Intercolony variability of skeletal oxygen and carbon isotope signatures of cultured Porites corals: Temperature-controlled experiments
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Abstract
The skeletal oxygen isotope ratio of Porites corals is the most frequently used proxy of past seawater temperature and composition for tropical and subtropical oceans. However, field calibration of the proxy signals is often difficult owing to the dual dependence of skeletal oxygen isotope ratio on temperature and the oxygen isotope composition of water. We conducted tank experiments in which we grew Porites spp. colonies for 142 d in thermostated seawater at five temperature settings between 21°C and 29°C under moderate light intensity of 250 μmol m−2 s−1 with a 12:12 light:dark photoperiod. A skeletal isotope microprofiling technique applied along the major growth axis of each colony revealed that the oxygen isotope ratios of newly deposited skeleton in most colonies remained almost constant during tank incubation, thus providing an ideal situation for precise calibration of oxygen isotope ratio proxy signals. However, the oxygen isotope ratios displayed an unusually large intercolony variability (∼1‰) at each temperature setting although the mean slope (∼0.15‰ °C−1) obtained for the temperature–skeletal oxygen isotope ratio relationship was close to previous results. The intercolony variations in the oxygen isotope ratios were apparently caused by kinetic isotope effects related to variations in the skeletal growth rate rather than by species-specific variability or genetic differences within species. No correlation was found between skeletal carbon isotope ratios and temperature. The carbon isotope ratios showed significantly inverse correlation with linear growth rates, suggesting a kinetic isotope control at low growth rates. Observed intercolony variability in skeletal carbon isotope ratios (∼5‰) can be partly attributed to growth-rate-related kinetic isotope effects.
Introduction
Scleractinian corals provide high-resolution (monthly and near-weekly) climate and environmental records for the world’s shallow-water tropical and subtropical ocean regions (e.g., Gagan et al 2000, Schrag and Linsleyt 2002, Felis and Pätzold 2004, Lough 2004). The coral oxygen isotope ratio (δ18O) reflects to changes in the sea surface temperature (SST) and the oxygen isotope ratio of the ambient seawater (which is related to salinity), whereas the skeletal Sr/Ca ratio in corals is controlled primarily by changes in SST (McCulloch et al., 1994). By conducting coupled measurements of coral skeletal δ18O and Sr/Ca ratios, changes in both the SST and the seawater oxygen isotope ratio over a period of several centuries can be determined (e.g., Hendy et al., 2002).
The temperature dependence of δ18O in coral aragonite has been calibrated using natural samples (e.g., Weber and Woodhead 1972, Dunbar and Wellington 1981). Differences between the slopes of the temperature–skeletal δ18O relationship for corals and experimental values determined for synthetic calcite (Epstein et al., 1951) and foraminiferal tests (O’Neil et al., 1969) were first attributed to sampling artifacts which may have decreased the amplitude of the annual δ18O cycle (e.g., Weber and Woodhead, 1972). Because coral δ18O values are controlled by the interplay of temperature and the isotopic composition of seawater (related to salinity), the calibration problems cannot be easily solved in the field, where temperature and salinity as well as coral skeletal growth vary with time.
The relationship between coral δ18O and seawater temperature has also been examined from the viewpoint of reproducibility. The observed offset of the coral δ18O–temperature relationship from isotope equilibrium, which is known as the “vital effect,” is not constant within an individual coral or among colonies of the same species. Choosing the major growth axis as an isotopic transect has become the standard method for acquiring climate proxy signals from coral skeletons because lateral isotopic variation is present along the surface, caused by variation in the skeletal growth rate (McConnaughey, 1989). Even following this standard technique, Linsely et al. (1999) found, based on the examination of six Porites lobata colonies at Clipperton Atoll, a intercolony variation of as much as 0.4‰. More recently, Felis et al. (2003) reported a surprisingly large intercolony variation of up to 1.28‰ for Porites spp. corals at a single site, which the authors attributed to variable growth rates ranging from 0.2 to 1.5 cm y−1. As a practical countermeasure, some level of replication (ideally, three separate corals) of geochemical tracers at each site is recommended to enhance the reliability of the paleoclimatic record (Felis et al 2004, Lough 2004).
Calibration studies with corals cultured under controlled environmental conditions have been carried out since the late 1990s (e.g., Grottoli and Wellington 1999, Reynaud-Vaganay et al 1999, Reynaud-Vaganay et al 2001, Ferrier-Pages et al 2002, Grottoli 2002). An experimental technique using coral nubbins and explants (Davies, 1995) has been widely applied, not only for laboratory ecotoxicology experiments but also for environmental assessment and geochemical studies of coral skeletons in the field. More recently, Reynaud-Vaganay et al. (1999) examined the skeletal isotopic compositions of Acropora sp. and Stylophora pistillata cultured on glass slides. Reynaud-Vaganay et al. (1999) concluded that the best way to investigate the effect of a specific environmental parameter (e.g., temperature, light, salinity, or concentrations of nutrients) on coral isotopic composition was to study samples cultured under controlled conditions through the manipulation of the parameter of interest while the others are held constant. The effect of feeding on skeletal δ13C in Stylophora pistillata was examined by Reynaud et al. (2002). According to statistics compiled by D. Barnes and J. M. Lough (personal communication), 39% of the published works on coral skeletons deal with the genus Porites, yet few controlled experiments on cultured Porites corals have been performed.
In this study, we cultured corals for ∼5 months in temperature-controlled tanks to investigate the temperature dependence and intercolony variability of the skeletal isotope signals of Porites spp. A microprofiling technique that was previously successfully applied to Porites corals (Suzuki et al., 2003) was employed to examine temporal changes in skeletal isotopic signals during the culture period.
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Coral Materials
The experiment was conducted in a laboratory using colonies of Porites spp. zooxanthellate scleractinian corals. These specimens were collected off the temperate coast of southern Shikoku Island, Japan. Local sea-surface temperature varies between ∼17°C and 28°C with annual mean value of 22°C (1997-2002; Japan Oceanographic Data Center). All colonies were initially cultured for 10 weeks under a maximum light intensity of ∼500 μmol m−2 s−1 in an open-air tank with partial shading and then
Tank Water Properties During the Experiment
The water temperatures of five experimental tanks were successfully controlled near the thermostated settings; the average temperature (± standard deviation) in each tank was 21.0 ± 0.3°C, 23.1 ± 0.2°C, 25.1 ± 0.2°C, 26.8 ± 0.3°C, and 28.8 ± 0.3°C, respectively, based on monitoring by temperature loggers at 20-min intervals (Fig. 1A). Although some freshening events caused by local rainfall were evident in salinity, it varied within a relatively narrow range around 34.5 during most of the
Temperature Dependence of Skeletal Isotope Composition
We here examine the mean slope of the relationship between skeletal δ18O and temperature based on the entire data set, although the most surprising result of the present study was the unexpectedly large intercolony variation at each temperature setting. As shown in Fig. 4A, the slope of this relationship (−0.154‰ °C−1) is somewhat lower than values obtained by field calibration and previously reported in the literature (−0.17‰ to −0.22‰ °C−1; see Table 1 in Suzuki et al., 1999). Interestingly,
Summary
We conducted tank experiments in which we grew Porites spp. colonies in thermostated seawater at five temperature settings between 21°C and 29°C under moderate light intensity of 250 μmol m−2 s−1 with a 12:12 light:dark photoperiod. The genus Porites was chosen as the species of investigation because of its general importance in paleoclimatological studies. A skeletal isotope microprofiling technique applied along the major growth axes of each colony revealed that the δ18O value of newly
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