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Introduction n 
Introduction n 

Tropicall  reef corals thrive in oligotrophic alkaline environments with high calcium und 
carbonatee saturation states (Gattuso, 1999). The scleractinian corals harbor endosymbiotic 
unicellularr algae (zooxanthellae) which provide their coral host with photosynthates and 
moreoverr support skeletal growth via light-enhanced calcification. The process of 
biomineralizationn is one of the most important biological processes in the living 
environmentt with corals among the major calcifying groups and an estimated reef 
calcificationn of 10 kg CaCCH m'V1 (Bak, 1976; Chave et al., 1975). Together with 
coccolithophoridss and coralline algae, reef-building corals contribute to more than half of 
thee world's CaCÖ3 production (Milliman and Droxler, 1996). Coral reef growth is linked to 
aragonitee saturation state of ambient seawater and rising C02 levels represent a serious 
threatt to coral reef growth in potential depressing calcification rates of corals and other 
calcifyingg organisms (Gattuso et al., 1999; Kleypas et al., 1999; Langdon et al., 2000; 
Leclercqq et al., 2000; Marubini and Thake, 1999; Riebesell et al., 2000). The other way 
around1,, atmospheric C02 fixation through photosynthesis of zooxanthellae or CO2 release 
throughh coral calcification are of minor significance for present day global carbon cycling 
(Waree et al., 1992). However during glacial-interglacial cycles coral C02 fixation most 
likelyy had some influence on atmospheric C02 levels (Qpdyke and Walker, 1992). 

Mostt scleractinian corals are modular organisms, with the modules of the polyps 
intercormected,, acting as a single organism that deposits CaC03 in a regularly structured 
exoskeleton.. Skeleton morphology varies greatly and comprises encrusting, branching, 
tabularr and massive colony shapes. Especially colonies with a massive growth form that can 
groww to a diameter of several meters are important in paleoclimate reconstruction. 

Duringg the process of calcification isotopic fractionation and trace element incorporation 
intoo the skeleton reflect the actual environmental conditions of ambient seawater. With a 
diameterr of several meters a coral skeleton can encompass a time span of several centuries 
andd function as high-resolution storage of the past environment (Barnes and Lough, 1996). 
Thee discovery of annual growth patterns, with high and low density band formation 
(Knutsonn et al., 1972), facilitated sclerochronology and has ever since enhanced the 
utilisationn of corals as paleoenvironmental records. 

StableStable isotopes 

Alll  elements consist of isotopic forms which are distinct by small differences in their 
masss that results in different physical and chemical characteristics of the different isotopic 
formss (Lajtha and Michener, 1994). The lighter isotopes (e.g., 12C, 14N, lfiO) usually form 
weakerr chemical bonds and react faster than ihé heavier isotopes (e.g., l3C, 1SN, lsO). 
Fractionationn is defined as the change in isotopic abundance in chemical species due to 
chemicall  and/or physical processes. 
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Exploringg stable isotopes is seleractipian corals Chapter! 
Isotopicc composition of a sample is expressed as the ratio of the heavy to the light isotope 

measuredd with a mass spectrometer. The ratio from absolute abundances of isotopes would 
bee very small and because of problems related to sample heterogenity, sample preparation 
andd day-to-day fluctuations within the mass spectrometer, isotopic composition of most 
materialss is expressed as the normalized ratio of the sample to a standard: 

<*XX = ((Rw p̂te /IU«tarf) - 1] x 1000 

wheree X is thé heavy stable isotope. R̂ mpie and RgtsndaKi are the ratios of heavy to light 
isotopess of sample or standard, respectively. 

SkeletalSkeletal oxygen and carbon stable isotopes of corals 

Sincee the pioneering work in stable isotope chemistry of Urey and co-workers (Epstein 
andd Lowenstam, 1953; Urey, 1947) the usefulness of stable isotopes of biogenic carbonates 
hass been documented in a great variety of organisms such as nannoplankton, benthic and 
planktonicc algae, sponges, corals, bryozoans, polychaetes, arthropods, bivalves, gastropods, 
cephalopoda,, and vertebrtates (Wefer arid Berger, 1991). Stable isotopes have become: 
standardd tools in past climate reconstruction with time-scales varying from short-term 
(seasonal)) to long-term (e.g. glacial-intérglacial) periods dependent on the organisms or 
substratee studied 

Itt has been shown, that the skeletal stable isotopes of corals are offset from isotope 
equilibriumm of aragonite in seawater (Weber and Woodhèad, 1972). This "vital effect" has 
beenn attributed to coral metabolism and growth (Erez, 1978; Goréau, 1977; Land et al., 
1977;; Land et al., 1975). Since then biogenic oxygen and carbon isotope fractionation of 
coralss has been explained with the model of kinetic and metabolic isotope effects 
(MeConnaughey,, 1989a; MeConnaughey, 1989b). Kinetic effects result in simultaneous 
depletionn of  i80 and 13C, while metabolic effects are thought to affect only the 12C/I3C ratio 
withh respiration lowering and photosynthesis elevating of the skeletal 613C sigóaL 

CoralCoral species studied 

Stablee isotopic signatures of the massive Porites spp from Indonesian reefs, Montastraea 
annularisannularis and Madracis spp from reefs of Curacao, Netherlands Antilles, were subject of 
miss thesis. The massive coral species of the genus Porites are probably the most important 
coralss used in proxy-related climate reconstruction. Massive Porites are characterized by 
fastt linear skeletal growth with ca. 1 cm per year, small polyps and a porous and very 
homogenouss corallite and skeleton structure. The massive Montastraea annularis is 
specificallyy of importance in climate reconstruction where massive Porites is absent This is 
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thee case for the tropical Atlantic ocean. Montastraea is characterised by relatively big 
corallitess with distinct corallite morphology. The larger size and heterogenity of corallite 
morphologyy makes it more difficult to retrieve a regular and continuous resolution for stable 
isotopicc time-series analyses. Thus climate reconstruction is more likely biased with respect 
too the age-model and isotopic signatures. The genus Madracis is actually of no 
consequencee in climate reconstruction, but it is a well studied genus at coral reefs of 
Curacaoo (Bak, 1976; Bak and Criens, 1982; Diekmann et al.» 2001; Diekmann et al., 2002; 
Diekmannn et al., 2003; Kaandorp et al., 2003; Nagelkerken et al, 2000; Vermei], 2002; 
Vermeijj  and Bak, 2002; Vermeij et al., in press). The Caribbean species óf this genus show 
veryy distinct distribution patterns with the branching species M mirabilis, M. carmabi n.sp 
andd M. formosa being restricted to shallow, intermediate and deep depths, respectively. On 
thee other hand is the encrusting to massive species M. pharensis abundant over the entire 
depthh range of the branching species. Madracis is an abundant genus in coral reefs of 
Curacaoo and the divergent distributional behaviour with depth, as well as the differences in 
colonyy morphology and the different strategies of photoacclimation between branching 
depthh specialists and the depth generalist M pharensis make them a suitable model genus to 
studyy taxon and growth specific isotope effects. 

Thesiss Outline 

Thiss thesis was part of the project „Climate History" in the frame of the NEBROC 
(Netherlandss Bremen Oceanography) cooperation. The general aim was to investigate the 
sourcess of variation in the stable oxygen and carbon isotope climate proxies of coral 
skeletons.. Since it has been recognized that the variability of skeletal isotopes is not solely 
influencedd by environmental factors but also to a great extent by the coral biology, a more 
intregratedd approach between the disciplines of biology, geochemistry and geology has been 
sought.. The interpretation of isotope fractionation in relation to coral biology has 
consequentlyy received greater attention with respect to proxy calibration. The focus of this 
workk is on stable isotope variation caused by "vital effects" that may be related to 
zooxanthellaee photosynthesis,, trophic relationships, skeletal growth and species specifity. 

Inn Chapter 2, a very basic but to date unanswered question was dealt with. The question 
addressedd the magnitude of variation of replicate §180 climate signals from Pontes 
skeletons.. Theoretically, if corals have grown in the same environment and would thus have 
experiencedd the same environmental changes through time the skeletal 5180 signals from 
replicatee time series should be identical. We systematically compared short time series of 
skeletall  6lsO from Porites spp, the most important genus used in coral climate 
reconstruction.. In more detail, the question related to species specific isotope fractionation 
wass addressed by comparing the §I80 time series sampled from the same colony, from 
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Exploringg stable isotopes in scleractroian corals Chapter 1 
differentt colonies and from different species growing at the same site. Only the comparison 
off  isochronic samples from the same colony or species would give evidence that the 
variationn observed in 5lsO signals from different species would indeed be caused by 
species-specificc isotope fractionation. Variation between isochronic ö180 signals may also 
bee contributed to other non-environmental sources of variation of which methodological 
errorss in chronostratigraphic data alignment could be one. 

Inn Chapter 3 skeletal 613C and §180 of branching depth specialist species Madracis 
mirabilismirabilis and M. formosa and the encrusting to massive depth generalist Mpharensis were 
studied.. Time-corresponding skeletal surface samples were compared between die two 
distributionall  forms and variation on intra-colony scale related to metabolic and kinetic 
isotopee fractionation. Also, the question if skeletal stable isotopes can can used as potential 
indicatorss of species specific ecological adaptation and specialisation was addressed. 

Chapterr 4 follows the question of whether mere's a shift in auto- versus heterotrophic 
feedingg with increasing water depth in branching depth specialist species Madracis spp. 
Thiss was done by using tissue nitrogen and carbon isotopes. To further address the question 
off  "resource partitioning''̂  the translocation of photosynthates from zooxanthellae to the 
corall  host and nutrients from host to algal symbionts, 513C signals of separated 
zooxanthellaee and polyps were analysed. 

Finally,, Chapter 5 investigates photopigment composition and zooxanthellae densities in. 
relationn to tissue 613C and skeletal 513C and 8i80 of corresponding samples. The larger 
massivee coral Montastraea annularis and 4 species of Madracis spp were sampled at 
differentt colony surface positions and depths. The aim was to relate photObiology and 
aspectss of photoacclimation to skeletal isotope fractionation of both tissue and skeleton on 
intra-colonyy scale, and versus depth, and to elucidate the role of photobiology on isotope 
fractionationn in the coral skeleton. 
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