1956 to April 1996). Piller and Pervesler (1989)
provided measured monthly mean SSTs from Safaga Bay
with 24.7°C in May 1986, 26.9°C in November 1986,
22.8°C in February 1987, and 28.4°C in July 1987,
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suggesting an annual range of about 22-29°C. Measure-
ments close to the oyster’s living site yielded 23.4°C in
April 1986 and 27.7°C in July 1987.

Modelled monthly mean SSSs were obtained from
CARTON-GIESE SODA version 2.0.2-4 for 26.75°N and
33.75°E (5 m water depth; 1958-2001; Carton and Giese
2008). Direct SSS measurements from Safaga Bay exhibit
a range of 41-45%o0 (May 1986: 42.7%0; November 1986:
43.4%0; February 1987: 41.7%o; July 1987: 44.5%o; Piller
and Pervesler 1989).

Daily sunshine hours for 27.12°N and 31.10°E from
1980 to 1993 were obtained from the World Radiation Data
Centre (http://wrdc-mgo.nrel.gov/).

Monthly mean chlorophyll a data for the Safaga region
(26.67°N and 34.17°E) was obtained from the NASA/
SeaWiFS Project (http://oceancolor.gsfc.nasa.gov/) from
September 1997 to November 2002. Note that the available
dataset does not overlap with the lifespan of the collected
oyster. Therefore, the chlorophyll a dataset is used only for
a general comparison of the mean annual chlorophyll a
fluctuations in the region.

Results
Sclerochronology and microstructure

The outer ligament surface showed alternating convex and
concave bands (Fig. 4a, b), whereby the concave bands
were associated with clear growth increments in the foliate
microstructure close to the ligament (Fig. 4c, d). Alto-
gether, 37 growth band couplets were identified (Fig. 4b).

The inner ostracum consisted of alternating layers with a
foliate and a vesicular microstructure; the thickness of
these layers varied considerably, ranging from 0.4 to
3.8 mm and from 0.6 to 2.6 mm, respectively (Fig. 4a, c).
The annual growth rate within the inner ostracum was
estimated to vary between 0.8 and 3.3 mm (mean 1.7 mm,;
Fig. 5c). The highest growth rates occurred in the early
ontogenetic phase from 1960 to 1965 and from 1972 to
1976. Since 1977, the growth rate generally declined
(Fig. 5¢). No correlation of growth increments in the foli-
ate microstructure close to the ligament with the altering
microstructure of the inner ostracum was possible. The
significantly higher number of microstructure couplets of
foliate and vesicular layers in the inner ostracum (57)
compared to the growth increments in the foliate micro-
structure close to the ligament (37) suggested no direct
linkage between them. Petrographic examination of the
microstructure revealed no evidence of diagenetic alter-
ation, such as cements or recrystallisation (Fig. 4).
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Fig. 3 Environmental data
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Stable isotopes

The §'%0 values varied between —1.19 and 1.23%o, with a
mean of 0.22%o0 and a standard deviation (SD) of 0.47%o.
The 6'°C values varied between 0.54 and 2.2%o, with a
mean of 1.34 + 0.35%o (SD; Fig. 5a). 8'3C correlated only
very weakly with 5'®0 (non-significant for monthly mean
values) and no difference between the two microstructures
was observed (Fig. 6a). Both isotope records exhibited
sinusoidal oscillations (Fig. 6b). About 40 of these oscil-
lations were counted in the 51800y5ter record, suggesting
that the oyster lived at least from 1957 until 1996 when it
was collected.

Comparison of stable isotope data with environmental
datasets

The 51800ysler record correlated negatively with the SST of
the region (Fig. 7a). The strong relationship was even more
obvious when examining the mean values of each month
for the entire data interval (Fig. 7b, c). A very weak
(positive) correlation was observed between SSS and
51800ymer values (Fig. 7d). The SSS oscillations were
clearly in-phase with the 51800ym, fluctuations (Fig. 7e, f).

The three temperature equations, each calculated with a
constant and variable 00, waer (calculated from the SSS;
for details see Table 1 and method section), were used to
calculate a 5180predicted from the SST dataset and were
compared with the 51800ySter record. Best fit was achieved
with Eq. 4 of Wanamaker et al. (2007) with a constant
0"80geawater OF 2.17%o0 (Table 1; Fig. 8). The Anderson and
Arthur (1983) temperature equation, however, also showed
a good fit with a constant 5lgoseawm of 2.36%o. The

Fig. 4 Microstructures of the studied oyster. a Polished slab of thep
ligament and inner ostracum. Dorsal part of the shell is bioeroded by
clionid sponge borings. Position of isotope samples is indicated. Box
indicates position of thin section shown in c. b Sketch of a showing
the growth banding in the foliate microstructure of the ligament area
and foliate and vesicular microstructure couplets in the inner
ostracum. The black lines in the foliate microstructure close to the
ligament indicate position of growth increments and concave growth
bands of the ligament surface, while the black lines in the inner
ostracum mark the boundaries between couplets consisting of a
vesicular and a foliate layer. ¢ Thin section of a. Box indicates
position of close-up photograph shown in e. d Sketch of ¢. Black lines
are explained in c. e Close-up photograph of ¢. f SEM photograph of
foliate and vesicular microstructure. Photographs e and f exhibit no
cements in the pores of the vesicular microstructure or any evidence
of recrystallisation. Photographs ¢, d, and e were inverted to be
consistent with photograph a. d dorsal, v ventral, fl foliate micro-
structure, v/ vesicular microstructure
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51800y5[er exhibited a maximal absolute error from the
5180predicled, calculated with the two above-mentioned
equations, of 0.95%0 and a mean absolute error of 0.27%o
(Table 1). Compared with the amplitude of 5180predicted
that of 51800yster was reduced in most years (Fig. 7b).
The minimum, maximum, and mean 51800y5ter values
suggested corresponding SSTs of 20.6°C (23.1°C; tem-
peratures in parentheses reflect monthly mean values;

Table 2), 32.3°C (27.7°C), and 25.4°C (25.4°C), respec-
tively (calculated with Eq. 4 of Wanamaker et al. 2007,
5‘8oseawaler = 2.17%o). The mean value deviated by only
0.4°C (0.4°C) from the expected value of 25.0°C (25.0°C)
generated from the SST dataset, which was within the
analytical error. The minimum was 0.5°C colder (1.0°C
warmer when compared with the monthly mean tempera-
tures) than the expected 21.1°C (22.1°C), and the
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Table 1 Comparison between the measured 51800ysmr record and 5]80Pmdimd record calculated from sea surface temperature (extracted from

HadISST 1.1 dataset) and various temperature equations

Temperature equation 5"* Oseawater (%o)

Maximal absolute Mean absolute

error** error**
Wanamaker et al. (2007, Eq. 5) 0" Ogeawater(sss) + 0.925% 0.97 0.30
Wanamaker et al. (2007, Eq. 5) 2.28 0.99 0.29
Wanamaker et al. (2007, Eq. 4) 3" 0 cawatercsss) + 0.795% 0.96 0.28
Wanamaker et al. (2007, Eq. 4) 2.17 0.95 0.27
Anderson and Arthur (1983) 3" 0 cawatercsss) + 0.985% 0.96 0.29
Anderson and Arthur (1983) 2.36 0.95 0.27

# 880, uwater is calculated with the LeGrande and Schmidt (2006) 8'®Oyqyaer — salinity equation: 8'* 0 warersss) = 0-31 x salinity — 10.81
and sea surface salinity data extracted from CARTON-GIESE SODA version 2.02-4. A correction was added to compensate the increased
evaporation in Safaga Bay. ** For the calculation of the absolute error, the 6180prcdimd values were taken as predictand

maximum value was 2.9°C warmer (0.4°C colder com-
pared with the monthly mean) than the expected 29.4°C
(28.1°C). Hence, the reconstructed SSTs might exhibit an
absolute error of up to 3°C versus expected values, but
monthly mean values were much more reliable (absolute
error < 1°C; Table 2).

The (513C0yster fluctuations oscillated at the same wave-
length as the 51800yster signal but were phase shifted, i.e.,

@ Springer

they preceded the 51800ysle, signal by 2 months (Fig. 6b;
estimated from shifts in the minima and maxima of the
sinusoidal annual fluctuations). The regional chlorophyll a
dataset exhibited two plankton blooms, with maxima in
December and March. Bloom intensity, however, varied
from year to year, and in some years only one bloom occurred
(Figs. 3d, 9a). Comparing the chlorophyll a dataset with
the (313C0ySter signal showed a non-significant, very weak
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Fig. 8 a Comparison of the 51800ysm record with the 5180pmdiclcd,
calculated from the sea surface temperatures dataset using three
temperature equations with constant and variable 5180533%&:; values.

correlation (Fig. 9b), but the change from increasing to
decreasing 513C0yster values coincided with the December
plankton bloom, and decreasing 513C0ymr values occurred
until the end of the March bloom (Fig. 9a). Comparing the
513C0yster data with the mean monthly sunshine duration
(Fig. 9¢) showed a negative correlation (Fig. 9d, f). Fur-
thermore, both oscillations are in-phase (Fig. 9e).

Discussion

Bivalves are used for environmental reconstructions in a
range of environments. These include fully marine tropical
waters (Jones et al. 1986; Romanek and Grossman 1989;
Aharon 1991; Surge and Walker 2006; Elliot et al. 2009),

seawater(SSS;

b Difference between 61800),513, and 5180prcdicmd. ¢ Absolute error
between §'®0qysier and 8'®Opediciea- Vertical, shaded bars indicate
uneven years

temperate systems (Krantz et al. 1987; Hickson et al. 1999;
Schone et al. 2002, 2003a, 2004, 2005b; Takesue and van
Geen 2004; Carré et al. 2005; Gillikin et al. 2005; Wana-
maker et al. 2007, 2008b; Goman et al. 2008), brackish
(Kirby et al. 1998; Putten et al. 2000; Surge et al. 2003),
freshwaters (Dunca et al. 2005; Geist et al. 2005; Schone
et al. 2005a), and methane seeps (Lietard and Pierre 2008).
Among oysters, several studies concentrated on temperate,
shallow estuarine waters (e.g., Hong et al. 1995; Kirby et al.
1998; Andrus and Crowe 2000; Kirby 2000; Surge et al.
2001, 2003; Lartaud et al. 2010a), and on deep waters
(Wisshak et al. 2009). The herein-studied tropical oyster
H. hyotis provides an environmental archive in coral reefs
and might function as useful alternative to corals and tri-
dacnids in the region of its geographical extension, the
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Table 2 Comparison of monthly mean temperatures obtained from
the oxygen isotope record and the sea surface temperature

Month Tr5'800>m (°C)* SST (°C) Maximal absolute
error (°C)
January 23.9 22.9 1.0
February 23.1 22.1 1.0
March 23.1 223 0.8
April 24.1 23.1 1.0
May 25.1 24.7 0.4
June 26.2 25.9 0.3
July 27.0 274 0.4
August 27.7 28.1 0.4
September 27.1 27.4 0.3
October 26.5 26.8 0.3
November 25.8 25.7 0.1
December 24.9 24.1 0.8
* Tyiso,,., (°C) are based on the temperature Eq. 4 of Wanamaker

et al. (2007) with a 6"80awaier Value of 2.17%o

Quaternary Indo-Pacific (for references see Zuschin and
Baal 2007). Large and long-lived oysters, such as H. hyotis,
provide several advantages over other environmental
archives. They (1) are fixosessile, which promotes fossili-
sation in life position and allows the integration of envi-
ronmental information extracted from the layer in which they
are fossilised and vice versa, (2) grow slowly, thus reducing
kinetic effects (McConnaughey 1989), (3) lack symbionts,
which results in a simpler biochemical system with respect to
metabolic effects when compared to symbiontic organisms,
e.g., zooxanthellate corals and tridacnid bivalves, and (4)
have shells composed of low-Mg calcite, which enhances the
preservation potential of geochemical signals during dia-
genesis compared to aragonitic skeletons.

Sclerochronology and microstructure

The sclerochronological and microstructural observations
are from the inner ostracum and ligament area of a longitu-
dinal section (Figs. 2, 4). The 37 convex—concave alterna-
tions, with growth increments in the foliate microstructure of
the concave bands of the ligament surface, closely matches
the age of the oyster reconstructed from the stable isotope
record (i.e., 40 years; Figs. 4, 5a, b). Consequently, they are
interpreted as annual. However, age estimates based on
counting the growth bands of the ligament surface must be
treated with caution because the counts might be highly
affected by secondary processes, such as abrasion or bioe-
rosion (left basal part of Fig. 4a). Therefore, it is suggested to
combine the ligament surface observation with growth
increment data from the foliate microstructure close to the
ligament, a site which is less sensitive to the above-men-
tioned alteration processes. An annual growth increment
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formation in the concave bands during winter, rarely spring,
is in accordance with the investigations of Kirby (2000) in
Crassostrea gigantissima. In contrast, Kirby et al. (1998)
observed growth increment formation also during summer in
Crassostrea virginica and interpreted these to reflect growth
cessation due to high water temperatures (see also Lawrence
1988; Andrus and Crowe 2000).

In contrast to the ligament area, the inner ostracum is
unsuitable for age estimations based on microstructure
alterations. Comparing the alternation of the vesicular/foli-
ate microstructure with the stable isotope record shows that
the microstructure changed several times in certain years
(Fig. 5b;e.g., years 1969, 1972) but was continuous in others
(Fig. 5b; e.g., years 1963, 1974). This seriously compro-
mises estimating ages by counting the microstructural
changes. Andrus and Crowe (2000) observed comparable
intra-annual changes in the microstructure of Crassostrea
virginica and interpreted these as response to environmental
stress, such as extreme temperatures or rain floods. The
reasons for the microstructural changes in the inner ostracum
of H. hyotis remain unclear. No link to flood events (by a
comparison with rainfall data, not shown) is evident.

The estimated growth rates within the inner ostracum
suggest increased growth rates (max. 3.3 mm/year) during
the early ontogenetic stage (1958-1977), but decreased
rates afterwards (Fig. 5c). This is in accordance with
growth rates from other bivalves (Johnson et al. 2000;
Kennedy et al. 2001; Richardson et al. 2004; Schone et al.
2003b, 2004; Nakashima et al. 2004), including oysters
(Kirby et al. 1998).

Stable isotopes

The partitioning of oxygen and carbon isotopes between
seawater and biogenic carbonate depends on a variety of
environmental parameters including temperature, isotopic
composition of the water, primary production, atmospheric
CO, concentration, and, unfortunately, also on biological
(disequilibrium) fractionation processes known as ‘vital
effects’ (McConnaughey 1989, 2003; McConnaughey and
Gillikin 2008; Lartaud et al. 2010b). Two types of ‘vital
effects’ are differentiated, kinetic and metabolic effects.
A high correlation between 6'%0 and 6'°C is generally
regarded as strongly indicating a kinetic isotope effect
(McConnaughey 1989; Omata et al. 2005). Metabolic pro-
cesses exclusively affect the §'°C signal (Lorrain et al. 2004;
Omata et al. 2005).

Isotopic data of the studied oyster show low correlation
between 6'%0 and §'°C (Fig. 6a), ruling out a significant
kinetic fractionation. The 51800ymr fluctuations are thus most
likely controlled by the local SST variability, which is also
suggested by the strong negative correlation between the two
datasets (Fig. 7a, c; McConnaughey 1989; Omata et al. 2005).
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There is no relationship between microstructure type and
isotopic composition (Fig. 6a). This suggests that precipita-
tion of a specific microstructure was not restricted to a par-
ticular season of the year and that biologically induced
fractionation processes between the two microstructures were
minor, in contrast to other oysters (Wisshak et al. 2009). This
conclusion is supported by the fact that, in some years, several
microstructure alternations occur and in others none (Fig. 5b).

Oxygen isotope record

The sinusoidal 51800y5ter oscillations are attributed to annual
changes of environmental parameters including SST and the

isotopic composition of the seawater, which depends highly
on the degree of evaporation (also expressed as changes in
SSS; Fig. 3). Freshwater influence can be neglected because
rainfall here is minimal (Awad et al. 1996). Best fit between
the 51800ymer and 5180predmed (calculated from the SST using
Eq. 4 of Wanamaker et al. 2007) was achieved using a
"8 04eawater Value of 2.17%o (Fig. 8a, b). The maximal abso-
lute error between the two records still reached 0.95%o.
Potential methodological sources for the deviation between
the 5]800yster and the 5180predicted signal are the sample res-
olution and sampling technique. Generally, the 51800ySter
amplitude is smaller than that of 5180pmdimd (Figs. 7b, 8a).
This might be an artefact of sample resolution. The sample
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track distance of 270 um might cause a minor smoothing (the
environmental extremes might be recorded between the
sample positions). Moreover, track length and positioning
might influence the time averaging of the samples. In years of
reduced growth, this time-averaging effect is further increased
and, consequently, yields an even stronger artificial attenua-
tion of maximum and minimum temperatures (Richardson
2001). The 8'"®0qysier values higher (1958-1962) and lower
(1968-1973) than expected from the 5180pmdictcd record occur
prior to 1977 where the oyster exhibits a generally increased
growth rate (Figs. 5c, 8a). This suggests reduced time aver-
aging by sampling during intervals of high shell growth and
the most likely capture of local environmental extremes dur-
ing these periods.

Alternatively, specific environmental conditions in Saf-
aga Bay could partly or completely explain the observed
discrepancies, especially the generally reduced amplitude.
Salinity measurements in Safaga Bay in June 2001 yielded
a mean value of 41.5 £ 1%o (Helal and El-Wahab 2004).
Piller and Pervesler (1989) even reported maximum
salinities of 45%o during summer here. Both measurements
suggest maximal salinities in summer and contradict the
CARTON-GIESE SODA version 2.0.2-4 dataset; that
dataset points to highest salinities of 39.8%o during winter
for the open Red Sea close to Safaga Bay (Fig. 3b).
According to LeGrande and Schmidt’s (2006) 0"80 eawater—
salinity relationship for the Red Sea, higher salinities result
in heavier (3180mvvmr values. Consequently, high winter
salinities would increase the amplitude of a 580 record,
while high summer salinities would decrease it. The latter
case, as suggested by direct SSS measurements, might
explain the generally reduced 51800y5ter record. Intervals
with an enhanced (31800yster amplitude might be caused by
a flushing of Safaga Bay with open Red Sea waters in these
years. Support for a significant difference between the local
water mass in Safaga Bay and the open Red Sea surface
water is also provided by the observation that the
5180predicted calculated with a constant 6'30g,waer value
show a better fit with the 51800yster than the 5180predicted
with 5‘8oseawater(sss) values calculated from the SSS record
(Table 1; Fig. 8), which suggests that the salinity variations
in Safaga Bay differ significantly from the open Red Sea
salinity fluctuations. The weak correlation between
8" 04yster and the SSS (Fig. 7d—f) is best explained by the
weak negative correlation between the open Red Sea SSS
and the SST record in general (r2 = 0.26, P < 0.001,
n = 460; monthly mean values: P = 0.95, P <0.001,
n = 12; both comparisons are not shown).

The herein-used 0'®Ogeawater Value of 2.17%o is 0.3-0.8%o
higher than published 0"804cawater Values from the region
(1.85-1.36%0 at 27°N 34°W; Andri€é and Merlivat 1989;
Gansen and Kroon 1991). The increased evaporation (as
already suggested) and reduced exchange with open Red Sea
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surface waters no doubt increased the 5lgoseawm value.
According to LeGrande and Schmidt (2006), a 1%o increase in
salinity corresponds to a 0.31%o increase in 8"804cawater in the
Red Sea. Hence, the suggested 0.3-0.8%o increase in
080 cawater translates into a salinity increase of about
1.0-2.6%o in Safaga Bay. The highest open Red Sea surface
salinities are 1.7-5.2%o lower than in Safaga (Piller and
Pervesler 1989; Helal and El-Wahab 2004). Consequently,
a heavier 5‘80S6awm of 2.17%o is a reasonable estimate for
the Safaga Bay surface waters. More direct measurements of
the local temperature and salinity would help to unambi-
guously settle the 5180363“,atcr influence on the oxygen isotope
record of H. hyotis.

Carbon isotope record

The carbon isotopic composition of skeletons of marine
organisms varies in a more complex fashion than 5180, and
the origin of this variability is not fully understood (Lorrain
et al. 2004). In principle, the 6'°C signal of shells is con-
trolled by the §'°C value of the dissolved inorganic carbon
(DIC) of the organism’s extrapallial fluid (EPF), from
which the shell is precipitated (Kirby 2000). In (marine)
bivalves, the carbon isotope composition of the EPF is
controlled by the 8"3C of the ambient seawater, carbonate
ion effects, pH, food availability, growth, valve gape/clo-
sure intervals, and seasonal changes in the metabolic rate
(Romanek et al. 1992; McConnaughey et al. 1997; Kirby
et al. 1998; Owen et al. 2002; McConnaughey 2003; Geist
et al. 2005; McConnaughey and Gillikin 2008; Lartaud
et al. 2010b). All these processes vary in strength and time,
which complicates interpretation of the 6'*C signal
(Lorrain et al. 2004; Omata et al. 2005).

The comparison of the 513C0yswr record with the chloro-
phyll a data suggests a depletion of the 513C(,ySter at the start of
planktonic blooms (Fig. 9; note, however, the insignificant,
low correlation). The monthly mean daily sunshine hours are
clearly in-phase and negatively correlated with the 513C0ysler
record (Fig. 9). Both observations suggest that the 513C0yster is
most likely controlled by bivalve respiration, which is
increased during periods of enhanced planktonic food supply
(as indicated by increased chlorophyll a concentrations and
increased daily sunshine hours). A similar process, causing a
shift of up to 2%, was already suggested by Owen et al. (2002)
and Geist et al. (2005; see also Lorrain et al. 2004; Gillikin
etal. 2007). This interpretation, however, remains speculative
until supported by on-site environmental data.

Giant oysters as potential environmental archives
in coral reefs

This study provides the first decadal oxygen and carbon
isotope record of the giant oyster H. hyotis. The studied
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specimen was about 40 years old when sampled. Its life-
span was estimated by counting the concave—convex
growth bands on the ligament surface, although alteration
processes, such as abrasion or bioerosion, can reduce
reliability.

The 6'0 record is strongly correlated with the SST. The
significant higher estimated 8"804eawater value, compared to
open Red Sea conditions, most likely reflect the specific
seawater conditions in the semi-enclosed coastal Safaga
Bay embayment. Specific nearshore seawater conditions
might also explain the discrepancies of up to 0.95%o
between the &' 8OOyster and 5'80predimd, calculated from the
SST record with an 0'®Ogeawater Value of 2.17%o. Direct
salinity measurements in the bay suggest maximal values
of 45%o during summer, whereas salinity in the open Red
Sea surface water peaks during winter (39.8%o). Finally,
sample resolution, drilling track length, and track position
might add to the large absolute error of individual mea-
surements. When comparing the mean monthly values,
however, the temperature discrepancies between recon-
structed and global grid datasets always remain <1.0°C.
The §'°C signal is interpreted to reflect mainly changes in
the respiration rate.

The calcitic mineralogy, fixosessile lifestyle, and long
lifespan make this oyster a promising environmental
archive in Indo-Pacific coral reefs. The oyster seems to
precipitate its shell in isotopic equilibrium with the sea-
water and provides a promising archive for ancient SSTs
and SSSs. In the fossil record, particular attention should
be paid to the sedimentological context, and the palaeog-
eographic position of specimens. Results based on fossils
from partly enclosed coastal embayments might signifi-
cantly depart from open oceanographic conditions, as
exemplified in this study. Data from such environments
should be avoided by climate modellers.
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