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ABSTRACT: A novel experimental protocol is described that assists investigations of the effect of envi- 

ronmental parameters on records from the carbonate skeletons of scleractinian corals. It involves the 

culture of coral colonies on glass slides so as to time the skeletal deposition and environmental records 

precisely. The value of the technique is demonstrated via calibration of the relationship between skele- 

tal 6Ih0 and seawater temperature in 2 species of coral obtained from the Gulf of Aqaba. Colonies were 

grown at 5 temperatures between 21 and 2g°C. For Acropora sp. this relationship gave a slope of 

-0.27O;n "C", a value close to previous estimates. The 6"O signature of Stylophora pistillata displayed 

a high variability between colonies and gave an average slope much lower than previous estimates 

( - 0 . 1 3 9 : m  'C-?). These data may indicate a taxonomic difference and the need to re-examine the sys- 

temat~cs of this genus. Nevertheless, such variability in colonies of a single species or of a set of closely 

related species may have i~nplications for the use of coral skeleton as proxy records. 
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INTRODUCTION 

Since the beginning of the industrial revolution, 

human activities have contributed to climate variabil- 

ity. Knowledge of the causes and magnitude of past 

climate change is critical for the assessment of the 

anthropogenic impacts and their likely long term 

effects. Reliable proxy records of paleoclimate para- 

meters have been identified For example, the study of 

various isotopic and other chemical compounds pre- 

sent in ice cores has been used extensively to investi- 

gate short term climatic changes (Raynaud et  al. 1993). 

In order to study climatic variability over recent cen- 

turies, temperature proxy records displaying high pre- 

cision (less than 0.5OC) and resolution (better than 

'Addressee for correspondence. E-mail: gattuso@obs.vlfr.ft 

6 mo) are  required. Tree ring investigations (Cook 

1995) or isotopic analyses of seasonal snow (Thompson 

et al. 1995) have provided such records for continental 

climatic reconstruction. There are, however, very few 

suitable proxy records for tropical seawater. Her- 

matypic scleractinian corals have a great potential in 

this respect as they: (1) precipitate a calcium carbonate 

skeleton with growth bands that can be  used a s  a 

chronological clock (Barnes & Lough 1996), (2) are 

benthic organisms sometimes showing a limited bathy- 

metric distribution (Sheppard 1982) and (3) can be 

dated back to 240 million years ago (Chadwick-Fur- 

man 1996). These characteristics explain why corals 

have been extensively used to reconstruct, for exam- 

ple, sea surface temperature (Dunbar & Wellington 

1981, de  Villiers et  al. 1995). 

Such proxies need to be calibrated in order to be 

used. The great majority of calibrations have been car- 
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ried out in the field. For example, paleothermometers 

have been calibrated by comparing temperature 

records with 6180 (e.g.  Leder et al. 1996, Wellington et 

al. 1996), or trace elements such as the Sr/Ca (e.g 

McCulloch et al. 1994, de  Villiers et  al. 1995), Mg/Ca 

(e.g.  Mitsuguchi et  al. 1996) and U/Ca (e.g. Min et al. 

1995) ratios, in the skeletons of recent corals. The tem- 

perature signal inferred from each proxy is sometimes 

consistent (Beck et al. 1992, McCulloch et al. 1996), but 

there remains some degree of inconsistency in other 

cases (Cardinal 1996, Boiseau et al. 1997). This may be 

due to confounding effects of other environmental fac- 

tors (e.g. light intensity, photoperiod, nutrients, salin- 

ity, currents). 

Calibrations carried out in the laboratory under con- 

trolled conditions may be necessary to decipher the 

effect of each environmental factor used, either sepa- 

rately or in combination. Such an approach has been 

used successfully with foraminifera (e.g. Spero & Lea 

1993. Spero et al. 1997) but difficulties encountered 

with culture techniques have precluded the develop- 

ment of experimental calibrations of proxy records in 

corals. One notable exception is the pioneer study of 

Weil et al. (1981) that successfully used cultured corals 

to investigate the effect of temperature and irradiance 

on the skeletal 6180 of the corals Montipora verrucosa 

and Pocillopora damicornis. 

We report here an experimental technique enabling 

the culture of corals under controlled conditions in 

order to accurately sample the skeleton deposited. This 

technique has been used to derive a calibration curve 

of 6180 versus temperature for Acropora sp. and Sty- 

lophora pistilla ta. 

MATERIAL AND METHODS 

Biological material. The experiment was conducted 

in the laboratory using colonies of the branching zoo- 

xanthellate scleractinian corals, Stylophora pistillata 

(Esper 1797) and Acropora sp, belonging, respectively, 

to the families Pocilloporidae and Acroporidae. These 

colonies were propagated from fragments of parent 

colonies collected in the Gulf of Aqaba. At least 2 

branch tips were sampled from 10 parent colonies of 

S. pistillata (N = 26) and 6 tips were sampled from a 

single parent colony of Acropora sp. The parent 

colonies had been grown for several months in differ- 

ent aquaria. The specimens were glued on ground 

glass slides (3 X 6 X 0.2 cm) using underwater epoxy 

(Devconm, Fig. 1A) and evenly distributed in 2 aquaria 

(15 1). The tanks were supplied with heated Mediter- 

ranean seawater pumped from a depth of 50 m. The 

seawater renewal rate was approximately 5 times d-l 

and the seawater was continuously mixed with a 

coral I epoxy ring 
branch 

slide 
glue 

/ 
skeleton sampled for isotopic 

measurement 

Fig. 1 Culture of corals on glass slides and sampling proce- 
dure. (A) Top view of a glass slide after 2 to 3 mo in the aquar- 
ium, (B) sampling of the skeleton for isotopic determinations, 

(C) recolonization of the slide by newly deposited skeleton 

RenaB pump (6 1 min-l). Light (260 pm01 m-* S-') was 

provided by metal halide lamps (Philips HPIT, 400 W) 

on a 12:12 h photoperiod. Seawater was continuously 

aerated with outside air. The temperature was con- 

trolled to within tO.l°C using a temperature controller 

(EW, PC 902/T). 

All colonies were initially cultured for 54 d at 25°C; 

half of the ring skeleton deposited on the glass slide 

was then removed with a scalpel (Fig. lB), dried 

overnight at room temperature and stored in glass con- 

tainers pending determination of 6180. Thereafter, 

colonies in one aquarium were grown first at 27OC for 

50 d and then at 29°C for 92 d. Colonies in the other 

aquarium were grown successively at 23°C for 70 d 

and 21°C for a period of 113 d. Skeletal samples were 

collected as described above at the completion of each 

period for determination of isotopic composition. 

Each sample was weighed and then ultrasonicated 

for 1 min to reduce it to a fine powder. Following the 

treatment described by Boiseau & Juillet-Leclerc 

(1997), the skeletal powder was soaked in hydrogen 

peroxide (30%, v:v) for 12 h to eliminate the organic 

matter, filtered on Nucleopore polycarbonate mem- 

branes (0.4 pm), and dried at 40°C for 4 h. 

The rate of CaCO, dissolution was measured on 

3 additional colonies of Stylophora pistillata and Acro- 

pora sp. These colonies were bleached in order to 
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Aquarium 1 Aquarium 2 

25°C 27°C 29°C 25°C 23°C 21°C 

Average 24.88 27.12 29.18 24.81 23.13 21.18 

SE 0.015 0.003 0.001 0.013 0.003 0.010 

N 4736 6822 12597 5134 10128 14023 

Min. 15.90 26.58 28.725 15.83 22.55 20.89 

Max. 28.18 28.28 29.525 27.23 24.15 21.40 

remove all organic matter, rinsed thor- Table 1. Parameters relating to the temperature in each culture aquarium 

oughly and dried at  room temperature 

for several weeks. The skeleton 

deposited on the slide was sampled, 

ground, weighed and left in H202 30 % 

(v:v) for 12 h. The samples were then 

filtered on Nucleopore membranes 

(0.4 pm) of known weight. The filters 

were rinsed with distilled water, dried 

(40°C for 7 h) and weighed again. 

Oxygen isotopic measurement. A 

subsample 100 of powder was dis- Table 2. Chemical characteristics of the seawater used in 

solved in 95% H3PO4 at 90°C (Craig 1957). The CO2 the culture tanks. Mean * SE; the sample size is shown in 

gas evolved was analyzed using a VG Optima mass parentheses 

spectrometer with a common acid bath. The data are 

Total alkahnity (meq kg-') 2.676 i 0.005 (5) 

Dissolved O2 (pm01 kg-') 189.0 * 0.3 (292) 

CO2 partial pressure (patm) 506 * 9 (6) 

expressed in the conventional delta notation relative to 

a standard, which is PDB for carbonates: 

Sealvater 6"0 (%o versus SMOW) 1.29 * 0.01 (39) 

pH (seawater scale) 8.143 * 0,001 (384) 

from replicate coral samples is 0.16%0 (2 X SD) for Acro- 

pora sp. and 0.24 %Q (2 X SD) for Stylophora pistillata. 

The oxygen isotope con~position of seawater samples 

was nleasured on samples collected twice a month 

using a Finnigan MAT 252. The reproducibility of oxy- 

gen isotope measurements was +0.10%0 (2 X SD). The 

skeletal 6180 was corrected from changes in seawater 

6"O (Hut 1987). 

Environmental parameter measurements. Tempera- 

ture (precision: *0.05°C) was logged at 10 min inter- 

vals using a Seamon@ temperature recorder (Table 1). 

Dissolved oxygen concentration was measured using 

a polarographic electrode (Ponselle) calibrated daily 

against air-saturated seawater and a saturated solution 

of sodium sulfite (zero oxygen). pH was measured 

using a combined Ross pH electrode (Orion 8102SC) 

calibrated daily against NBS (National Bureau of Stan- 

dards) buffers (pH 4.006 and pH 7.4 13 at 25°C). Deter- 

mination of total alkalinity was carried out potentio- 

metrically according to the method described by Gran 

(1952). Salinity was measured with a conductivity 

meter (Meter LF 196) (Table 2). Irradiance was mea- 

sured using a 4 x quantum sensor (Li-Cor, LI-193SA). 

Growth rate. Each colony was photographed before 

skeleton sampling. The perimeter length and the sur- 

face area of the skeleton deposited at each tempera- 

ture were estimated using Sigma-Scan image analysis 

software. The linear growth rate was estimated by nor- 

malizing the surface area by the average perimeter 

length over time (mm d-l). 

Skeletal structure. The morphology and microstruc- 

ture of the skeletal calcareous fibro-crystals were 

The external precision, estimated using an internal 

standard, is 0.16%0 (2 X standard deviation, SD). The 

reproducibility of isotopic measurements calculated 

examined using scanning electron microscopy (Philips, 

505). These features were compared in cultured 

colonies (both the skeleton deposited on the glass slide 

and on the branches were examined) as well as in 

colonies grown in the field (hereafter referred to as 

'wild' colonies). The wild colonies of Stylophora pistil- 

lata and Acropora sp. were collected, respectively, in 

the Gulf of Aqaba (1 m depth) and Mururoa, French 

Polynesia (2  m depth). 

Diamond polished surfaces were etched using formic 

acid (1 % w:w) containing 2 % (w:w) glutaraldehyde for 

40 S in order to improve observation of both the pri- 

mary aragonite of calcification centers and growth 

laminations of secondary fibrous tissue. 

Statistical analysis. The relationship between 6"0 

and temperature was investigated using a predictive 

regression technique. All statistical analyses were car- 

ried out using the statistical package SyStat (5.2, SAS 

Institute, Inc.). Results are reported as mean + standard 

error of the mean (SE). 

Dissolved inorganic carbon 2.346 i 0.004 (5) 

(rnrnol kg-') 

Salinity 37.9 r 0.1 (12) 

RESULTS 

Growth rate 

Skeletal extension and deposition occurred verti- 

cally along the normal growth axis and horizontally on 

the glass slide (Fig. 1). The growth of coral tissues on 

the rim of the epoxy glue started a few days after the 
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preparation of the colonies. The deposition of calcium 
C 14 , -W S . p i s f i l l a f a  

carbonate began when the tissue layer was 2 to 3 mm = -A- Acropora SP.  

wide and occurred on the glass slide within approxi- 0 12 

mately 10 d. E P 
There was no significant effect of the species on the 6 'l0 1 .  

\ 

linear growth rate (ANOVA, p = 0.14, F= 2.23, df = 73). O o a .  \ 

- - - - - -  -4- *R/'' $ l+------ 
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Temperature had a statistically significant effect on the m o.,,6 L+ - - \ 

\ 
L 

linear growth rate (p = 0.03, F = 4.72) and this effect 

was the same for both Stylophora plstillata and Acro- O o 4 '  I 'I 

pora sp. as shown by the lack of interaction between 

temperature and species (p = 0.1, F = 2.78). The maxi- 

mum linear growth rate occurred at 27°C and was 

similar for S. pistillata and Acropora sp. (0.13 mm d-l; 

Fig. 2). The linear growth rate of both species was not 

significantly different at 21, 23, 25 and 27°C but was 

significantly greater in Acropora sp. than S. pistillafa at 

29°C (0.11 versus 0.05 mm d-l). 

The amount of CaC03 sampled ranged from 14 to 

107 mg and was always greater for Acropora sp. sam- 

ples than for Stylophora pistillata. 

Skeletal structure 

The corallites of both Stylophora pistillata and Acro- 

pora sp. deposited on the glass slldes typically had 6 

primary septa fused with the axial columella and 

were surrounded by short vertical spinules (Fig. 3a,b). 

Round-shaped microcrystalline units of the calcifica- 

tion centers occurred at the distal ends of the pillars 

(Fig. 3c,d). Microstructural observations did not reveal 

any difference in the shape, size and global arrange- 

ment of the fibrous units in cultivated and wild 

colonies of S. pistillata (Fig. 3e,g).  The microstructural 

organisation of the skeleton of cultivated Acropora sp. 

(Fig. 3f) exhibited the typical scaly appearance of acro- 

porid corals (Fig. 3h). Scales are the growing ends of 

sclerodermites several 100s of pm long, growing side 

by side but maintaining crystallographic characteris- 

tics all along their sinuous growth line. 

Organic matter removal 

An average 91 + 2 O/o of the skeletal powder was lost 

after a 12 h peroxide treatment and subsequent filtra- 

tion in Stylophora pistillata. The total loss of sample 

0 0 2 1  - 
2 1 23 25 27 29 

Temperature ('C) 

Fig. 2.  Stylophora pistillata and Acropora sp. horizontal linear 

growth rates (mm d-') of colonies as a function of temperature 

was less important (59 * 6%) for samples of Acropora 

sp. This difference is statistically significant (ANOVA, 

p < 0.0001). The rate of CaC03 dissolution was 7.6 + 
2.8 % for S. pistillata and 4.8 & 0.7 O/u for Acropora sp. 

(N = 3 for each species). 

The efficiency of organic matter extraction was 

tested for several samples of Acropora sp. No signifi- 

cant changes in the skeletal 6180 were found when the 

H 2 0 2  treatment was longer than 12 h (Fig. 4). There 

was no difference in efficiency for samples collected 

from colonies grown at different temperatures (data 

not shown). 

Oxygen stable isotope 

The seawater 6180 remained relatively constant both 

during a dial cycle (1.28%0 vs SMOW & 0.01, N = 3) and 

during the course of the year (1.29X0 * 0.01 vs SMOW, 

N = 39). 

Skeletal 6180 is shown as a function of temperature 

in Fig. 5. Samples of Stylophora pistillata displayed a 

variability much greater than that of Acropora sp. For 

example, the range of 6180 of S. pistillata and Acropora 

sp, at 25°C was, respectively, 1.24 and 0.56%0. Such 

variability does not seem to be related to differences in 

the culture tanks since the average 6180 was not sig- 

nificantly different in colonies of S. pistillata cultured 

at 25°C in 2 different aquaria (-2.47 and 2.72:iw; 

t-test, p = 0.24). The equation of Acropora sp. calibra- 

tion curve is: y = -0.27x+ 5.35 (r2 = 0.89, N = 17). For S. 

Fig. 3. Skeletal morphology and microstructure of (a to f )  cultivated and (g,h) 'wild' colonles of Stylophora pistlllata and Acrop- 

ora sp. (a,b] Morphology of typicdl corallites of S. pistillata (a; 72x) and Acropora sp. (b; 85x). (c,d) Calcification centers at the 

distal ends of the spinules of S. pistillata (c; 850x1 and Acropora sp. (d; 475x). (e.g) Fibrous microstructure of cultivated (e; 

1 6 5 0 ~ )  and 'wild' (g; 1 6 5 0 ~ )  specimens of S. pistillata. (f.h) Microstructure of cultivated ( f ;  950x1 and 'wild' (h; 950x) specimens 
of Acropora sp. 
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pistillata, it is: y = - 0 . 1 3 ~  + 2.10 (r2 = 0.22, N = 43). r is 

significantly different from 0 for both S. pistillata 

(t-test, p = 0.002) and Acropora sp. (t-test, p < 0.0005). 

DISCUSSION 

Coral nubbins (small pieces of branching colonies) 

and explants (fragments of massive colonies) are being 

increasingly used for measurements of physiological 

parameters, both in the field and in the laboratory (see 

Davies 1995). Several types of nubbins have been 

described: cemented on bricks (e.g. Edmonson 1929), 

glued on PVC pipes (e.g. Davies 1995) or suspended on 

2 1 23 25 27 29 

Temperature ("C) 

1 1 .  
21 23 25 27 29 

Temperature (OC) 

nylon wire (Al-Moghrabi et al. 1993). Such biological 

material offers many advantages including the small 

size of the specimens and the possibility of studying 

several replicates of identical genetic signature (i.e. 

clones) from a single parent colony (Davies 1995). 

Moreover, nubbins are free of encrusting and boring 

organisms. Cultured corals have been, however, sel- 

dom used to investigate the response of skeletal stable 

isotopic composition and trace element concentrations 

to changes in environmental parameters. The respec- 

tive role of environmental and physiological controls 

-1.5 

6 
P 
o 

2 5  

o 
'D 'D 

-3.5 

Fig. 5 Skeletal F'80 versus temperature in samples of 

(A)  Acropora sp. and (B)  Stylophora pistillata 

10 20 30 40 50 

Time (h) 
on the isotopic composition of reef coral skeletons is a 

matter of debate (Swart 1983). The study of samples 
Fig. 4 .  6lE0 of 3 different of Acropora sp. cultured under controlled conditions is the only way to 
cultured at 27'C as a function of durat~on of the H 2 0 2  treatment 

investigate the effect of environmental parameters on 

the physiology and skeletal composition of scleractin- 

ian corals. The parameters of interest (e.g. tempera- 

ture, light, salinity, concentrations of nutrients) can be 

changed one at a time or simultaneously. The physio- 

logical attributes can then be investigated and the 

skeleton deposited, recovered and analyzed. The 

information recovered using such a technique would 

be extremely valuable to analyze the environmental 

and physiological control of the skeletal composition 

but one needs to be able to precisely sample the 

CaC03 precipitated during the experiment without 

any interference from CaC03 precipitated prior to the 

experiment. 

Weil et al. (1981) studied the effect of light and tem- 

perature on the 6180 and 613C skeletal isotopic compo- 

sition of the corals Montipora verrucosa and Pocillo- 

pora damicornis grown in aquaria. Their method 

presented several disadvantages mostly related to the 

sampling of skeletal material. The specimens were 

stained with Alizarine Red-S at the beginning of 

each experiment, which was used as a chronological 

marker. At the end of the experiments, the corals were 

sacrificed, the tissues were removed and the skeleton 

deposited during the experiment (i.e. past the skeletal 

marker) was clipped. Alizarine staining was previously 

shown to be toxic for corals and to result in a decrease 

in calcification by ca 25% (Dodge et al. 1984). It is 

therefore possible that the composition of the skeleton 

precipitated after staining is altered. 

The coral culture technique on glass slides described 

in the present paper offers several advantages. Firstly, 

the samples are small (about 1 cm), which makes their 

manipulation easy and a large number of replicates 

readily available. Secondly, the experiments can be of 

relatively short duration due to the rapid horizontal 

growth on the slide. Linear growth varied between 

0.04 and 0.13 mm d-' and was highest at 27"C, a value 

consistent with data from the literature (see Budde- 

meier & Kinzie 1976 for a review). Thirdly, and more 

importantly, sampling of the skeleton and tissues 

. ,  m- 

+fi :W.-. -.) .A..... -.-. - . - .  . . .-m 

- - - - . . . . . - . - - - - a -  
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deposited during a known time interval is achieved 

with great accuracy which suppresses any mixing with 

skeleton deposited during the previous experiment. 

Fourthly, the sampled colonies are not sacrificed and 

can be subsequently used, enabling repeated-mea- 

sures experimental plans. 

It has been shown that the skeletal isotopic con~posi- 

tion can vary as a function of the skeletal structure 

(Land et al. 1975). A potential drawback of the culture 

technique described in the present paper relates to the 

possible differences between the structure of the 

skeleton sampled (deposited horizontally on the glass 

slide) and the structure of the skeleton deposited on 

the branch. There was, however, no significant differ- 

ence in the skeletal inicrostructure of colonies col- 

lected in the field and cultured under controlled condi- 

tions, according to the microscopic observations. It is 

interesting to note that there is no axial polyp on the 

horizontal part of the skeleton of cultured colonies of 

Acropora sp.; their initiation only begins when the 

skeleton reaches the edge of the slide. 

Another limitation is that branching coral species 

were used in the present study whereas massive spe- 

cies are used in most paleoreconstruction investiga- 

tions. Branching species were chosen because their 

growth rate is higher than that of massive species. 

They were therefore better candidates to validate the 

use of the new culture technique. We do not anticipate, 

however, any problem to apply this procedure to mas- 

sive species. 

The presence of organic matter of algal or animal ori- 

gin in skeletal samples can significantly affect the sta- 

ble isotopic signature of fossil corals (Boiseau & Juillet- 

Leclerc 1997). This problem is likely to be much 

greater in recent corals in which the amount of organic 

matter is considerably higher. A wide range of treat- 

ments have been used so far: vacuum roasting at 250 to 

300°C (McConnaughey 1989), hydrogen peroxide 

(H202) soaking (Weil et al. 1981), ultrasonic cleaning 

(Aharon 1991), low temperature oxygen plasma fur- 

nace (Goreau 1977, Erez 1978) and 5% solution of 

sodium hypochlorite (Weber & Woodhead 1970, 1972, 

Land et al. 1975). In some cases, no pretreatment of the 

carbonate was carried out prior to analysis (Mc- 

Connaughey 1989, Leder et al. 1996). 

A loss of 59 to 91 % of the raw samples occurred dur- 

ing the H202 treatment. Such treatment induces not 

only an oxidation of organic matter, but also a loss of 

CaC03 due to 2 processes (Boiseau & Juillet-Leclerc 

1997). A small proportion (less than 8%)  is lost as a 

result of skeletal dissolution because H202 is acidic 

(pH 4.2). The second, and most important, loss occurs 

during the subsequent step, when the mixture of H20, 

and skeletal powder is filtered. Some powder remains 

adhered to the glassware. Additionally, some particles 

of aragonite are trapped within the fibers of the filter. It 

is not possible to recover these particles without col- 

lecting some fibers as well, which would contaminate 

the sample and lead to spurious isotopic data. The 

larger size of the skeletal particles in Acropora sp. 

enables a better recovery on the filter and explains the 

lower loss of aragonite in these samples. We found that 

the superficial dissolution of aragonite that takes place 

during the H202 treatment removes the organic matter 

efficiently, including the material intimately attached 

to the skeleton. A 12 h incubation with HzOz was suffi- 

cient for the total removal of the organic matter. 

The experimental set-up enables the investigation of 

the variability within and between colonies, as well as 

between a genus belonging to 2 different families. Sty- 

lophora plstillata does not display a significant vari- 

ability within a single colony since the skeletal 6180 

was similar (between 0.2 to 0.6%0 at 25°C) in clones 

sampled from the same parent colony. The same result 

was obtained for clones sampled from a single colony 

of Acropora sp. The variability between clones sam- 

pled from different parent colonies is important in 

S. pistillata with differences in F"0 of up to 2%0 (at 

23°C) but cannot be assessed in Acropora sp. since all 

samples were collected from the same parent colony. 

Such variability may result from the geographic origin 

of the parent colonies, which were collected in several 

localities in the Red Sea. It is, however, difficult to 

understand how colonies of the same species could 

retain physiological differences when they are cul- 

tured under identical experimental conditions. This 

may indicate a taxonomic difference. All parent 

colonies were identified as S. pistillata according to the 

present taxonomic knowledge of the genus Stylophora 

(Veron & Pichon 1976, Kiihlmann 1983). It has however 

been demonstrated that the taxonomic status of that 

genus is still unclear in the Red Sea (Gattuso et al. 

1991). Moreover, samples retamed different color and 

shape when they were grown in the same experimen- 

tal conditions. Marchioretti et al. (1995) have also 

found a significant difference in the pigment content 

and growth rate of colonies identified as S. pistillata 

and grown in the same aquarium. The variability of the 

6180 signal in colonies of a single or a set of closely 

related species has implications for the interpretation 

of the isotopic data of recent and fossil corals. Firstly, 

fossil corals used for reconstructing the temperature 

record are often sampled from cores. The small sample 

size (a few cm) seldom enables identification at the 

species level. It is therefore possible that a pool of spe- 

cies of the same genus is used, each having a different 

response of F1'O with respect to temperature. Sec- 

ondly, calibration curves are often obtained on skeletal 

samples collected from a single colony of recent corals 

(Leder et al. 1996). Our data suggest that different cal- 



128 Mar Ecol Prog Ser 180. 121-130, 1999 

ibration curves may be obtained with other colonies. 

The magnitude of these differences and their signifi- 

cance when estimating paleotemperatures from the 

fossil record remain to be evaluated. Weber & Wood- 

head (1972) overcame this problem by deriving cali- 

bration curves for 44 coral genera using a large num- 

ber of samples collected from several colonies and at 

different localities. Additionally, the sample weight 

was several g and the isotopic "0 signal probably rep- 

resented the average annual temperature. 

The slopes of the relationship between skeIetal 6180 

and temperature obtained with Stylophora pistillata 

and Acropora sp. using a predictive regression 

(Model I )  are expressed in % "C-' and compared with 

data from the literature in Table 3. Most authors have 

used a standard regression technique to investigate 

the relationship between temperature ( Y )  and 6180 

(X). This is statistically inappropriate when none of the 

variables are controlled, as is the case for calibration 

carried out with colonies collected in the field. Geo- 

metric regression technique  model 11) should be used 

in this case. Temperature is controlled when calibra- 

tions are carried out under experimental conditions 

(present study) and is therefore used as the Xvariable, 

providing slopes in %O "C-' as opposed to units of 
oc n/ 1 found in other studies. The data provided in the 

literature do not enable derivation, of the slope 

expressed in '?L "C-' from the s b p e  reported in "C ?&-l. 

The slopes obtained in previous papers are reported in 

Table 3 as the inverse of the slope in "C It must be 

pointed out that this is an approximate procedure. In 

general, slopes of the calibration curve obtained for the 

corals range between -0.14 U/UO OC-l (Diploria labyrinthi- 

formis; Cardinal 1996) and -0.29".uo "C-' (Montipora 

sp.; Weber & Woodhead 1972). The slope obtained 

for Acropora sp., -0.27%" "C-' (or -3.28 ? 0.28"C L 

when temperature is the Y-axis), is close to the one 

reported by Weber & Woodhead (1972; -0.28% "C ' or 

-357°C ?!H, l). Cornu (1995) investigated samples of 

Acropora nobilis from 2 colonies recovered in Mayotte 

(Indian Ocean) and reported slopes of -0.19 and 

-0.27"4~ "C-'. Juillet-Leclerc et al. (1997a) have reported 

a slope of -0.151'un 'C-' for Acropora formosa (Great 

Barrier Reef, Australia). They suggested that such a 

low slope was a result of secondary aragonite deposi- 

tion which reduces the annual isotopic amplitude 

corresponding to the annual temperature difference 

(Juillet-Leclerc et al. 1.99713). 

The slope obtained with Stylophora pistillata 

(-0.13%0 "C-') is low compared to the one reported by 

Weber & Woodhead (1972; -0.22%0 "C-') and the 

correlation coefficient is weak. As mentioned above, 

the taxonomic status of the samples of S. pistillata used 

is not clear at the species level. The large variability of 

the results and the low correlation coefficient may 

result from a high variability within the genus as 

reported previously (Weber & Woodhead 1970). 

The new experimental coral culture technique 

described in the present paper enables easy and accu- 

rate sampling of calcium carbonate deposited under 

various controlled environmental conditions. This 

technique provides a unique opportunity (1) to investi- 

gate the effect of environmental factors on the isotopic 

composition and tra.ce element concentration in coral 

skeleton and, therefore, (2) to calibrate the proxies 

used to derive information on past tropical oceanic cli- 

Table 3. Slope of the relationship between 6180 and temperature ('!,W, 'C-'). The inverse value of the slope expressed in "C "& ' is 
given. Only 4 of the 44 calibrations of Weber & Woodhead (1972) are shown. b is the slope of the regression line 

Source Type and species Locations K b SE r2 
- 

Weber & Woodhead (1972) Pocillopora 24 loca ti.ons 224 -0 26 - 
Mon tipora 20 locations 20 -0 29 - 
Acropora 27 locations 835 -0.28 - 
Stylophora 15 locations 102 -0 22 - 

Weil et al. [1981) 

Cornu (1995) 

Montipora verrucosa Aquanum culture 17 -0.22 0.03 0.74 

Pocdlopora damicornis Aquarium culture 25 -0.23 0.02 0.80 

Acropora forrnosa Mayotte 

A. nobilis Mayotte 

A. nobiljs Mayotte 

Juillet-Leclerc (1997) Acropora formosa Great Barrier Reef, 
Australia 21 -0.15 0.02 0.73 

Thls study Acropora sp Aquarlum culture 17 -0.27 0.02 0.89 

S, pistillata Aquarium culture 43 -0 13 0.02 0.22 
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mate. The skeletal microstructure is similar in corals 

grown in aquaria and in situ. 

The slope of the relationship between skeletal 6180 

and temperature in Acropora sp. is close to the in situ 

calibration previously reported in the literature. The 

large variability of the skeletal 6180 obtained in pieces 

of Stylophora sampled from different parent colonies 

provides indirect evidence that within-genus variabll- 

ity may scramble the information recorded in skeletal 

carbonate. It is suggested that the taxonomic status of 

the colonies used should be carefully considered prior 

to using a particular calibration curve to make infer- 

ences on past temperature. This culture technique is 

presently being used to investigate the effect of envi- 

ronmental parameters other than temperature, such as 

salinity, light and CO2 partial pressure on the stable 

isotope composition and trace element concentration 

of coral skeleton. 

Acknowledgements. This paper is dedicated to the memory of 

our friend Samantha Romaine-Lioud, she is sorely missed. 

Thanks are due to E Tambutte for his invaluable help with 

the coral culture technique. S. Dallot for his advice on statisti- 

cal analysis, M. Boiseau for her numerous clarifications about 

stable isotope determination. M. Stievenard (LSCE, CEA) for 

the seawater F"O measurements and J.-C. Miquel (IAEA) for 

giving access to the Sigma-Scan software. J. Chisholm, P. 

Virtue and 4 anonymous reviewers prov~ded useful comments 

on an early draft of t h ~ s  paper 

LITERATURE CITED 

Aharon P (1991) Recorders of reef environment histories: sta- 

ble isotopes in corals, giant clams, and calcareous algae. 

Coral Reefs 10:71-90 

Al-Moghrabi S, Allemand D, Jaubert J (1993) Valine uptake 

by the scleractinian coral Galaxea fascicularis: characteri- 
zation and effect of light and nutritional status. J Comp 

Physiol B 163:355-362 

Barnes DJ, Lough JM (1996) Coral skeletons: storage and 

recovery of environmental information. Glob Change Biol 

2:569-582 

Beck JW, Edwards RL, Ito E, Taylor FW, Recy J ,  Rougerie F, 

Joannot P, Henln C (1992) Sea-surface temperature from 

coral skeletal strontium/calcium ratios. Science 257. 

644-647 

Boiseau M, Juillet-Leclerc A (1997) Hz02 treatment of recent 

coral aragonite: oxygen and carbon isotopic implications. 

Chem Geol 143:171-180 

Boiseau h.1, Cornu H, Turpin L, Julllet-Leclerc A (1997) 

Mesures conjolntes des rapports Sr/Ca et 6180 effectuees 

sur Acropora nobibs et Porites lutea: le paleothermometre 
Sr/Ca est-il toujours fiable? C R Acad Sci 325:747-752 

Buddemeier RW, Kinzie RA 111 (1976) Coral growth. Oceanogr 
Mar Biol Annu Rev 14:183-225 

Cardinal D (1996) Reconstitution des paleoenvironnements 

oceaniques par I'analyse des elements traces (Cd, U, Sr) 
dans les carbonates de coraux et de foraminiferes planc- 

toniques These de Doctorat, St Jerbme, Aix-Marseille 

Chadwick-Furman NE (1996) Reef coral diversity and global 

change. Glob Change Biol2:559-568 

Cook ER (1995) Temperature histories from tree rings and 

corals. Clim Dynamics 11:211-222 

Cornu H (1995) Enregistremc'nt de traceurs dans les 

squelettes de coraux recents en relation avec l'envlron- 

nement (Mayotte, canal de  Mozambique). Applications 

paleoclimatiques. These de  Doctorat, Univ Paris V1 

Craig H (1957) lsotopic standards for carbon and oxygen and 

correction factors for mass-spectometric analysis of carbon 

dioxide. (;eochim Cosmochi~n Acta 12:133-149 

Davies PS (1995) Coral nubbins and explants for reef assess- 

ment and laboratory ecotoxicology. Coral Reefs 14. 

267-269 

de  Villiers S. Nelson BK, Chivas AR (1995) Biological controls 

on coral Sr/Ca and 6'"O. Reconstructions of sea surface 

temperatures. Science 269:1247-1249 

Dodge RE, Wyers SC, Frith HR, Knap AH, Smith SR, Cook CB, 

Sleeter TD (1984) Coral calcification rates by the buoyant 

weight technique: effects of al~zarlne staining. J Exp Mar 

Biol Ecol75 217-232 

Dunbar RB, Wellington GM (1981) Stable isotopes in a 

branching coral monitor seasonal temperature variation. 

Nature 293:453-455 
Edmonson CH (1929) Growth of Hawaiian corals. Bernice P 

Bishop Mus Spec Pub1 58:l-38 

Erez J (1978) Vital effect on stable-isotope composition 

seen in Foraminifera and coral skeletons. Nature 273: 

199-202 
Gattuso JP, Plchon M, Jaubert J (1991) Physiology and taxon- 

omy of scleractinian corals: a case study in the genus Sty- 

lophora. Coral Reefs 9:173-182 

Goreau TJ (1977) Coral skeletal chemistry: physiological and 

environmental regulation of stable isotopes and trace met- 

als in Montastrea annularis Proc R Soc Lond Ser B 196: 

291-315 

Gran G (1952) Determination of the equivalence point In 
potentiometric titrations. Part 11. Analyst 77:661-671 

Hut G (1987) Stable isotope reference samples for geochemi- 

cal and hydrological investigations. Consultant Group 

Meeting IAEA. Vienna 16-18 September 1985. Report to 

the Director General, IAEA, Vienna 

Juillet-Leclerc A, Gattuso JP, Montaggioni LF, Plchon M 

(1997a) Seasonal variation of primary productivity and 

skeletal 6I3C and 6180 in the zooxanthellate scleractinian 

coral Acropora formosa.  mar Ecol Prog Ser 157:109-117 

Juillet-Leclerc A, Montaggioni LF, Pichon M, Gattuso JP  

(1997b) Effects of calcification patterns on the skeleton's 

oxygen isotopic composition of the scleractinian coral 

Acropora formosa. Ocean01 Acta 20:645-658 

Kuhlmann DHH 11983) Composition and ecology of deep- 

water coral associations. Helgol Meeresunters 36:183-204 

Land LS, Lang JC. Barnes DJ (1975) Extension rate: a prlmary 

control on the isotopic composition of Wcst Indian 

(Jamaican) scleractinian reef coral skeletons. Mar Biol 33: 
221-233 

Leder JJ ,  Swart PK, Szrnant AM, Dodge RE (1996) The origin 

of variations in the isotopic record of scleractinian corals: I.  
Oxygen. Geochim Cosmochim Acta 60:2857-2870 

Marchioretti M,  Bussi C,  Gattuso JP, Jaubert J (1995) Growth 

rate of two laboratory stralns of Stylophora pistlllata [Scle- 

ractinia): environment dependent and intraspecif~c varia- 

tions. In: Den Hartog J C  (ed) Proceedings of the 6th Inter- 

national Conference of Coelenterate Biology. 16-21 July, 

Noordwij kerhout, p 65-66 

McConnaughey T (1989) I3C and 'Q isotopic disequilibrium 

in biological carbonates. I Patterns. Geochim Cosmochim 

Acta 53.151-162 

McCulloch MT, Gagan MK, Mortimer GE, Chivas AR, Isdale 



130 Mar Ecol Prog Ser 180: 121-130, 1999 

PJ (1994) A high-resolution Sr/Ca and S1'O coral record 
from the Great Barrier Reef, Australia, and the 1982-1983 
El Nino. Geochim Cosmochim Acta 58:2747-2354 

McCulloch M. Mortimer G, Esat T. Xianhua L, P~llans B, 
Chappell J (1996) High resolution windows into early 
Holocene climate: Sr/Ca coral records from the Huon 
Peninsula. Earth Planet Sci Lett 138:169-178 

Min GR, Edwards RL, Taylor FW, Recy J ,  Gallup CD, Beck 
JW (1995) Annual cycles of U/Ca in coral skeletons 
and U/Ca thermometry. Geochim Cosmochim Acta 59: 
2025-2042 

Mitsuguchi T, Matsumoto E, Abe 0, Uchida T, Isdale PJ 
(1996) Mg/Ca thermometry in coral skeletons. Science 
274:961-963 

Raynaud D, Jouzel J ,  Barnola JM, Chappellaz J ,  Delmas RJ, 
Lorius C (1993) The ice record of greenhouse gases. Sci- 
ence 259:926-934 

Sheppard CRC (1982) Coral populations on reef slopes and 
their major controls. Mar Ecol Prog Ser 7:83-115 

Spero HJ, Lea DW (1993) Intraspecific stable isotope variabil- 
ity in the planktic foraminifera Globigerinoides saccd~fer:  
results from laboratory experiments. Mar Micropaleontol 
22~221-234 

Spero HJ, Bijma J,  Lea DW, Bemis BE (1997) Effect of seawa- 

Editorial responsibjlity: Otto Kinne (Editor), 

Oldendorf/Luhe, Germany 

ter carbonate concentration on foraminiferal carbon and 
oxygen isotopes. Nature 390:497-500 

Swart PK (1983) Carbon and oxygen isotope fractionation in 

scleractinian corals: a review. Earth Sci Rev 19:51-80 
Thompson LG, Mosley-Thompson E, Davis IME, Lin PN, Hen- 

derson KA, Cole dai J ,  Bolzan JF, Liu KB (1995) Late 
glacial stage and holocene tropical ice core records from 
Huascaran, Peru. Science 269:46-50 

Veron JEN, Pichon IM (1976) Scleractinia of Eastern Austraha. 
Part I: Families Thamnasteriidae, Astrocoeniidae, Pocillo- 
poridae. Aust Inst Mar Sci Monogr Ser 1:l-86 

Weber JN, Woodhead PMJ (1970) Carbon and oxygen isotope 
fractionation in the skeletal carbonate of reef-buildmg 
corals. Chem Geol 6:93-117 

Weber JN, Woodhead PMJ (1972) Temperature dependence 
of oxygen-18 concentration in reef coral carbonates. 
J Geophys Res 77:463-473 

Weil SM, Buddemeier RW, Smith SV, Kroopnick PM (1981) 
The stable isotopic composition of coral skeletons: control 
by environmental variables. Geochim Cosmochim Acta 
45:1147-1153 

Wellington GM, Dunbar RB, Merlen G (1996) Calibration of 
stable oxygen isotope signatures in Galapagos corals. 
Paleoceanography 11:46?-480 

Submitted: February 18, 1998; Accepted: December 23, 1998 
Proofs received from author(s): April 6, 1999 



Erratum 

A novel culture technique for scleractinian corals: application to 
investigate changes in skeletal 6180 as a function of temperature 

S. Reynaud-Vaganay, J.-P. Gattuso, J.-P. Cuif, J. Jaubert, A. Juillet-Leclerc 

ivfar Ecol Prog Ser 180: 121 -1 30, 1999 

The 6180 data which appeared in Fig. 5 of the above- 

mentioned paper are incorrect. Values of seawater 

6 ' 8 0  were mistakenly added instead of subtracted 

from aragonite S80. The correct data are 2.04 %o more 

negative than shown in the original figure. The cor- 

rected figure is presented below. 

This change makcs no difference to the conc!usions of 

the paper. 

21 23 25 27 29 

Temperature ("C) 

Fig . 

Temperature ("C) 

5. Skeletal cS'~O versus temperature in samples of 
(A)  Acropora sp.  and ( B )  Stylophora plstillata 


