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a b s t r a c t
This study aimed to investigate the environmental controls on the oxygen isotope composition of shells of the
European abalone, Haliotis tuberculata. Seasonal δ18O proﬁles from the outer prismatic layer of four abalone
shells, collected live in northwest Brittany (France) in 2002 and 2012, were compared to local temperatures
and salinities. According to the ﬁndings herein, δ18O variations in abalone shells corresponded to seasonal variations, and thus, shell composition represented a reliable tool for aging and growth studies. Seawater temperatures estimated from the abalone collected in 2012 reﬂected the in situ measured temperatures, but the
reconstructed temperatures from shells of the three specimens collected in 2002 deviated from measured temperatures by 2.5 °C. This overestimation of temperatures corresponded to a “kinetic effect” related to very high
annual abalone growth rates; thus, it could be corrected by applying +0.53‰ to the δ18Oshell. This methodology
was then applied to a fossil (6000 cal yr BP) collected in the Bay of Biscay. Given the worldwide distribution of
both live and fossilized abalones, the results of the present study showed that this genus represents a promising
paleoclimatic tool.
© 2015 Elsevier B.V. All rights reserved.

1. Introduction
Knowledge of past environmental variations is a prerequisite for
understanding possible future climate changes in a warming world.
Environmental parameters, such as ocean temperature and salinity,
have been directly measured only over a relatively short instrumental
period (Hurrell and Trenberth, 1999; Smith and Reynolds, 2003). For
time intervals prior to 1860, stable oxygen isotope values of carbonates
serve as an important temperature proxy. The temperature dependency
of oxygen isotope fractionation has been quantiﬁed for inorganically
precipitated calcite (Urey, 1947; McCrea, 1950; O'Neil et al., 1969; Kim
and O'Neil, 1997). The temperature dependency of oxygen isotope
fractionation has also been established for living organisms, both in
the ﬁeld and in laboratory cultures, for corals (Reynaud-Vaganay et al.,
1999), mollusks (Epstein et al., 1953; Grossman and Ku, 1986), and
planktonic foraminifera (Erez and Luz, 1983; Bernis et al., 1998; Barras
et al., 2010). Thus, analysis of the oxygen isotope values (δ18O) in mollusk shells can provide a precise determination of the temperature of
the water in which the animals lived (Krantz et al., 1984; Kennedy
et al., 2001; Chauvaud et al., 2005).
⁎ Corresponding author. Tel.: +33 2 98 49 86 33; fax: +33 2 98 49 86 45.
E-mail address: Aurelie.Jolivet@univ-brest.fr (A. Jolivet).

http://dx.doi.org/10.1016/j.palaeo.2015.03.032
0031-0182/© 2015 Elsevier B.V. All rights reserved.

Shells of bivalves have received considerable attention in
paleoclimate studies; in particular oysters (Kirby et al., 1998; Kirby,
2001; Lartaud et al., 2010; Ullmann et al., 2010; Harzhauser et al.,
2011), scallops (Hickson et al., 1999; Chauvaud et al., 2005; Johnson
et al., 2009), mussels (Donner and Nord, 1986; Freitas et al., 2005),
and clams (Arthur et al., 1983; Schöne et al., 2004; Gillikin et al., 2005;
Schöne et al., 2005). However, the shells of gastropods are often more
difﬁcult to use. This problem can be partly attributed to the morphology
of gastropod shells and partly to the difﬁculty in preparing crosssections to reveal internal growth patterns (Schöne et al., 2007;
Radermacher et al., 2009; Tao et al., 2013). Internal growth patterns
are useful to place the geochemical data into a temporal context. So
far, no aging technique based on growth pattern analyses has been
established and validated for abalones (Ward, 1986; Day and Fleming,
1992; Erasmus et al., 1994; Day et al., 2001). The use of stable oxygen
isotopes was proposed as an alternative method for aging abalone shells
in determining growth rates for ﬁsheries management (Gurney et al.,
2005; Kim and Hudson, 2007; Naylor et al., 2007; Roussel et al., 2011)
and stock discrimination (Lee et al., 2002). To our knowledge, stable
isotopes of abalone shells have not been employed to reconstruct
paleo-environmental changes.
Abalones are widely distributed in temperate and tropical waters
throughout the world (Shepherd and Steinberg, 1992). Haliotis species

A. Jolivet et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 427 (2015) 32–40

generally live in shallow, rocky, subtidal habitats, although some can
also be found in the lower intertidal zone (Shepherd, 1973). They are
largely sedentary and rarely move more than a few tens of meters within several months (Clavier and Richard, 1984; Clavier and Chardy, 1989;
Dixon et al., 1998). Currently, partly due to their commercial value, the
biology and ecology of abalone species are fairly well known. The only
species in Europe is Haliotis tuberculata L.; it achieves a maximum
shell length of 14 cm, and is found in the best ﬁshing areas of Brittany
and the Channel Islands.
Like many gastropods, abalone growth varies with the season,
food availability, population density, temperature, local hydrography,
and stress (review in Day and Fleming, 1992; Huchette, 2003).
H. tuberculata grow faster in spring and summer than during the rest
of the year (Clavier and Richard, 1986; Roussel et al., 2011). However,
many gastropods and bivalves stop growing during the coldest or
warmest months of the year; thus, their shells do not provide a good record of winter or summer temperatures (Arthur et al., 1983; Wefer and
Berger, 1991; Chauvaud et al., 1998; Surge et al., 2001; Schöne, 2013).
H. tuberculata growth slows down during the lowest temperatures,
but there is no evidence that the shells stop growing in winter
(Roussel et al., 2011). The zones of slow growth can be considered as
‘growth checks’, because they are used to determine the approximate
age of H. tuberculata shells (Forster, 1967). Growth checks occur in
winter in for abalone species, such as H. australis and H. mariae (Poore,
1972; Shepherd et al., 1995), but in summer (due to reproduction)
for others species, such as H. discus hannai and H. discus (Sakai, 1960;
Kojima, 1995). However, in many species, e.g., H. corrugate and
H. fulgens, regular growth checks are not discernable (Shepherd and
Avalos-Borja, 1997; Shepherd and Turrubiates-Morales, 1997).
Haliotis comprises more than 100 species, and each has a shell with a
speciﬁc microstructural arrangement. The shell is typically bilayered
with an inner nacreous layer (aragonite) and an outer prismatic layer
(Bøggild, 1930). Depending on the species, the outer layer is composed
of calcite, aragonite, or both of these CaCO3 polymorphs. H. tuberculata is
one of the species with an outer layer containing both aragonite and
calcite polymorphs (Kessel, 1935). However, this outer layer has been
difﬁcult to characterize. It was ﬁrst thought to be mainly composed
of calcite with some aragonite enclosed within the calcitic prisms
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(Mutvei, 1985; Dauphin et al., 1989). However, based on scanning electron microscope analyses, Dauphin et al. (2014) showed an irregular
distribution of calcite and aragonite in the outer part of the shell. Thus,
the imbricated structure of H. tuberculata is composed of an inner nacreous layer, which is aragonitic; a middle layer, mainly composed of prismatic calcite; and an outer layer of prismatic aragonite.
The aim of this study was to investigate the possibility of using
H. tuberculata shells as biological archives of environmental conditions.
We analyzed the oxygen isotopic composition of samples obtained from
the outer prismatic layer of four modern abalone shells from northern
Brittany and one fossilized abalone from the Bay of Biscay.
2. Materials and methods
2.1. Abalone sampling
A total of ﬁve abalone shells were used in the present study. Three
abalones (AB1–AB3), were collected on the 1st of May 2002, near the
small port of Primel in northwest Brittany, France (Fig. 1). The fourth
abalone (AB4) was collected on the 12th of January 2012, close to the
coastal monitoring site “Estacade” at the port of Roscoff (Fig. 1). A fossilized abalone (AB5) was retrieved from an archaeological site at
Ponthezières (Saint-Georges d'Oléron, Charente-Maritime, Fig. 1),
along the coast of the Bay of Biscay. It was dated to the Late Neolithic
period (~6000 cal yr BP, Laporte, 1994; Laporte et al., 1998). The four
modern abalones were collected by scuba divers, between 10 m (for
AB4) and 20 m (for AB1–AB3) depth. The maximum shell lengths of
specimens AB1–AB5 were 92, 112, 123, 96, and 75 mm, respectively.
2.2. Environmental parameters
Weekly sea surface temperature (SST) and salinity measurements
were obtained from the Service d'Observation en Milieu LITtoral
(SOMLIT observatory, http://www.sb-roscoff.fr/Somlit/) at the coastal
monitoring site of Estacade at the port of Roscoff for the period of
1997–2011 (Figs. 1, 2A). These data corresponded to specimens AB1–
AB3, which were collected at Primel. Indeed, monitoring of environmental parameters also performed in Primel region, but with one

Fig. 1. Locations of abalone sampling sites. (a) Three abalones were collected at Primel in 2002 (AB1–AB3) and one was from Estacade, collected in 2012 (AB4); (b) The fossilized abalone
was found at Ponthezières, an archaeological site in the Bay of Biscay. Environmental parameters were derived from observation sites at Estacade in northwest Brittany (SOMLIT observatory), and at Marennes d'Oléron in the Bay of Biscay (IFREMER observatory).
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Fig. 2. Sea surface temperatures (°C, dark lines) and salinities (PSU, gray lines). (a) Measurements taken at the coastal monitoring site Estacade of the Roscoff marine experimental station
(SOMLIT) for the period of 1997–2011; and (b) measurements taken at Marennes d'Oléron and averaged for 1995 to 2003 (IFREMER).

measurement every two months, showed that both environments were
comparable with a mean absolute error of 0.2 °C and 0.6 PSU between
1997 and 2001 (data from E. Thiebaut, Station Biologique de Roscoff).
Temperatures derived from the oxygen isotopes in AB5 were compared
to modern temperatures measured at Marennes d'Oléron, a station
near the archaeological site of Ponthezières, (data from IFREMER,
http://www.ifremer.fr/envlit/, Fig. 1). The available seasonal temperature and salinity data were averaged weekly over the period of
1995–2003 to obtain annual reference cycles (Fig. 2b).
2.3. Isotope sample collection
Each shell was carefully cleaned, and external epibionts were removed with successive acetic acid baths. The outer layer of the shell
was carefully ground to avoid shell damage caused by boring organisms,
with a Dremel hand-held drill, equipped with a 0.3 mm tungsten carbide grinding tip. Samples were acquired from the outer shell surface
along the ﬁne growth lines (Fig. 3). Growth lines were ground down
until a sufﬁcient amount of material was obtained for analysis (ca.
50–100 μg). This technique allowed the collection of large amount of
sample without drilling too deeply (b200 μm). Shell powder samples
were analyzed to determine the stable oxygen isotope composition.
The results are reported in per mil (‰) relative to the Vienna Pee Dee
Belemnite (V-PDB) standard. Samples that weighed over 100 μg were
split into two sub-samples.
For abalones AB1 to AB3 (94, 139, and 130 samples, respectively),
isotope analyses were performed in 2002 with an automated Finnigan

MAT Kiel III carbonate device coupled to a Finnigan MAT 252 isotope
ratio mass spectrometer at Stanford University (California, USA). We
analyzed a total of 363 shell samples, 75 NBS-19 standards (National Institute of Standards and Technology, NIST SRM 8544), and 37 SLS-1
standards (Stanford Isotope Lab Standard). The routine analysis of
NBS-19 and SLS-1 in this study yielded standard deviations of 0.05‰
and 0.07‰ for δ18O, respectively. Additionally, 78 (21%) shell sample
measurements were replicated, and we measured an average standard
deviation of 0.05‰ for δ18O.
For abalones AB4 and AB5 (91 and 68 samples, respectively), samples were processed in a Thermo Finnigan MAT 253 continuous ﬂow
isotope ratio mass spectrometer coupled to a Gas Bench II at the University of Mainz (Germany). Carrara marble, calibrated relative to NBS-19,
was used as an external standard. Precision errors were as small as
0.04‰. To compare the results obtained in the two laboratories, ﬁve
samples from AB3 were analyzed in 2012 at the University of Mainz.
The average difference was as low as 0.09 ± 0.08‰ between analyses
made in 2002 and 2012 in the two different laboratories.
2.4. Dating isotopes signals
Each drilled sample was located on the shell along a curved line,
from the apex to the peristomal margin (outer lip), following the respiratory holes (Fig. 3). Because samples were taken at equidistant intervals across the shell (on average, every 1.5 ± 0.5 mm), more
carbonate samples were derived from the fast-growing portions of
shell which were formed during spring and summer.

Fig. 3. Shell from abalone AB1 showing sampling grooves (some marked with white arrows) from milling procedure to collect shell powder for stable oxygen isotopic analyses.
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An accurate date of formation was assigned to each carbonate
sample drilled on the shells based on temporal synchronization of the
derived oxygen isotope and the instrumental SST.
Here, the temporal synchronization was treated as a 1-dimensional
(1D) signal recording problem, as introduced previously by Nasreddine
et al. (2009a). This framework was previously applied in marine biological archives to estimate the growth law of ﬁsh otoliths, and with
shape geodesics, it has been used for stock or species identiﬁcation
(Nasreddine et al., 2009b). Because the δ18O measurements were correlated to in situ temperatures, it could be considered a modulated waveform of the temperature signal. Formally, the recording problem is
stated as a search for the transformation that optimizes some similarity
measure between a reference signal, i.e., the temperature and the deformed signal, δ18O (Nasreddine et al., 2009a). This issue is stated as
the optimization of an energy involving a data-driven term, which evaluates the similarity between the deformed δ18O signal and the reference signal of temperature, and a regularization term that ensures the
transformation remains smooth. At the end of this process, the deformed δ18O signal and the in situ temperature were signiﬁcantly correlated (Spearman correlation on the ﬁve abalones: synchronization
method = −0.89, all P b 0.001) validating samples dating.

2.5. Outer layer composition
As mentioned in the Introduction, the outer layer of H tuberculata
has a complex composition, constituted of both aragonite and calcite
(Mutvei, 1985; Dauphin et al., 1989; Dauphin et al., 2014). Therefore,
we performed a Raman micro-spectrometry analysis on the surface
of each shell, and we compared the spectra to reference spectra
of aragonite and calcite (free database: Handbook of Raman spectra,
http://www.ens-lyon.fr/LST/Raman/). These determinations of outer
layer composition thus validated our choice of paleo-temperature equation. Raman scattering investigations were performed at room temperature with excitation at 514.5 nm radiation from an argon/krypton
ion laser (Coherent, Innova) and a T64000 multichannel Raman spectrometer (Jobin–Yvon, Horiba) equipped with a nitrogen cooled
CCD detector. The Raman spectra were recorded under an Olympus
BX41, with backscattering geometry, and an X-50 LF objective with a
laser power of 50 mW per sample, which resulted in a spot size of
4 μm. The Raman scattered light was ﬁltered with a holographic Super
Notch ﬁlter and analyzed with a single monochromator (600 gratings
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mm− 1). The spectra were accumulated twelve times with exposure
times of 20 s.
The reference spectrum of aragonite and calcite differed by the
group of peaks located between 150 and 300 cm−1. In particular, aragonite spectrum exhibited a peak at 209 cm−1 as spectra obtained at the
shell surface of the four modern abalones and also the fossilized abalone
(Fig. 4).
2.6. δ18Oshell relationship to SST
Based on Dauphin et al. (2014) and Raman micro-spectrometry
analyses, the outermost layer of the abalone shells is mainly composed
of aragonite. The temperature at the time of shell formation was thus
backcalculated with the empirical equation for aragonite sampled in
mollusk shells given by Grossman and Ku (1986); we also applied the
small modiﬁcation required on δ18Ow described by Sharp (2006):



18
18
T ð°CÞ ¼ 21:8−4:69 δ OS − δ OW −0:27

ð1Þ

here, δ18OS is the oxygen isotopic value of the shell aragonite relative
to V-PDB, and δ18Ow is the oxygen isotopic value of the water relative
to the Vienna Standard Mean Ocean Water standard (VSMOW). The
δ18Ow was calculated for each sampling date with the δ18Ow/salinity
relationship developed by Chauvaud et al. (2005) in Brittany, where
the salinity was measured in situ; thus, we solved the following
equation:
18

δ Ow ¼ 0:164  salinity−5:38:

ð2Þ

For the four modern abalones, we used environmental parameters
measured at Estacade between 1997 and 2011: salinity measurements
were used to calculate δ18Ow, and temperature measurements were
used to compare to the temperatures estimated from oxygen isotope
composition. For the fossilized abalone, AB5, no data were available
for the Neolithic period; therefore, δ18Ow was calculated either from
the annual cycle of salinity (Fig. 2b) or from a constant annual salinity,
was obtained by averaging the salinity measured at Marennes d'Oléron
over the period of 1995–2003. This salinity was 32.65 ± 2.11 PSU, which
gave a δ18Ow of −0.03‰. The temperatures estimated from the isotopic
composition of AB5 were compared to the average temperature measured at Marennes d'Oléron (Fig. 2b).

Fig. 4. Comparison of Raman spectra acquired on the surface of modern (AB3 and AB4) and fossilized abalones (AB5) with aragonite and calcite references in the 100–2000 cm−1 region.
The main signature of aragonite (peaks at 155, 209, 702 and 1084 cm−1) is clearly visible in the abalone spectra. For clarity, the spectra are shifted, and the background was corrected
for luminescence.
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3. Results
3.1. Oxygen isotope samples
The sampling points were re-distributed for each abalone with synchronization method (Fig. 5). Range of oxygen isotope values of AB1–
AB3 was between 0.63 and 2.48‰ and homogeneous on the common
period of 1999–2001 (one-way ANOVA, P = 0.165). It was higher on
AB4 varying from 1.36 and 3.14‰ and larger on AB5 from − 0.52 to
2.63‰ (Table 1). For further analyses, only complete oxygen isotope oscillations (winter to winter) were retained because the synchronization
with the temperature was easier with complete oscillations and therefore better. Moreover, exclude oxygen isotopes samples corresponding
to the ﬁrst growth year allowed to avoid possible contamination with
the middle calcitic layer or the inner nacreous layer due to erosion of
the outer layer in this region.
Once the oxygen isotopes samples were placed in temporal context,
the growth rate of each abalone was estimated (Table 2). The shell
length at the ﬁrst winter for AB4 and AB5 were estimated as isotopic
samples began at 40 and 30 mm from the apex (Table 2). The annual
growth rates of AB4 were 1.5 fold lower than those of abalones collected
in 2002 (AB1–AB3). The annual growth rates of the fossilized abalone
were comparable to those of AB4 until the third winter; in the following
fourth year, the AB5 growth rate fee below that of AB4.
3.2. δ18Oshell relationship to SST
Temperature was estimated from oxygen isotope values and compared with the instrumental SST (Fig. 6). Temperatures calculated
from AB1–AB3 were higher than the SST measured at Estacade with a
mean absolute error (MAE) of 2.5 °C (Fig. 6a). This overestimation was
general and above 2 °C either during summer periods of fast growth

Table 1
Details of oxygen isotope samples for each abalone. Samples only analyzed when they
were located at a distance farther than 20 mm from the apex and displayed complete oscillations (winter-to-winter). Ninitial: the number of samples drilled on each specimen;
Nkept: the number of samples retained for analysis; δ18Oshell (in ‰): the range of oxygen
isotope variability among individual specimens; W: winter. The number of complete oscillations was counted from winter-to-winter, which corresponded to the years of growth
and the time period analyzed.
Abalone

Ninitial

Nkept

δ18Oshell

Complete
oscillations

Years of
growth

Period

AB1
AB2
AB3
AB4
AB5

94
139
130
91
68

83
121
120
82
45

0.65–2.37
0.63–2.48
0.65–2.46
1.36–3.14
−0.52–2.63

W1–W4
W1–W4
W1–W6
W2–W6
W2–W4

1st–3rd
1st–3rd
1st–5th
2nd–5th
2nd–3rd

1999–2001
1999–2001
1997–2001
2007–2010

(May to November: MAE = 2.4 °C) or during winter periods of slow
growth (December to April: MAE = 2.9 °C) and whatever the year of
growth considered (1st year for AB1–AB3: MAE = 2.6 °C, 3rd year for
AB1–AB3: MAE = 2.3 °C, 5th year for AB3: MAE = 2.8 °C). On the contrary, the temperatures estimated from AB4 were close to the measured
SST, with a MAE of 1 °C (Fig. 6c). The estimated temperatures were in
accordance with the SST during the ﬁrst two years, but in the two following years, the lowest temperatures were not estimated. The temperatures estimated from the isotopic composition of the fossilized abalone
(AB5) showed a MAE of 1.9 °C with annual cycle of salinity and of 1.6 °C
with constant salinity from the average temperatures measured at
Marennes d'Oléron (Fig. 6d). In both cases, the range of the reconstructed temperature amplitude (variables salinities: 5.8–22.4 °C; constant
salinity: 8.1–21.7 °C) was slightly broader than the annual reference
cycle of temperature (9–20.5 °C) but comparable to initial measurements made in Marennes d'Oléron between 1995–2003 (5.2–24.2 °C).

Fig. 5. Redistribution of oxygen isotope samples with the synchronization method: AB1–AB3 (dark, gray and white circles, respectively in part a) and AB4 (white circles in part b) were
collected in 2002 and 2012, respectively, and compared with sea surface temperatures (SST) measured at Estacade (dark lines); (c) AB5, the fossilized abalone, was compared with an
averaged sea surface temperature measured at Marennes d'Oléron (dark line).
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Table 2
Maximum abalone shell length estimates (mm) and annual growth increments (mm) for each winter (W). Three abalones (AB1–AB3) were collected in May 2002 (with mean values ±
standard deviation for W1 through W4) and one (AB4) was collected in January 2012 in the northwest part of Brittany; the fossilized abalone (AB5) was collected in the Bay of Biscay. The
values indicated in italics were estimated as isotopic samples began at 40 and 30 mm from the apex for AB4 and AB5, respectively.
Winter

W2

W3

W4

Maximum shell length estimate (mm)
AB1
5.5
AB2
14.2
AB3
8.2
Mean ± s.d. (2002)
9.3 ± 4.5
AB4
15.1
AB5
13.2

W1

37.9
61.4
44.9
48.1 ± 12
44.1
42.1

65.5
97.6
78.3
80.5 ± 16.2
66.6
60.0

88.7
111.7
103.0
101.1 ± 11.6
81.8
69.6

Annual growth increment (mm)
AB1
AB2
AB3
Mean ± s.d. (2002)
AB4
AB5

32.4
47.2
36.8
38.8 ± 7.6
29.0
28.9

27.6
36.3
33.4
32.4 ± 4.4
22.5
17.9

23.2
14.0
24.7
20.7 ± 5.8
15.2
9.6

4. Discussion
4.1. Reconstruction of in situ temperatures
The four modern shells used in this study showed clear δ18O oscillations, which reﬂected the seasonal temperature and salinity cycles in
northwest Brittany (France). The paleo-temperature equation of
Grossman and Ku (1986) provided temperatures close to the measured
water temperatures, in the case of specimen AB4. This ﬁnding was consistent with the ﬁndings of Gurney et al. (2005) on Haliotis rubra whose
shells also consist of a mixture of calcite and aragonite. In the study of
Gurney et al. (2005), temperature estimates based on the equation of
Grossman and Ku (1986) were close to instrumental temperatures,
but temperature data derived from the equation of Epstein et al.
(1953) did not agree well with the measured SST. The temperature

W5

W6

Total length

112.6

122.6

92
112
123

87.1

93.3

9.6

10.0

5.2

6.2

96
75

estimate of AB4 was particularly good for the ﬁrst two seasonal cycles
(Fig. 6b); this conﬁrmed that growth slowed down in winter, but evidently did not stop (Clavier and Richard, 1986; Roussel et al., 2011).
For the last two studied seasonal cycles, however, winter temperatures
were not captured. This could be explained by (i) a longer and more intense slowdown in growth during adulthood than during the ﬁrst two
years of life and (ii) a decrease in shell growth rate with increasing ontogenetic age. Spatial sampling resolution of such shell portions was
likely insufﬁcient to fully capture the lowest winter temperatures.
In contrast, the paleo-temperature equation described by Grossman
and Ku (1986) applied to the three abalones collected in 2002 (AB1–
AB3) consistently overestimated the actual water temperatures with
an estimated offset of 2.5 °C. The different results obtained from
AB4 and the remaining three live-collected specimens could not be
explained by methodological differences (e.g., equipment, sampling

Fig. 6. Temperatures predicted from oxygen isotope samples (gray lines) are compared with measured sea surface temperatures (SST, dark lines). Averaged predictions obtained from
the three abalones (AB1–AB3, ± 95% conﬁdence interval) collected in 2002 before (a) and after (b) applying the correction of the vital effect and (c) predictions from the abalone,
AB4, collected in 2012 are compared to the SST measured at Estacade in northwest Brittany between 1997 and 2012. (d) Predictions from the fossilized abalone (AB5), calculated either
from the annual cycle of salinity (gray line) or from a constant annual salinity (dark dotted line), were compared to the SST measured in Marennes d'Oléron, in the Bay of Biscay, and
averaged over the period 1995–2003.
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methods). Although the isotope data were measured in different laboratories, the sampled measured in both did not show signiﬁcant
differences. Moreover, this offset did not appear to be due to the
sampling method because it was relatively constant according to
the periods of fast and slow growth deﬁned by Clavier and Richard
(1986). However, other hypotheses can be considered. First, the outer
layer composition of the shells may have been different. Second, there
may have been substantial uncertainties about the salinity and corresponding δ18Owater values. Third, there may have been kinetic (or
vital) fractionation effects.
The ﬁrst hypothesis concerns the composition of the outer prismatic
layer. However, despite its complexity, Raman micro-spectrometry
analyses conﬁrmed that it was composed of aragonite as described by
Dauphin et al. (2014). Thus, the choice of using the paleo-temperature
equation of Grossman and Ku (1986) was appropriate.
The second hypothesis concerns the environmental parameter
measurements used in this study. Indeed, the best estimates were
obtained for the AB4 abalone, which was collected near the coastal
monitoring site, Estacade. The temperatures estimated from the oxygen
isotopic samples of specimens AB1–AB3, collected on the other side of
Morlaix river estuary (Fig. 1), diverged from temperatures measured
at Estacade. Temperature and salinity varied among the different
study sites in the estuary. Environmental data acquired at Pen al Lann,
a monitoring site at the mouth of the Morlaix river (data from
IFREMER, http://www.ifremer.fr/envlit/), showed that the temperatures measured between 1994 and 2003 were comparable to those
measured at Estacade, but the salinity showed broad variations
(31–35). Salinity is directly correlated to the δ18Owater, which in turn,
is required to compute temperatures from shell δ18O values. The measured deviation of 2.5 °C between the temperatures estimated from
AB1–AB3 and the measured SST corresponded to δ18O deviation of
0.53‰, and so to salinity deviation of 3.3 PSU corresponding to annual
salinity varying from 29.1 to 33 PSU. However, environmental monitoring performed since 1977 in Pierre Noire, located 2 km away from
Primel, showed that environment is comparable to Estacade with
the salinity varying between 34 and 35.8, and it only rarely dropped
to 33.2 (Dauvin, 1988; Ibanez et al., 1993; Rigal, 2009, E. Thiebaut
pers. comm.). Therefore, the hypothesis that salinity might be more variable at Primel than at Estacade did not hold true, and this hypothesis
could not explain the different temperature estimates obtained for
AB1–AB3.
The last hypothesis concerns the potential effect that signiﬁcantly
faster shell growth rates in specimens AB1–AB3 might have on isotopic
fractionation. Indeed, annual growth increment obtained for the three
abalones harvested in 2002 appeared 1.5 times higher than growth
measured on AB4. This growth was also faster than the H. tuberculata
populations living in Guernesey (Forster, 1967) or in Saint-Malo
(Clavier and Richard, 1986). Roussel et al. (2011) has explained this
difference either by parasitism infecting 70% of the shells living in
Guernesey (Forster, 1967), or density and food availability (Day and
Fleming, 1992; Huchette, 2003). In the present study, the difference
observed between the estimated and measured temperatures was
relatively constant throughout the live of the three abalones. This
offset could be generally described as a deviation from isotopic equilibrium in biogenic carbonates. This phenomenon is known as “vital
effect” (Urey et al., 1951), and it includes a combination of kinetic
and metabolic effects (McConnaughey, 1989a,b). The vital effect was
previously described in mollusks or gastropods (Wefer and Berger,
1991); it corresponds to the depletion of 18O and 13C that can occur at
high calciﬁcation rates in the carbonate skeletons of some organisms
(McConnaughey, 1989a). In the present study, oxygen isotope values
measured on AB1–AB3 were indeed shifted to more negative values
than AB4 with a variation range of 0.65–2.37‰ vs. 1.36–3.14‰. When
this imbalance occurs, it can be considered relatively constant, and it
can be corrected (Wefer and Berger, 1991). In the present study, by
applying a correction factor of −0.53‰ (corresponding to the offset of

2.5 °C) on the oxygen isotope values measured on AB1–AB3, the estimated temperature were close to the temperatures measured at
Estacade with a mean absolute error of 1 °C (Fig. 6b). This type of vital
effect correction was previously suggested for interpreting the oxygen
isotope proﬁles from Haliotis iris (that offset was − 1.25‰; Naylor
et al., 2007). In the present study, a correction of the “vital effect”
could be applied for AB1–AB3 abalones as environmental data were
available as well as studies on the growth of Haliotis tuberculata populations living in the Channel (Forster, 1967; Clavier and Richard, 1986).
However, for other studies, it can be difﬁcult to detect and estimate
this correction without such information. Nevertheless, we can note
that the oxygen isotopes from abalone shells could be used to: 1) describe the seasonal temperature and salinity cycles, and 2) estimate
temperature amplitude. So, despite the uncertainty on the offset, the
Grossman and Ku's paleo-temperature equation, and in particular the
slope, works for abalones to estimate changes of temperature as long
as δ18Owater did not vary so much.
The results from the present study on H. tuberculata were consistent
with those found in other species, including: H. rubra (Gurney et al.,
2005) and H. iris (Naylor et al., 2007). Taken together, these studies
have demonstrated that stable isotopes measured in the shells of the
Haliotis genus represent a good tool for reconstructing sea temperature.
The Haliotis genus can be added to gastropods in recognition of a potentially high-resolution environmental archive, this addition will extend
the ecosystems that can be studied. Indeed, over the last ten years, numerous studies have demonstrated the utility of gastropod and bivalves
shells for reconstructing environments that they inhabited. Thus, shells
of Gibbula cineraria and Strombus gigas have been described as highly
accurate, precise paleo-thermometers for evaluating their habitats
(Schöne et al., 2007; Radermacher et al., 2009). Similarly, the use of
Conus shells has provided a novel approach for distinguishing and quantifying seasonal upwellings and freshwater inputs in tropical American
coastal environments (Tao et al., 2013).
4.2. Applications
In the present study, results obtained from four modern abalones
were associated to the analysis of one fossilized abalone. This fossilized
abalone (AB5) was found at Ponthezières in the Bay of Biscay and dated
from 6000 cal yr BP (Laporte, 1994; Laporte et al., 1998). Analyses of
AB5 showed that the oxygen proﬁle also exhibited seasonal oscillations
that reﬂected both winter and summer temperatures. No corrections
were applied to isotopic data of fossilized abalone AB5 because the measured growth rates were comparable to AB4 and to populations living in
the Channel. Moreover, to our knowledge, a study describing the
growth of modern populations living in the Bay of Biscay to compare
with AB5, does not exist. However, the temperatures estimated with
an annual cycle of salinity, showed a deviation of 1.9 °C with the annual
temperature cycle of Marennes Oléron. This deviation may seem high
but i) the comparison was made with an averaged cycle of temperature,
and ii) the magnitude of the estimated temperature variations (5.8–
22.4 °C) corresponded to temperature variations measured at Marennes
Oléron between 1995 and 2003 (5.2–24.2 °C). This stability between actual sea water temperatures and those of Neolithic period was consistent with model estimations of the climate in west-central Europe
(Davis et al., 2003).
Haliotids are wide-spread (Geiger, 1999), and they have been
collected traditionally in many countries around the world by indigenous communities (Canada: Campbell, 2000; France: Clavier, 1992;
Laporte et al., 1998; Oceania: Mannino and Thomas, 2002; South
Africa: Volman, 1978). Therefore, living and fossilized specimens of
haliotids are present all around the planet in tropical and temperate
areas (Geiger and Groves, 1999). All these facts make abalone a very
promising tool for contemporary and paleoclimatic studies, as well
demonstrated for another gastropod, Patella vulgata (Wang et al.,
2011) or for molluscs in general (Thomas, 2015).

A. Jolivet et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 427 (2015) 32–40

Acknowledgement
We express our gratitude to Pascal Morin, for providing access to the
SOMLIT Roscoff temperature data, and Thierry Cariou and Eric Thiebaut
who processed and provided complementary data that were not yet
available on the website. We would also like to thank Abdesslam
Benzinou (ENIB, France) and Ronan Fablet (Telecom Bretagne, France)
for work on signal synchronization, David Mucciarone (Stanford University, California, USA) for the isotope analysis, and Catherine Dupont
(CReAAH) for providing the fossilized abalone dating from the ﬁnal
Neolithic period. This study was partly supported by the French program ANR-Blanc (Agence Nationale de la Recherche — CHIVAS project
ANR-09-BLAN-0335).
References
Arthur, M.A., Williams, D.F., Jones, D.S., 1983. Seasonal temperature-salinity changes and
thermocline development in the mid-Atlantic Bight as recorded by the isotopic composition of bivalves. Geology 11, 655–659.
Barras, C., Duplessy, J.-C., Geslin, E., Michel, E., Jorissen, F.J., 2010. Calibration of δ18O of
cultured benthic foraminiferal calcite as a function of temperature. Biogeosciences
7, 1349–1356.
Bernis, B.E., Spero, H.J., Bijma, J., Lea, D.W., 1998. Reevaluation of the oxygen isotopic composition of planktonic foraminifera: experimental results and revised paleotemperature
equations. Paleoceanography 13, 150–160.
Bøggild, O.B., 1930. The shell structure of the Mollusks. Kongelige Danske Videnskabernes
Selskabs Skriffer, Natruvidenskabelig og Mathematisk, Afdeling 9 pp. 231–326.
Campbell, A., 2000. Workshop on Rebuilding Abalone Stocks in British Columbia.
NRC Research Press, Ottawa, Canada.
Chauvaud, L., Thouzeau, G., Paulet, Y.-M., 1998. Effects of environmental factors on the
daily growth rate of Pecten maximus juveniles in the Bay of Brest (France). J. Exp.
Mar. Biol. Ecol. 227, 83–111.
Chauvaud, L., Lorrain, A., Dunbar, R.B., Paulet, Y.-M., Thouzeau, G., Jean, F., Guarini, J.-M.,
Mucciarone, D., 2005. Shell of the Great Scallop Pecten maximus as a high-frequency
archive of paleoenvironmental changes. Geochem. Geophys. Geosyst. 6, Q08001.
Clavier, J., 1992. The ormer (Haliotis tuberculata) ﬁshery of France and the Channel
Islands. In: Shepherd, S.A., Tegner, M.J., Guzman del Proo, S.A. (Eds.), Abalone of the
World: Biology, Fisheries and Culture. Fishing News Books, Oxford, pp. 454–457.
Clavier, J., Chardy, P., 1989. Investigations into the ecology of the ormer (Haliotis tuberculata
L.), factors inﬂuencing spatial distribution. Aquat. Living Resour. 2, 191–197.
Clavier, J., Richard, O., 1984. Experimental study of the movements of the ormer (Haliotis
tuberculata) in nature. Revue des Travaux de l'Institut des Pêches Maritimes 46
pp. 315–326.
Clavier, J., Richard, O., 1986. Growth of juvenile Haliotis tuberculata (Mollusca:
Gastropoda) in their natural environment. J. Mar. Biol. Assoc. U. K. 66, 497–503.
Dauphin, Y., Cuif, J.P., Mutvei, H., Denis, A., 1989. Mineralogy, chemistry and ultrastructure
of the external shell-layer in ten species of Haliotis with reference to Haliotis
tuberculata (Mollusca: Archaegastropoda). Bulletin of the Geological Institution of
the University of Uppsala NS 15 pp. 7–37.
Dauphin, Y., Cuif, J.P., Castillo-Michel, H., Chevallard, C., Farre, B., Meiborn, A., 2014. Unusual micrometric calcite–aragonite interface in the abalone shell Haliotis (Mollusca,
Gastropoda). Microsc. Microanal. 20, 276-274.
Dauvin, J.-C., 1988. Structure and trophic organization of the Amphioxus lanceolatus — Venus
fasciata community from the Bay of Morlaix (West Channel). Cah. Biol. Mar. 29, 163–185.
Davis, B.A.S., Brewer, S., Stevenson, A.C., Guiot, J., 2003. The temperature of Europe during
the Holocene reconstructed from pollen data. Quat. Sci. Rev. 22, 1701–1716.
Day, R.W., Fleming, A.E., 1992. The determinants and measurement of abalone growth. In:
Shepherd, S.A., Tegner, M.J., Guzman del Proo, S.A. (Eds.), Abalone of the World:
Biology, Fisheries and Culture. Fishing New Books, Oxford.
Day, R.W., Hawkes, G.P., Gomelyuck, V., 2001. Are abalone shell layers deposited annually? Validation using manganese vital staining. 4th International Abalone Symposium,
Abstracts, Cape Town, South Africa, p. 507.
Dixon, C.D., Giorﬁne, H.K., Ofﬁcer, R.A., Sporcic, M., 1998. Dispersal of tagged blacklip abalone, Haliotis rubra: Implications for stock assessment. J. Shellﬁsh Res. 17, 881–888.
Donner, J., Nord, A.G., 1986. Carbon and oxygen stable isotope values in shells of Mytilus
edulis and Modiolus modiolus from Holocène raised beaches at the outer coast of the
Varanger Peninsula, North Norway. Palaeogeogr. Palaeoclimatol. Palaeoecol. 56, 35–50.
Epstein, S., Buchsbaum, R., Lowenstam, H.A., Urey, H.C., 1953. Revised carbonate-water
isotopic temperature scale. Geol. Soc. Am. Bull. 64, 1315–1326.
Erasmus, J., Cook, P.A., Sweijd, N., 1994. Internal shell structure and growth lines in the
shell of the abalone, Haliotis midae. J. Shellﬁsh Res. 13, 493–502.
Erez, J., Luz, B., 1983. Experimental paleotemperature equation for planktonic foraminifera. Geochim. Cosmochim. Acta 47, 1025–1031.
Forster, G.R., 1967. The growth of Haliotis tuberculata: results of tagging experiments in
Guernsey 1963–65. J. Mar. Biol. Assoc. U. K. 47, 287–300.
Freitas, P., Clarke, L.J., Kennedy, H., Richardson, C., Abrantes, F., 2005. Mg/Ca, Sr/Ca, and
stable-isotope (δ18O and δ13C) ratio proﬁles from the fan mussel Pinna nobilis: Seasonal records and temperature relationships. Geochem. Geophys. Geosyst. 6, Q04D14.
Geiger, D.L., 1999. A Total Evidence Cladistic Analysis of the Haliotidae (Gastropoda:
Vetigastropoda), University of Southern California. University of Southern California,
Los Angeles.

39

Geiger, D.L., Groves, L.T., 1999. Review of fossil abalone (Gastropoda: Vetigastropoda:
Haliotidae) with comparison to recent species. J. Paleontol. 73, 872–885.
Gillikin, D.P., De Ridder, F., Ulens, H., Elskens, M., Keppens, E., Baeyens, W., Dehairs, F.,
2005. Assessing the reproducibility and reliability of estuarine bivalve shells
(Saxidomus giganteus) for sea surface temperature reconstruction: Implications for
paleoclimate studies. Palaeogeogr. Palaeoclimatol. Palaeoecol. 228, 70–85.
Grossman, E.L., Ku, T.-L., 1986. Oxygen and carbon isotopic fractionation in biogenic
aragonite: temperature effects. Chem. Geol. 59, 59–74.
Gurney, L.J., Mundy, C., Porteus, M.C., 2005. Determining age and growth of abalone using
stable oxygen isotopes: a tool for ﬁsheries management. Fish. Res. 72, 353–360.
Harzhauser, M., Piller, W.E., Müllegger, S., Grunert, P., Micheels, A., 2011. Changing
seasonality patterns in Central Europe from Miocene Climate Optimum to Miocene
Climate Transition deduced from the Crassostrea isotope archive. Glob. Planet.
Chang. 76, 77–84.
Hickson, J.A., Johnson, A.L.A., Heaton, T.H.E., Balson, P.S., 1999. The shell of the queen
scallop Aequipecten opercularis (L.) as a promising tool for palaeoenvironmental
reconstruction: evidence and reasons for equilibrium stable-isotope incorporation.
Palaeogeogr. Palaeoclimatol. Palaeoecol. 154, 325–337.
Huchette, S.M.H., 2003. Density Dependence in the early life-stages of abalone, The
University of Melbourne. The University of Melbourne, Melbourne, p. 203.
Hurrell, J.W., Trenberth, K.E., 1999. Global sea surface temperature analyses: Multiple
problems and their implications for climate analysis, modeling, and reanalysis. Bull.
Am. Meteorol. Soc. 80, 2661–2678.
Ibanez, F., Dauvin, J.-C., Etienne, M., 1993. Comparaison des évolutions à long terme
(1977–1990) de deux peuplements macrobenthiques de la baie de Morlaix (Manche
occidentale): relations avec les facteurs hydroclimatiques. J. Exp. Mar. Biol. Ecol. 169,
181–214.
Johnson, A.L.A., Hickson, J.A., Bird, A., Schöne, B.R., Balson, P.S., Heaton, T.H.E., Williams, M.,
2009. Comparative sclerochronology of modern and mid-Pliocene (c. 3.5 Ma)
Aequipecten opercularis (Mollusca, Bivalvia): an insight into past and future climate
change in the north-east Atlantic region. Palaeogeogr. Palaeoclimatol. Palaeoecol.
284, 164–179.
Kennedy, H., Richardson, C., Duarte, C., Kennedy, D., 2001. Oxygen and carbon stable
isotopic proﬁles of the fan mussel, Pinna nobilis, and reconstruction of sea surface
temperatures in the Mediterranean. Mar. Biol. 139, 1115–1124.
Kessel, E., 1935. Űber den bau der Haliotis-Schale. Zool. Anz. 112, 290–329.
Kim, S.W., Hudson, I.L., 2007. Tracking indices as measures of synchronization of isotopic
temperature of NZ abalone shells with ambient water temperature, MODSIM 2007 Land, water and environmental management: integrated systems for sustainability.
Lincoln University, University of Canterbury, Christchurch, New Zealand pp. 511–517.
Kim, S.-T., O'Neil, J.R., 1997. Equilibrium and nonequilibrium oxygen isotope effects in
synthetic carbonates. Geochim. Cosmochim. Acta 61, 3461–3475.
Kirby, M.X., 2001. Differences in growth rate and environment between tertiary and
Quaternary Crassostrea oysters. Paleobiology 27, 84–103.
Kirby, M.X., Soniat, T.M., Spero, H.J., 1998. Stable isotope sclerochronology of Pleistocene
and recent oyster shells (Crassostrea virginica). Palaios 13, 560–569.
Kojima, H., 1995. Evaluation of abalone stock enhancement through the release of
hatchery-reared seeds. Mar. Freshw. Res. 46, 689–695.
Krantz, D.E., Jones, D.S., Williams, D.F., 1984. Growth rates of sea scallop, Placopecten
magellanicus, determined from the 18O/16O record in shell calcite. Biol. Bull. 167,
186–199.
Laporte, L., 1994. Parures et centres de production dans le centre-ouest de la France au
Néolithique ﬁnal, Université de Paris I. Université de Paris I, Paris, p. 366.
Laporte, L., Cros, J.-P., Fontugne, M., Gebhardt, A., Gruet, Y., Marguerie, D., Oberlin, C., 1998.
Les occupations néolithiques de la côte occidentale de l'île d'Oléron. In: Camps, G.
(Ed.), L'homme préhistorique et la mer, 120 ème Congrès national des sociétés
historiques et scientiﬁques, CTHS ed, Aix-en-provence 1995, pp. 197–238.
Lartaud, F., Emmanuel, L., de Rafelis, M., Ropert, M., Labourdette, N., Richardson, C.A.,
Renard, M., 2010. A latitudinal gradient of seasonal temperature variation recorded
in oyster shells from the coastal waters of France and The Netherlands. Facies 56,
13–25.
Lee, Y.C., Kuo, H.-H., Chen, Y.G., 2002. Discrimination and abundance estimation of wild
and released abalone Haliotis diversicolor using stable carbon and oxygen isotope
analysis in north-eastern Taiwan. Fish. Sci. 68, 1020–1028.
Mannino, M.A., Thomas, K.D., 2002. Depletion or resource? The impact of prehistoric
human foraging on intertidal mollusc communities and its signiﬁcance for human
settlement, mobility and dispersal. World Archaeol. 33, 452–474.
McConnaughey, T.A., 1989a. 13C and 18O isotopic disequilibrium in biological carbonates:
I. Patterns. Geochim. Cosmochim. Acta 53, 151–162.
McConnaughey, T.A., 1989b. 13C and 18O isotopic disequilibrium in biological carbonates:
II. In vitro simulation of kinetic isotope effects. Geochim. Cosmochim. Acta 53,
163–171.
McCrea, J.M., 1950. On the isotopic chemistry of carbonates and a paleotemperature scale.
J. Chem. Phys. 18, 849–857.
Mutvei, H., 1985. Observations on structure of the external layer of shell of Haliotis
(Gastropoda): an exceptional case of mineralogical and microstructural variability.
Bull. Mus. Natl. Hist. Nat., Sect. A Zool. Biol. Ecol. Anim. 7, 73–91.
Nasreddine, K., Benzinou, A., Parisi-Baradad, V., Fablet, R., 2009a. Variational 1D signal
registration and shape geodesics for shape classiﬁcation: application to marine biological archives. In: Piscataway, N.J. (Ed.), Digital Signal Processsing, 16th International Conference. IEEE, Santorini-Hellas, Greece, p. 6.
Nasreddine, K., Benzinou, A., R., F., 2009b. Shape geodesics for the classiﬁcation of calciﬁed
structures: beyond Fourrier shape descriptors. Fish. Res. 98, 8–15.
Naylor, J.R., Manighetti, B.M., Neil, H.L., Kim, S.W., 2007. Validated estimation of growth
and age in the New Zealand abalone Haliotis iris using stable oxygen isotopes. Mar.
Freshw. Res. 58, 354–362.

40

A. Jolivet et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 427 (2015) 32–40

O'Neil, J.W., Clayton, R.N., Mayeda, T.K., 1969. Oxygen isotope fractionation in divalent
metal carbonates. J. Chem. Phys. 51, 5547–5558.
Poore, G.C.B., 1972. Ecology of New Zealand abalones, Haliotis species (Mollusca:
Gastropoda). 3. Growth. N. Z. J. Mar. Freshw. Res. 6, 534–559.
Radermacher, P., Schöne, B.R., Gischler, E., Oschmann, W., Thébault, J., Fiebig, J., 2009.
Sclerochronology — a highly versatile tool for mariculture and reconstruction of life
history traits of the queen conch Strombus gigas (Gastropoda). Aquat. Living Resour.
22, 307–318.
Reynaud-Vaganay, S., Gattuso, J.-P., Cuif, J.P., Jaubert, J., Juillet-Leclerc, A., 1999. A novel
culture technique for scleractinian corals: application to investigate changes in skeletal δ18O as a function of temperature. Mar. Ecol. Prog. Ser. 180, 121–130.
Rigal, F., 2009. Etude de la dynamique spatio-temporelle du nuage larvaire du
gasteropode introduit Crepidula fornicata dans une baie megatidale, la Baie de
Morlaix (France), Université Pierre et Marie Curie — Paris VI. Université Pierre et
Marie Curie — Paris VI, p. 142.
Roussel, S., Huchette, S., Clavier, J., Chauvaud, L., 2011. Growth of the European abalone
(Haliotis tuberculata L.) in situ: Seasonality and ageing using stable oxygen isotopes.
J. Sea Res. 65, 213–218.
Sakai, S., 1960. On the formation of the annual ring on the shell of the abalone, Haliotis
discus var. Hannai Ino. Tohoku J. Agric. Res. 11, 239–244.
Schöne, B.R., 2013. Arctica islandica (Bivalvia): A unique paleoenvironmental archive of
the Northern Atlantic Ocean. Glob. Planet. Chang. 111, 199–225.
Schöne, B.R., Freyre Castro, A.D., Fiebig, J., Houk, S.D., Oschmann, W., Kröncke, I., 2004. Sea
surface water temperatures over the period 1884–1983 reconstructed from oxygen
isotope ratios of a bivalve mollusk shell (Arctica islandica, southern North Sea).
Palaeogeogr. Palaeoclimatol. Palaeoecol. 212, 215–232.
Schöne, B.R., Fiebig, J., Pfeiffer, M., Gleβ, R., Hickson, J., Johnson, A.L.A., Dreyer, W.,
Oschmann, W., 2005. Climate records from a bivalved Methuselah (Arctica islandica,
Mollusca; Iceland). Palaeogeogr. Palaeoclimatol. Palaeoecol. 228, 130–148.
Schöne, B.R., Rodland, D.L., Wehrmann, A., Heidel, B., Oschmann, W., Zhang, Z., Fiebig, J.,
Beck, L., 2007. Combined sclerochronologic and oxygen isotope analysis of gastropod
shells (Gibbula cineraria, North Sea): life-history traits and utility as a high-resolution
environmental archive for kelp forests. Mar. Biol. 150, 1237–1252.
Sharp, Z., 2006. Biogenic carbonates: Oxygen. In: Prentice-Hall (Ed.), Principles of Stable
Isotopes Geochemistry, pp. 120–149 (Upper Saddle River, N.J., New Jersey).
Shepherd, S.A., 1973. Studies on southern Australian abalone (genus Haliotis). I. Ecology of
ﬁve sympatric species. Mar. Freshw. Res. 24, 217–257.
Shepherd, S.A., Avalos-Borja, M., 1997. The shell microstructure and chronology of the
abalone Haliotis corrugata. Moll. Res. 18, 197–207.

Shepherd, S.A., Steinberg, P.D., 1992. Food preferences of three Australian abalone species
with a review of algal food of abalone. In: Shepherd, S.A., Tegner, M.J., Guzman del
Proo, S.A. (Eds.), Abalone of the World: Biology, Fisheries and culture. Blackwell
Scientiﬁc Publications Ltd, Oxford, pp. 169–181.
Shepherd, S.A., Turrubiates-Morales, J.R., 1997. A practical chronology for the abalone
Haliotis fulgens. Moll. Res. 18, 219–226.
Shepherd, S.A., Al-Wahaibi, D., Al-Azri, A.R., 1995. Shell growth checks and growth of the
Omani Abalone Haliotis mariae. Mar. Freshw. Res. 46, 575–582.
Smith, T.M., Reynolds, R.W., 2003. Extended Reconstruction of Global Sea Surface
Temperatures Based on COADS Data (1854–1997). J. Clim. 16, 1495–1510.
Surge, D., Lohmann, K.C., Dettman, D.L., 2001. Controls on isotopic chemistry of the
American oyster, Crassostrea virginica: implications for growth patterns. Palaeogeogr.
Palaeoclimatol. Palaeoecol. 172, 283–296.
Tao, K., Robbins, J.A., Grossman, E.L., O'Dea, A., 2013. Quantifying upwelling and freshening in nearshore tropical American environments using stable isotopes in modern
gastropods. Bull. Mar. Sci. 89, 815–835.
Thomas, K.D., 2015. Molluscs emergent, Part I: themes and trends in the scientiﬁc investigation of mollusc shells as resources for archaeological research. J. Archaeol. Sci.
http://dx.doi.org/10.1016/j.jas.2015.1001.1024.
Ullmann, C.V., Wiechert, U., Korte, C., 2010. Oxygen isotope ﬂuctuations in a modern
North Sea oyster (Crassostrea gigas) compared with annual variations in seawater
temperature: Implications for palaeoclimate studies. Chem. Geol. 277, 160–166.
Urey, H.C., 1947. The thermodynamic properties of isotopic substances. J. Chem. Soc.
562–581.
Urey, H.C., Lowenstam, H.A., Epstein, S., McKinney, C.R., 1951. Measurements of
paleotemperatures and temperatures of the Upper Cretaceous of England, Denmark
and the Southeastern United States. Geol. Soc. Am. Bull. 62, 399–416.
Volman, T.P., 1978. Early archeological evidence for shellﬁsh collecting. Science 201,
911–913.
Wang, T., Surge, D., Mithen, S., 2011. Seasonal temperature variability of the Neoglacial
(3300–2500 BP) and Roman Warm Period (2500–1600 BP) Reconstructed from Oxygen Isotope Ratios of Limpet Shells (Patella vulgata), Northwest Scotland.
Palaeogeogr. Palaeoclimatol. Palaeoecol. 317, 104–113.
Ward, T.J., 1986. Abalone biology and ﬁsheries in Australia: a review of research. In:
Service, A.F. (Ed.), Fisheries Paper. Australian Fisheries Service, Canberra, pp. 1–36.
Wefer, G., Berger, W.H., 1991. Isotope paleontology growth and composition of extant
calcareous species. Mar. Geol. 100, 207–248.

