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Abstract Stable oxygen and carbon isotope profiles
(51805keletal and 513Cskeletal)a taken along the direction of
growth from the umbo to the shell margin in shells of the
pinnid Pinna nobilis, were used to reconstruct sea surface
temperatures (SST) in the south-east Mediterranean and
ontogenetic records of metabolic CO, incorporation.
ComParison of the seasonal cycle of SST, predicted from
the 6'30,kerear record of a small (young) rapidly growing
pinnid and temperature measured with a continuous in
situ recorder showed that P. nobilis calcifies under iso-
topic equilibrium with surrounding seawater, thus indi-
cating that P. nobilis shells can be used as a reliable
predictor of SST. A 10-year SST record for the south-
east Mediterranean was reconstructed from the shell
profiles of four pinnid shells of different sizes and ages
collected in 1995 and 1996. Reliable resolution of the
seasonal SST could only be achieved during the first
4 years of shell growth. As the pinnids grew older, the
temperature record was poorly resolved because the
shell growth had diminished with age, resulting in time-
averaging of the record. The amplitude of the generated
seasonal temperature cycle compared favourably
(£2°C) with a long-term temperature record from
northern Mediterranean waters. Clear seasonal cycles in
013 Creletal Were observed with an amplitude of ~1.0%,,
similar to the calculated seasonal changes in 6'°C of
seawater (0.6%,) overlying seagrass meadows. An onto-
genetic trend towards less positive 6'*Cyyereral Values was
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too large to be attributed to any decrease in 6"°C in
seawater resulting from the invasion of anthropogenic
CO,. It is suggested that the temporal changes of
0"3Cykeletal are due to incorporation of respiratory CO,
into the extrapallial fluid and reflect changes in the
metabolic activity of the pinnid rather than changes in
the isotopic composition of dissolved inorganic carbon
within the surrounding seawater.

Introduction

The skeletons of calcareous organisms such as forami-
nifera, corals and molluscs contain an ontogenetic re-
cord of the dynamics of the particular environment they
inhabit (Rhoads and Lutz 1980; Andreasson et al. 1999;
Khim et al. 2000). The oxygen isotopic record in skeletal
structures (0'®Ogyererar) Of these organisms reflects the
temperature and stable isotopic composition of the
surrounding seawater at the time of deposition (Urey
1947). Sequential samples taken along the main axis of
linear growth have allowed oxygen isotopic profiles,
resolved to a subannual level, to be determined thus
permitting both growth (Jones et al. 1983; Krantz et al.
1984; Richardson et al. 1999) and temperature recon-
structions (Weidman et al. 1994; Buening and Spero
1996; Watanabe and Oba 1999). Carbon isotope ratios
from mollusc shells (6'*Cgererar) can record both envi-
ronmental and/or physiological changes (Krantz et al.
1987; McConnaughey et al. 1997). The 6" Cyeletar Te-
cords have been used to reconstruct environmental
conditions by assuming that carbon isotopes are pre-
cipitated in equilibrium with the dissolved inorganic
carbon (DIC) of the ambient seawater. Changes in
0"3Cyreretar have been used to reconstruct the isotopic
composition of DIC (6"*Cp;c) and hence cycles of pri-
mary production using scallops, Placopecten magellan-
aus (Krantz et al. 1987), upwelling events using Mytilus
edulis (Killingley and Berger 1979) and stratification of
coastal waters using clams, Spisula solidissima (Arthur
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et al. 1983). However, isotopic evidence from studies of
other species suggests that physiological factors can also
play an important role in defining or modifying
OCreletal (McConnaughay 1989a; Klein et al. 1996).
The molluscan shell is precipitated from the extrapallial
fluid (EPF) that is contained between the mantle epi-
thelium and inner shell surface. The isotopic composi-
tion of the EPF must be indistinguishable from that of
seawater when carbon isotopes have been shown to
precipitate in isotopic equilibrium with seawater. In
some situations, the isotopic composition of the EPF
can be modified by a flux of respiratory CO, derived
from metabolic processes. The presence of respiratory
CO; in the EPF alters its isotopic characteristics, i.e. it
becomes isotopically light relative to seawater. ‘Meta-
bolic effects’ result when shell is precipitated in isotopic
equilibrium with the EPF that has a different (i.e."’C
depleted) composition relative to seawater (Tanaka et al.
1986; Klein et al. 1996; McConnaughey et al. 1997).
Even a relatively small change in the contribution of
metabolic CO, to the EPF can result in 6" Cyieal
variations that are of a similar magnitude to the isotopic
changes observed in surface ocean water during the
seasonal cycle of primary production (Gruber et al.
1999).

Fan mussels, Pinna nobilis, are large bivalves indige-
nous to the Mediterranean where they grow rapidly, up
to 1 mm per day, in the first 2 years of life and attain
lengths of approximately 65 cm after 12-15 years
(Richardson et al. 1999). They occur in sheltered coastal
waters between depths of 0.5 to 60 m usually amongst
seagrass, Posidonia oceanica, meadows and are not
generally abundant, although they may be patchily dis-
tributed and locally common (Butler et al. 1993). The
body of the shell in Pinna nobilis is calcitic and unlike
many bivalves the surface does not bear any obvious
external growth rings. Estimates of age, however, may
be obtained by counting the annual growth scars on the

Fig. 1 Location of study area 1
in Spanish Mediterranean (inset
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inner aragonitic layer that bears the scars of the migra-
tion of the posterior adductor muscle. The annual nature
of these scars has been validated by determining the
seasonal pattern of shell growth using oxygen isotope
analysis of sequential samples of shell carbonate and
relating the distances of the scars along the muscle scar
to the shell (Richardson et al. 1999). Given the rapid rate
of shell growth of P. nobilis during the first 3-4 years of
life, the potential exists for weekly or even daily reso-
lution of seawater temperatures and 6'°Cp;c. Using fan
mussels of different sizes and overlapping ages it should
also be possible to construct surface seawater records
over decadal periods. In this paPer we determine the
applicability of " Ogeierar and 6 Cyeleral 2 Proxy re-
corders of temperature and 0'°Cpjc respectively and
reconstruct the history of environmental variation in the
shallow waters of the south-east Spanish Mediterranean.
The data are presented by initially calibrating a
P. nobilis, 58 Ogeterar record with in situ records of sea-
water temperature change. Subsequently, inferred tem-
peratures, from the 8"80eteral Variations, in four other
specimens of P. nobilis are compared with available sea
surface temperature (SST) records from the Spanish
Mediterranean. Finally, trends in the P. nobilis
8"3Cyeterar Tecord are discussed.

Materials and methods

Five specimens of Pinna nobilis (size range 15-65 cm), part of a
group of fan mussels collected by divers in 1995 from three sites
(Villaricos, Aguamarga and Rodalquilar) along the south-east
Spanish coast (Fig. 1), were studied. At one of these sites, Rod-
alquilar, a battery-operated temperature recorder (Tinytalk) was
tethered to the seabed on 15 September 1995 at a water depth of
3 m amongst P. nobilis in a seagrass meadow. Temperature data
were recorded at 8-h intervals from its deployment until 24 August
1996. In September 1996, the recorder and a small (15 cm)
P. nobilis specimen were retrieved from this site. The 6'%0 chro-
nology of the P. nobilis collected from Rodaquilar in 1996 was
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compared with the measured seawater temperature between 1995
and 1996 to assess whether the shell was a reliable recorder of
seawater temperature.

The shell growth of P. nobilis is rapid during the first 4 years of
life but then slows down appreciably (Richardson et al. 1999). Thus
it is possible, by choosing appropriate fan mussels of different sizes
and ages, to overlap the early periods of shell growth and provide a
decadal chronology of the carbon and oxygen isotopic composition
of the shell. Four different-sized P. nobilis which had been collected
in 1995 from Aguamarga and Villaricos and whose age had pre-
viously been determined from the adductor muscle scars (Rich-
ardson et al. 1999) were analysed. The age of the two fan mussels
from Villaricos (V2b, 15 cm and V3a, 25 cm) was estimated at 1
and 2 years old, respectively, whilst those from Aguamarga (Aglb,
42.1 cm and Agda, 53 cm) were 7 and 10 years old respectively.
Initially, any encrusting organisms were removed gently by scrub-
bing the shells with a soft brush. The small (<15 cm) shells were
adorned with conspicuous U-shaped spines over their outer shell
surface and these were removed sequentially along the main axis of
shell growth. The spines on the larger (older) shells had been worn
away and for these shells discrete samples were drilled sequentially
along the main axis of shell growth at 0.25- to 0.5-mm intervals
using a 0.6-mm-diameter dental drill. An examination of the shell
showed that the spines are an extension of the outer layer of the
shell and the prismatic structure is laid down in both the spine and
the outer shell layer contiguously. The depth of drilling was care-
fully controlled so that no aragonite from the inner muscle scar
could contaminate the calcite sample. The calcite of spines (when
present) or drilled samples (when spines had been worn away) was
homogenised separately. These samples were pre-treated to remove
organic material in a low-temperature oxygen plasma for 4.5 h
(Swart 1981) and reacted in vacuo with >100% H3PO,4 at 25°C.
Evolved CO, was cryogenically cleaned and the isotopic compo-
sition measured.

Replicate 1-1 seawater samples, collected for isotopic analysis,
were obtained in September 1996 from Aguamarga and Rodaquilar
using a Niskin water bottle. A 100- ml subsample was taken in a
glass bottle, sealed and stored for 6'80 analysis. Rephcate 100-ml
seawater samples for o memr were retained in ground glass
bottles and immediately poisoned with HgCl,. On return to shore,
subsamples (10 ml) were removed and filtered through a 0.4-pm
Nuclepore filter into a glass ampoule, flushed with nitrogen and
sealed In the laboratory, the 1s0t0p1c composition of the water
(6" Ogcawater) Was determined using the conventional CO,~H,O

equilibration method (Epstein and Mayeda 1953). The ¢'*Cpc
samples were cracked under vacuum, acidified and stripped with
N,. The CO, evolved was cryogenically separated from water and
other gases using a modification of the method of (Kroopnick
1974).

Temperature was calculated from the isotopic ratios of the
pinnids calcite using the palacotemperature equation of O’Neil et al.
(1969): T°C=16.9-4.38(5—0) +0.01(d:—3dy)°, where: d, is the 5'%0
value of shell calcite (reported VPDB) and J,, is equivalent to
'8 0gcawater (reported VSMOW) —0.279%,.

Additional isotopic measurements were made on the P. nobilis
flesh and samples of P. oceanica collected from Aguamarga in 1996.
The flesh was removed from the pinnids and frozen. The youngest
leaves of the seagrass, which had no apparent epiphyte cover, were
rubbed clean with a dry filter paper and also stored frozen. Both
sample types were subsequently dried and the materlal homogen-
ised. For isotopic analysis of the organic carbon (3'*Cpoc), subs-
amples were loaded into precombusted silver boats (500°C, 3 h),
acidified with HCI (10%) and dried. Copper and precombusted
copper oxide (910°C, 3 h) was added to the boats which were then
loaded into precombusted quartz tubes and sealed under vacuum.
These tubes were combusted at 910°C for 3 h and allowed to cool
slowly to room temperature. CO, was cryogenically separated from
the resulting gases and its isotopic composition measured.

All isotopic measurements were determined using a VG or
PDZ-EUROPA mass spectrometer. The results are reported in per
mil (%,) deviations relative to VPDB or VSMOW. The overall
analytical precision for 6'%0 and §'3C of calcite samples are 0.11%,
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and 0.049, respectively; for 518OH20 and 6"3Cpc are 0.06 and
0.079%, respectively; and for 8'*Cpo is 0.08%, based on analyses of
internal laboratory standards run concurrently with all the samples.

Results
Validation of Pinna nobilis as a temperature recorder

The measured SST record from Rodalquilar (Fig. 2a)
showed an initial sharp increase after deployment,
reaching a maximum of ~22°C in late September/early
October 1995. SST subsequently decreased through late
October to December and reached minimum tempera-
tures between January and March (14-15°C). Early
warming of the water occurred during April/May and
the temperature increased and stabilised during August
with a mean temperature of 25.2+0.9°C. The seasonal
warming and cooling of the seawater at this coastal site
does not follow a smooth transition but is punctuated by
periods of rapid cooling. These fluctuations may have
arisen as a result of the intrusion of cold water into the
south-west facing bay due to the influence of strong
offshore winds which can result in localised and
temporally variable upwelling.

The oxygen isotopic composition of the seawater,
collected in September 1996, was 1.04%,, 2 SD=0.03
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Fig. 2a, b Seasonal variation in the seawater temperatures:
a measured in situ, using a temperature logger, and b predicted
from the 6'"®Ogeterar recorded in the spines of a Pinna nobilis from
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and is close to the value of 1.13%, reported by Epstein
and Mayeda (1953) for Mediterranean water of salinity
38.8 at 50 m depth. In the palacotemperature calculation
we assume that the 0'®O (salinity) of the water remains
unchanged. There is little or no precipitation in this re-
gion of the Mediterranean and any changes in salinity
are more likely to be due to evaporation. Monthly av-
eraged data (Pico 1990) support this view with an annual
salinity for this region of 36.85, 2 SD=0.46. Variation
in salinity of this magnitude is equivalent to approxi-
mately 0.14%,, about our measured 5'%0 seawater value.

The U-shaped spines present from the umbo to the
shell margin in the pinnid removed from Rodalquilar
were sequentially sampled to provide the isotopically
derived temperature estimates (Fig. 2b). The ecarliest
sampled spine at 4.25 cm from the umbo predicts a
temperature of ~20°C and subsequently rises to ~25°C
between 6 and 8 cm from the umbo. We infer that this
period of spine production preceded the period of de-
ployment of the in situ temperature sensor (which only
recorded an early maximum of ~22°C) and therefore
only the spine profile after 8 cm is used for comparison.
From this point the derived 0'* Ol temperature data
show three distinct periods that can be directly com-
pared with the recorded in situ temperature. The shell
increased in length about 2 cm (~8-10 cm ) between
October and January 1995, followed by a slower period
of growth with an increase of ~1 cm (10-11 cm) be-
tween January and March 1996. A period of rapid
growth occurred between May and 25 August 1996
when the seawater temperature increased from 14°C to
24°C and shell length increased from 12 cm to 16 cm.
The temperature record predicted from 8804 eleral Of the
spines closely agreed with the in situ measured temper-
atures and provided a reliable indication that the calcite
of the spines on P. nobilis was deposited in oxygen
isotopic equilibrium with seawater. In this shell, the
sampling resolution using the U-shaped spines
(0.16-0.87 cm apart) was insufficiently detailed to record
the period of slow winter growth or the large amplitude
changes of short duration in the seawater temperature.

Temperature (oC)

o

1985 1986 1987 1088 1989 1990 1991 1992 1993 1994 1995 1996
Fig. 3 A decadal seasonal variation in the seawater temperature of
the north-east Spanish Mediterranean between 1985 and 1996
compiled from daily/weekly records collected from L’Estartit and
Bay of Blanes

The potential of the fan mussel shell
for reconstruction of decadal temperature trends

Long-term SST records, with which to compare our data
from large pinnid shells, are sparse in the Mediterra-
nean. The nearest locations where comparable records
exist (daily/weekly) are the Bay of Blanes (1992-1996)
and L’Estartit (1985-1993) in the north-west Mediter-
ranean (Pascual and Flos 1984; Duarte et al. 1999). The
decadal temperature record from this region shows
seasonal changes in seawater temperatures of about 12—
13°C (Fig. 3); coldest temperatures (11-13°C) occur
between January and March whilst maximum tempera-
tures (23-27°C) occur in August/September. Although
these measurements were collected in the north-western
Mediterranean, distant from the study location at
Rodalquilar, comparison of the seasonal temperature
changes measured in 1995 and 1996 at Blanes and
Rodaquilar shows close agreement (Fig. 4). The rate of
spring warming of the seawater is essentially the same at
both sites; there are similar maximum summer SSTs, but
during the autumn and winter the seawater is warmer by
~2°C at Rodalquilar relative to the Bay of Blanes. The
seasonal variation in the average monthly SSTs for these
regions (Fig. 4; data from Pico 1990) shows that
the longer term trends are also similar at these general
locations. The comparability of the SST data suggests
that it would be feasible to compare the &'®*Ogietal
temperature chronologies derived from the fan mussels
in the south-east with the measured SST data from the
north-east Spanish Mediterranean.

Temperature records reconstructed from shell profiles
of four selected pinnids were characterised by successive
seasonal temperature cycles (Fig. 5). The records at
Aguamarga were derived from discrete samples drilled
sequentially along the main axis of shell growth, while
those from Villaricos were derived from the spines that
were still present along the outer shell surface. Maxi-
mum amplitudes in the temperature records recon-
structed from the larger pinnids from Aguamarga were
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Fig. 4 Comparison between the seawater temperature measured at
the study site, Rodalquilar (A) and the Bay of Blanes (O), north-
west Mediterranean 1995 and 1996. Inset Seasonal variation in the
monthly surface seawater temperature from the general location of
the study site (A) and the Bay of Blanes (@). Data from Pico (1990)
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observed during the first 4 years of growth (Fig. 5a, b).
The amplitude decreased appreciably as the pinnid in-
creased further in size and became older. Within a shell,
the distance between successive annual maxima provides
information on the annual growth rate of the mollusc,
and this distance also decreased with increasing age of

Table 1 The period where no growth occurred, identified by cal-
endar date (0-365), and its length (in days) for which no temper-
ature change (°C) was recorded in the shell of the large pinnid from
Aguamarga (Agda). The months relating to equivalent calendar
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the mollusc. Since the age of each pinnid could be de-
termined from the posterior adductor muscle scar rings,
the year appropriate to each of the temperature maxima
and minima was assigned. The 0'*0 chronology from
the largest Aguamarga specimen (Agda) shows that shell
was secreted over a 10-year period between 1985 and
1995 and a good resolution of annual cycles was re-
corded between the latter half of 1985 and 1989
(Fig. 5a). It can be inferred, from the relative amplitude
of the predicted temperature record, that the slow
growth rate of the Aguamarga (Agda) pinnid over the
last few years of its life resulted in a smoothing of the
temperature record and hence to an underestimation of
the actual temperature range. Samples drilled from a
smaller Aguamarga shell (Aglb) record changes between
1988 and 1993 (Fig. 5b). The first 4 years of growth
(1988—-1991) in this pinnid show good resolution of an-
nual temperature changes that overlap with the record
from the larger Aguamarga pinnid (Agda). The spines
from the two smallest shells, from Villaricos, provide
chronologies for 1994 and 1995 (Fig. 5c, d) and have a
faster shell growth rate than the two shells from Agua-
marga. The reconstructed temperature records between
the Aguamarga pinnids and the smaller Villaricos fan
mussels overlap.

Calendar dates were assigned to all of the samples
that had been analysed (Klein et al. 1996) by matching
the temperature estimates derived from the '®*Ogeietal
record, with the daily/weekly measurements of SST from
the north-west Mediterranean. As P. nobilis aged, an
increasing part of the measured seasonal temperature
was not recorded in 0'*Ogejerar. Shell growth must have
ceased or slowed down so much that neither sampling
strategy could resolve the temperature record for a pe-
riod during both the coldest winter and the warmest
summer temperatures (Table 1). For example, in the
Aguamarga shell (Agda) between 1986 and 1988, growth
cessation in the winter was for a period of 80-94 days,
from late December/early January to March. As the
pinnid aged, the period when no growth occurred wid-
ened and from 1990 onwards shell deposition ceased for
a period of ~170 days (5 months) from December to
May.

dates are: May (121-151); July (182-212); August (213-243); Sep-
tember (244-273); and October (274-304). The minimum and
maximum temperatures recorded in each year are also reported

Minimum Maximum

Year Period Length Temperature Period Length Temperature
1986 3-83 80 12.5 232-256 24 22.1
1987 5-92 87 12.7 212-268 56 22.7
1988 349-78 94 12.7 180-230 50 23.1
1989 351-126 140 13.8 231-252 21 23.8
1990 326-135 174 15.4 177-279 102 21.0
1991 341-147 171 14.3 192-277 85 21.1
1992 329-115 151 14.4 193-250 57 20.4
1993 344-124 145 14.0 169-279 110 21.4
1994 304-166 227 18.0 191-263 72 20.6
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A similar, but less extreme, situation occurred when
water temperature was warmest. In the first 3 years the
records from only a small part of July/August have not
been resolved, but again by 1990 shell extension was not
fast enough to record any temperature changes between
July and October (calendar dates 182-304; Table 1). At
this time the pinnids were only actively growing 2—
4 months of the year. The cumulative effect of these
features was that after the first few years of growth, the
maximum temperature recorded in any of the shells was
lower than the maximum measured SST (Fig. 6a). The
seasonal minima showed a similar pattern in that the
minimum temperature recorded in the shell increased
with the age of the pinnid. The minima in SST in the
north-western Mediterranean should be ~2°C colder
than along the south-east Spanish coast (Fig. 4); how-
ever, the shell-derived temperatures were not consistently
2°C warmer, but were £2°C of the expected minimum
temperature throughout the pinnids’ life (Fig. 6b).

The 6" Cyeleral profiles show cyclic variations with a
trend towards lighter values with increasing age of the
pinnid (Fig. 7). The data could reflect either equilibrium
or kinetic precipitation. Kinetic effects are not impli-
cated because there were no significant co-variations
between the 6"°Cyeerar a0d 08 Ogerera values (McCon-
naughy 1989b). Using the calendar dates assigned to the
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Fig. 6 Deviation of a maximum and b minimum temperatures
predicted using 6'*Ogyeleal from the drilled shells from Aguamarga,
Agda(<) and Aglb(O), from the spines on shells from Villaricos,
V2b(Q) and V3a(A), and the SST measured in the north-west
Mediterranean. Open symbols display data from first year(s) of
growth for comparison with later year(s) growth (filled symbols)

reconstructed 0'*Ogyeretal temperature records, O3Ckeletal
can be presented as variation with time rather than
distance from the umbo (Fig. 8). The trend towards
lighter values of 03C el TEMAINS fairly constant with
time and regression analysis of sequential maxima,
minima or the whole data set with time results in very
similar estimates of the gradient (0.00051, 2 SD=
0.00007%, day ' or ~0.18%, year ' respectively). The

majority of the maximum 6'*Cyejerar Values are recorded
between days 121 and 151, i.e. during May (Table 2).
The timing of the minimum is more variable. In shell
Agda they are recorded from July to the end of October
(days 182-304), while in Aglb and V3a they are always
recorded in August (days 213-243). The amplitude of
the annual cycle in 6'*Cyelerar remains fairly constant
with time in Aguamarga pinnids (Agd4a and Aglb): av-
erage=0.59%, 1SD=0.08%, n=6 and average=
0.87%,, 1 SD=0.17%,, n=15, respectively.

The assumption that 0'>Celera represents the change
in 0"3Cpjc due to seasonal variations in primary
production can be tested by comparing the amplitude of
the seasonal cycle in 83 Cyeterar With that of 6"3Cpic
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Fig. 7a—d O3 Cyeierar versus distance from the umbo (cm): for
drilled shells from Aguamarga (a Agda and b Aglb) and for spines
on shells from Villaricos (¢ V2b and d V3a)
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Unfortunately the possible extent of seasonal variations
in 8'°Cpyc at the study sites is not known. The value of
0"3Cpic was only measured during the fieldwork in
September 1996 and is 1.38%, (1 SD=0.23%,, n=14). It
is likely that community production and respiration
mediate the major isotopic changes in the ambient wa-
ter. In the oligotrophic waters of the littoral Spanish
Mediterranean, phytoplankton production is not
strongly seasonal (Duarte et al. 1999) and production is
estimated to be ~130 g C m 2 year ' (Agusti and Duarte
2000). Average production of Posidonia oceanica beds is
~350 g C m 2 day ' (Duarte and Chiscano 1999) and
strongly seasonal. Hence at our study site it is more
likely that the growth pattern of the seagrass rather than
phytoplankton that is the main modulator of §"*Cpc at
annual time scales.

An estimate of the annual change in §'*Cp;c can be
made from a simple mass balance equation: [DIC winter]
513CWinter = [DICSummer]X513CSummer + ADICX&lSCSeagrassa
where  [DIC  winter] = 2,000 pM, 6" Cyinger = 1.0,
ADIC=120 pM (Frankignoulle and Disteche 1984) and
513Cs,eagmsS =-12.29, (this study). We have assumed that
advection and air sea exchange were insignificant and
used our measured values of the isotopic composition of
the seagrass and annual DIC concentration changes
measured within seagrass meadows elsewhere in the
Mediterranean (Bay of Calvi, Corsica; Frankignoulle
and Disteche 1984). The 8"3Csummer Was calculated to be
1.6%, and so the seasonal change in 6'*Cp;c is estimated
at 0.6%,, close to the observed amplitude (0.6 and 0.99,,)
of the cyclic variations in 6" Cyeletal (Fig. 7).

Alternatively, the shell 0"°Cgererar profile could be
recording changes in the 8'*Cp;¢ of the EPF, an internal
DIC reservoir from which the shell precipitates. The
isotopic composition of the EPF can be modified by a
variable flux of respiratory ('°C depleted) CO,
(McConnaughey 1989a). In which case, the seasonal
change in 0'2Cgelera; must be taken to represent seasonal
variation in the animal’s metabolic activity. An isotopic
mixing equation has been used to determine the relative
proportion of respired carbon that would have to be
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Table 2 Timing, identified by calendar date (0-365), when the
most positive (maximum) and negative (minimum) skeletal 6'*C
values have been observed. The months relating to equivalent
calendar dates are given in the legend to Table 1

Maximum Minimum

Year Agda Aglb V3a Agda Aglb V3a
1986 140 305

1987 157 279

1988 124 130 263 230

1989 162 130 225 225

1990 135 131 171 237

1991 151 149 186 228

1992 29 213

1993

1994 89 221
1995 147

incorporated into the precipitating carbonate to yield
the observed seasonal cycle (McConnaughey et al. 1997):
Rx(513cresp) + (I_R)X( 513Cseawater) = 513Csllell_6Cl—HCO3_s
where R is the fraction of respired carbon in the shell,
513Cresp and 0" Ceawaterare the isotopic compositions of
HCO; derived from respiration and seawater HCO3
respectively and ecr.pcoz— 18 the calcite-bicarbonate
equilibrium fractionation factor.

The isotopic composition of respired organic matter
depends on the isotopic composition of the organism’s
tissue. The average 6'°C of the tissue removed from
three of the pinnids was —18.3 9%, (1 SD=0.649,,, n=23)
and 513Cresp is taken to be 0.59, heavier than the organic
material being respired (McConnaughey et al. 1997).
These values can be used to estimate the increased per-
centage of respired carbon (3% and 4.5%) that would
cause the observed amplitude (0.6%, and 0.9%,) in the
seasonal cycle of 6'*Cgereral in the larger (Agda) and
smaller (Aglb) pinnid respectively. The steadily de-
creasing background of the OCreletal profiles may also
either record changes in the 8"3Cpc of the seawater or
the EPF.

Discussion

The temperature variation measured in situ at Rod-
alquilar does not follow the seasonal cycle characteristic
of coastal sites seen at another location in the Spanish
Mediterranean (Duarte et al. 1999), but experiences
rapid, 1- to 2-week deviations in SST. Nevertheless, the
shell recovered from Rodalquilar and subsequently
analysed provides evidence that equilibrium deposition
of "0 occurs and Pinna nobilis can be used as a reliable
predictor of SST providing the §'®0O of the ambient
water is also known. The predicted seawater tempera-
ture records, from four further shells from two different
sites, display a progressive decline in amplitude of the
seasonal temperature cycle with increasing age of the
P. nobilis (Fig. 5). In their 4th or 5th year the predicted
summer maximum seawater temperatures are more than
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~2°C colder than the measured SST (Fig. 6a). The re-
duction in amplitude of the seasonal changes probably
reflects a decreasing radial growth rate of the shell with
age and season. There is cessation or very slow shell
growth when the water temperatures are at their
warmest and coldest. In the first few years pinnid Agda
actively precipitated shell for 811 months of the year,
but later on in its life, the period was reduced to 3—
6 months. There appears to be no minimum or maxi-
mum threshold temperature for shell deposition but a
gradual focussing of growth into a shorter period of time
as the mollusc ages. Given the distance between drilled
samples was 0.5 cm and then 0.25 cm in the larger pin-
nid from Aguamarga (Agda), the integration time of
each sample varies between 2 weeks and 5 months. With
access to a community of P. nobilis having a greater
range of sizes than collected in this study, and/or access
to museum specimens, it may be possible to reconstruct
longer chronologies of temperature by using overlapping
temperature records derived from the first few years of
growth of these shells.

No kinetic effects were observed as the '*0 and §'*C
values of the precipitated shell were found to vary in-
dependently, i.e. there was no significant correlation
between 0'°Ogererar ad 0> Cyeterar values. What is not
known is whether precipitation occurred in carbon iso-
topic equilibrium with an EPF that is indistinguishable
from that of seawater or with an EPF that has been
modified by metabolic effects. Thus the cyclic variation
in 0"3Cykererar could either reflect seasonal changes in the
ambient 6'°Cpc or seasonal changes in the metabolic
activity of the pinnid.

The general co-incidences between the most positive
and negative 6" Cgyererar values, the timing of the re-
spective maximum and minimum in net primary pro-
duction in seagrass meadows (Marba et al. 1966), and
the magnitude of the annual calculated and predicted
change in 0"*Cpyc all suggest that the annual variation
in 0"Cgyeperar reflects the seasonal changes in the
seawater 0 °Cpjc.

While the seasonal cycle in 03 Ckeleral 18 consistent
with the modulation of seawater 6'*Cp;c by net primary
production, the trend towards lighter values with in-
creasing age of the pinnid (Figs. 7, 8) cannot be so easily
reconciled. One possible mechanism that could explain
the trend is that the decrease in 6'°Cp;c value is due to
the uptake of atmospheric CO, derived from fossil fuel
combustion (Quay et al. 1992; Bacastow et al. 1996;
Gruber et al. 1999). This anthropogenic perturbation of
the ocean’s '*C reservoir, the Suess effect, has been de-
termined from direct measurements of inter-annual
changes in 6'3C of SST in the Pacific, Indian and At-
lantic Oceans (Quay et al. 1992; Bacastow et al. 1996;
Gruber et al. 1999). It has also been inferred from iso-
topic records in sclerosponges (Druffel and Benavides
1986) and could also be recorded in other long-lived
carbonate-secreting organisms. These studies have
reported a range for the rate of change in 6'°Cp;c of —
0.007%, to —0.025%, year ', far smaller than our mea-

sured decrease in 0'°Cgererar Of ~0.18%, year . This
suggests that it is unlikely that 0'*Cgyereral Tepresents the
gradual decrease in 0'>Cp;c due to influx of anthropo-
genic CO, into Mediterranean surface waters and met-
abolic effects are implicated.

Our measurements of the seawater 6'°Cp;c at the
study sites also provide evidence to suggest that the
pinnid shell does not record the variation of 03Cpic in
the ambient seawater. Although the §'*Cp;c was only
measured in September 1996, we can use it to compare
calculated equilibrium and measured values of
03 Cyetetal value at the margin of the shell (i.e. the shell
deposited just prior to collection). Since ~90% of DIC
is in the form of bicarbonate, we have used this value
and the calcite-bicarbonate equilibrium fractionation
factor, ecrycoz—=~1%, (Romanek et al. 1992), to cal-
culate the equilibrium value for 03 Cyeteral a8 2.38%,-
The values measured at the margin of the pinnid shells
1.16%,, 1.78%, and 1.86%, for Agda, V3a and V2b shells,
respectively, are all lighter than the calculated equilib-
rium value. The degree of isotopic disequilibrium, at the
margin of the shell, was observed to increase with the
age of the pinnid. In the large 10-year-old pinnid from
Aguamarga (Agda), the difference between calculated
equilibrium and measured 03 Cyeteral Was 1.36%,,
whereas for the younger pinnids from Villaricos, V3and
V2b, age 1.5 years and 9 months, the differences were
0.64%, and 0.569,, respectively. In contrast, the differ-
ence between the calculated equilibrium and 0"3Cyeetetal
values measured during September of the first year of
growth was much smaller, +0.26 and —0.25%, for Agda
and V3a respectively. This suggests that the long-term
trend in decreasing 0"3Cyeteral Values is more probably
due to an increase in the incorporation of metabolic
CO,. Taking the 6"*Cgyereral values estimated to have
been deposited each September in pinnid Agda (2.64,
2.15, 1.80, 1.62, 1.48%,), the contribution of respired
carbon incorporated into the precipitating shell over
these 5 years increases from ~0 to 1.4, 3.2, 4.2 and
finally 4.9%. At the margin of the shells, Agda, V3a and
V2b, the fraction of shell carbonate-carbon derived
from metabolic CO, is estimated to be 6.4, 3.1 and 2.7%
respectively. These values are consistent with other
studies where the proportion of respired carbon dioxide
incorporated in the shells is usually small, 0-25% (Paull
et al. 1989; Klein et al. 1996; McConnaughey et al.
1997). These trends have been generally interpreted as
reflecting physiological change (Jones et al. 1986 ;
Krantz et al. 1987). In juvenile molluscs, metabolic en-
ergy is used to support fast growth, but in adults, met-
abolic energy is used to support gametogenesis and shell
growth is subsequently reduced. Maturation and the
associated slower growth in the adult stage can be ac-
companied by a change to increasingly lighter 03Cyetetal
values (Romaneck and Grossman 1987). P. nobilis
reaches sexual maturity when it is 1-2 years old (de
Gaulejac 1995); however, no obvious change in the
trend of "3 Cyyeteral towards lighter values could be dis-
cerned at this time.



Metabolic effects could also explain the seasonal cy-
cles in 63 Cyererar. Variations in the animal’s metabolic
activity is related to both temperature and food avail-
ability. As these are also seasonally variable, the pro-
portion of metabolic CO, that is incorporated during
shell secretion will also change and a seasonal variation
in 6" Cyeteral Would not be unexpected. Only a small
increase (3—4.5%) of respired carbon is necessary to ef-
fect such a change. However, the amplitude of the sea-
sonal cycle in 0'>Cyyelera; does not vary much with age. If
growth, size and metabolic rate can all influence the
extent to which respiratory CO, is incorporated into the
EPF, then it might be expected that this should also
influence the magnitude of the observed seasonal
changes in 0">Cgeletal.

The results presented show that the shells of P. nobilis
provide reliable witnesses to the change in temperature
of the ambient Mediterranean waters. Because of the
very rapid growth rates of young P. nobilis shells, the
extracted temperature records can provide high resolu-
tion (biweekly averages). The capacity of P. nobilis to be
used as a recorder of temperature change may poten-
tially help resolve the paucity of interannual seawater
temperature records in the Mediterranean. In contrast,
the carbon isotopic composition of the shell appears to
be affected by ontogenetic changes in metabolism and
growth, confounding possible expected trends derived
from seasonal cycles of community production or in-
vasion of anthropogenic CO, across the air—sea inter-
face. The use of P. nobilis shells as temperature loggers,
however, confirms the potential of long-lived organisms
as reliable recorders of environmental change in the
marine system.
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