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Chapterr  1 

Introductio nn and Thesis Outline 



Introduction n 
Introductio n 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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Introduction n 

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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Effectt of skeletal growth and lack of species effects in skeletal SO within Pontes 

Abstract t 

Wee investigated variations in skeletal S180 within the scleractinian coral species Porites 
lutea,lutea, P. australiensis and P. tnurrayemisy looking at the intra-colony, inter-colony and 
between-speciess level. This provides unambiguous information to test the existence of 
species-specificc effects and other non-environmental sources of variation affecting the 
oxygenn isotope climate signal. Comparing replicate isochronic 8!80 time series revealed 
thatt there was no species-specific effect on skeletal 8l8Ö. Non-environmental variation 
couldd be attributed to methodological constraints in sampling and to variations in annual 
linearr skeletal extension (LSE). Annual LSE was on average 10 mm 9 S.D., and ranged 
fromm 4.5 to 18 mm. Correlation analyses between mean annual 6lsO and annual LSE 
showedd weak but significant and negative correlations for all years. When the slope of 5l80 
versuss LSE of the respective years was used to correct monthly 8180 for variations due to 
LSE,, the average standard deviation (S.D.) between the 12 replicate monthly 8180 values 
wass reduced by 18 %. Only after removing the effect of LSE on coral 5J80, was it possible 
too identity in the coral S180 rime series the severe drought in Indonesia that preceded the 
1982-833 El Nino event 
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Exploringg stable isotopes in scleractinian corals Chapter 2 

Introductio n n 

Massivee scleraetinian corals continuously precipitate aragonite (CaCC)̂ within their 
skeletonn and skeletal growth usually ranges from a few millimeters to more than 1 
centimeterr per year. The oxygen isotopic composition of the skeleton is used as proxy of 
climatee variability on the seasonal as well as long-term seale (e.g., Cole et al., 1993; 
Fairbankss and Dodge, 1979; Linsley et al., 1994; Patzold, 1984). Frequently, the skeletal 
51800 signal reflects the combined effect of warm and wet, or cold and dry, climate 
conditionss (Cole et al,, 1993; Felis et al., 2000; Gagan et al., 2000; Linsley et al., 2000a). 

Alll  corals in an area would produce identical isotopic records if skeletal 5180 responded 
onlyy to sea surface temperature (SST) and seawater 8l80 (5I8Osw). However, recent studies 
showedd that this is not the case. For Pontes spp. replicate 5lsO profiles can vary by up to 
0.44 %o (Linsley et ah, 1999) or are consistently offset by 0.1 to 0.2 %o (Guilderson and 
Schrag,, 1999). Corals (and other organisms with calcareous skeletons) fractionate stable 
isotopess in disequilibrium with the surrounding seawater. This biologically mediated "vital 
effect""  has been proposed as possible explanation for taxon specific equilibrium offsets in 
thee stable isotope composition (Leder et al., 1996; Linsley et al., 1999; Weber and 
Woodhead,, 1972). 

Fasterr skeletal growth is usually associated with strong kinetic effects, that result in more 
depletedd skeletal isotope ratios (De Villiers et al., 1995; Heikoop et al., 2000; Land et al., 
1975;; McCcmnaughey, 1989 a; McCórmaughey, 1989 b; McConnaughéy et al, 1997). In 
contrast,, Leder et al. (1996) found that the 8180 of rapidly growing portions of Montastraea 
annularisannularis were 0.1 to 0.2 %o heavier man the slowest growing portions of the colony. This 
wass explained by a reduced sampling resolution in the slower growing portions, which leads 
toto an attenuation effect on the 5lsO signal. 

Thee présent study aims at clarifying the role of non-environmental sources of variation in 
thee corals Porites lutea, P. murrayensis and P. australiensis with a strong focus on species-
specificc and skeletal growth effects on coral SlsO. Our approach is unique with respect to 
thee number of replicate coral 8!80 time series (N-12) and me comparison of isochronic 
corall  6180 on intra-colony, inter-colony and betweea-species level. This provides general 
informationn on the amount of variation of replicate coral 6lsO time series. Moreover, with 
ourr sampling design it is possible to differentiate intér-colony or species-specific variation 
inn 6180 as opposed to variation of 8180 that also occurs on mtra-colony level. 
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Effectt of skeletal growth and lack of species effects in skeletal 518Q within Porites 

Materiall  and methods 

SiteSite Description, Coral Sampling and General Procedure 

Duringg the Snellius II Expedition (van Duyl, 1991; Bak and Povel, 1988) Porites 
coloniess were collected on October 19, 1984 in ca. 6 m depth at the north-eastern side of 
Takaa Bone Rate (6°32'S; 121°13'E), Flores Sea, Indonesia (Fig. 1) by SCUBA diving. The 
reeff  slope changed only littl e and corals have been collected within a distance of 10 m 
horizontallyy and no more than 1 m vertically. Al l coral samples were "free-standing" and 
havee not been subjected to shading by other reef structures or biota. Taka Bone Rate is the 
largestt pseudoatoll in Eastern Indonesia. It is situated at the western margin of the Western 
Pacificc Warm Pool (WPWP). The WPWP is characterized by mean annual SSTs above 
28°CC (Yan et al., 1992). Colonies were identified in the field during SCUBA diving and 
immediatelyy after collection as P. lutea, P. murrayensis and P. australiensis. For more 
detailss of species identification see Best et al. (1989). Two colonies of each species were 
processedd further. Coral slabs of approximately 4 mm thickness were sectioned with a 
rotaryy rock-cutting saw in the plane of maximum colony growth, parallel to corallite 
extensionn (Bak and Laane, 1987). 

Figuree 1 Sampling location for Porites 
sampless at the pseudoatoll Taka 
Bonee Rate, Eastern Indonesia. 
Stripedd box centered at 121.5°E; 
6.5°SS shows the 1° x 1° grid box for 
monthlyy SST and salinity data 
illustratedd in Fig. 2. 

115°££ 13SPE 12S>£ 

EnvironmentalEnvironmental Data 

Monthlyy SST and salinity data were retrieved for a 1° x 1° grid box centered at 121.5°E; 
6.5°SS (Fig. 2a,c). SST data were extracted from the GISST2.2 database of the British 
Atmosphericc Data Center (BADC) (Rayner et al., 1996) and a mean annual salinity cycle 
forr 10 m depth from Levitus (1994). 
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ii  ! 1 i 1 1 -4.5 
19799 1980 1981 1982 1983 1984 1985 

Figuree 2 Monthly environmental data between January 1979 and December 1984 retrieved from 
variouss databases, (a) Sea surface temperature, GISST2.2 data (Rayner et al., 1996); (b) 
precipitationn from 'gu23wld0098.dat' (Hulme et al., 1998); (c) salinity (1 mean annual cycle at 
100 m depth repeated each year) (Levitus, 1994), the right axis reflects seawater 6I80 (518Osw) 
calculatedd from salinity data using Eq. (2); and (d) 'predicted 8180' calculated from SST and 
518Osww (salinity) (see text and Eq. 1-3). 

Dataa on monthly precipitation (Fig. 2b) for the geographic coordinates of 5°S; 120°E 
weree downloaded from the data set 'gu23wld0098.dat' (1999) (Version 1.0) constructed and 
suppliedd by Dr Mike Hulme at the Climatic Research Unit, University of East Anglia, 
Norwich,, UK (Hulme et al., 1998). 

Wee calculated a hypothetical monthly coral SI80 time series ('predicted 8180') (Fig. 2d) 
basedd on SST for the period August 1979 to August 1984 and mean monthly salinity data 
usingg the following equations: 

518Oaragonitee = -0 .18*  SST+ b (1) 

rt&irt&i  = - 9.14 + 0.273 * Salinity (2) 

'predictedd 5I 80' = - 0.18 * SST + 818Osw (3) 

bb - constant for disequilibrium offset 

Wee used the gradient of-0.18 %o °C1 as proposed by Gagan et al. (1994) to calculate the 

corall  5180 to SST relation. For the conversion of salinity to 5180sw we used the empirical 

relationn obtained for the central/western equatorial Pacific of Fairbanks et al. (1997). 
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Too calculate the 'predicted 5**0' (3), the constant offset 'b' was not included in the 
equationn since it was not known prior to calculation and it does not affect the seasonal range 
orr variability of 5180. 

hotopichotopic Analyses 

Forr analyses of skeletal Sl80, carbonate powder was sampled along the major growth 
trajectoriess of single corallites using a slow speed dentist drill equipped with a 0.8 mm 
diameterr bit. The main growth trajectories of the corallites were determined by X-ray 
analysiss of the coral slabs. Since X-radiographs revealed no clearly evolved density band 
patternn (Fig. 3) that could provide a chronological reference (Barnes and Lough, 1989; 
Barness and Lough, 1996; Buddemeier, 1978; Knutson et al., 1972; Patzold, 1984; Weber et 
al.,, 1975), we took 48 carbonate samples per skeletal depth profile with an average 
resolutionn of 1.2 3 mm. A total of 12 profiles were investigated. The short designation 
(e.g.. PA192L) of the profiles consist of the 2 initial letters of the genus and species name, 
thee number of the colony and a letter (A to M) for each replicate depth profile (Fig. 3). The 
51800 values of the carbonate samples were measured on a Finnigan MAT 251 mass 
spectrometerr coupled to a "Kier-carbonate device at the Stable Isotope Laboratory of the 
Departmentt of Geosciences at the Bremen University, Germany. Data were corrected for 
isobaricc interference and expressed in the standard per mil notation relative to the Vienna 
Feee Dee belemnite (VPDB). The internal analytical precision for 5180 was 0.02 %o, and 
long-termm reproducibility, derived from replicate measurements of an internal carbonate 
standardd (Solnhofen limestone), was 7 %o ( la over a 1-year period). Bulk heterogeneity 
obtainedd from duplicate measurements of carbonate samples was on average 0.06 %o  0.05 
S.D.(N=20). . 

Thee isotopic analyses revealed, that 10 of the profiles cover a time interval of at least 5 
yearss and all 12 profiles cover at least 4 years, and for subsequent comparisons we used the 
dataa from August 1979 or 1980 until August 1984. For the 5-year interval, the 5180 profiles 
weree constructed by 37 to 47 carbonate samples with an average of 7.8  2.0 S.D. samples 
yr"11 (Table 1). This corresponds to a sampling resolution of 1.7 months  0.4 S.D. This 
samplingg resolution is consistent with the monthly to bimonthly resolution typically used in 
corall  S180 or Sr/Ca based climate reconstruction (e.g., Charles et al., 1997; Kuhnert et al., 
1999;; Felis et al, 2000; Linsley et al., 2000b; Tudhope et aL, 2001; Urbann et al., 2000). 

Chronostratigraphy Chronostratigraphy 

Thee coral 5180 signals of the 12 different skeletal profiles (Fig. 3) had to be converted 
fromfrom skeletal depth to a time scale. This is a crucial step to obtain replicate isochronic coral 
6lsOO signals that correspond in time and thus to the same underlying SST and salinity 
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Tablett Sampling resolution of skeletal deptft profiles. Annual LSE [mm] for each year and 
numberr of samples per year (N). The overall mean is 7.8 0 samples yr*1 with a mean 
annuall  LSE of 10.0  2.9 mm. 
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regimes.. We tested four difierent methods of adjusting (he profiles from a depth to a time 
scalee and to estimate the error due to inconsistencies in chronostratigraphic conversion. In 
methodd 1, seasonal coral 5180 maxima were fixed to the coldest month of the year (August). 
Inn method 2, seasonal coral 5180 maxima and minima were fixed to seasonal minima and 
maximaa of SST (August and April), The coral S180 data in between were assigned to a time 
scalee according to their linear distance from S^Om» (method 1) or S^O,»̂  and S^O^ 
(methodd 2) assuming constant sub-annual linear growth. We also used the software package 
AnalySeriess 1.1 (Paillard et aL, 1996) to adjust the depro profiles to a time scale by 
optimizingg the correlation of coral 6180 signals to SST (method 3) or to me 'predicted 5180' 
(methodd 4). The coral 5l80 time series obtained from the 4 methods were interpolated to a 
monthlyy scale using AnalySeries 1.1. 

Thee same coral 518Ö signals varied on average by 0.55 months 0 S.D. between the 4 
differentt methods of chronostraügraphic conversion (data not shown). This would relate to 
ann average difference in coral 8]gO of 0.05 %» 5 S.D. With all 4 methods of 
chronostratigraphicc conversion, the resulting coral 5l80 time series correlated best to the 
'predictedd 8180' which comprises seasonal changes in both SST and salinity (see Eq. 3), 

23 3 



Effectt of skeletal growth and lack of species effects in skeletal 5 O within Pontes 

Thus,, for subsequent comparisons we used the coral 5180 time series that were retrieved by 

correlationn of skeletal 6180 to the 'predicted 5180'. 

PontesPontes lutea 

PM1933 PM194 

PoritesPorites australiensis 

Figuree 3 X-ray positives of ca. 4 mm thick slabs of 2 colonies each of the species Pontes lutea 
(PL192,, PL197), P. murrayensis (PM193, PM194), P. australiensis (PA196, PA195). The 
samplingg profiles (A to M) for coral 5I80 are indicated by white dotted lines. Scale bar = 1 cm. 
Carbonatee samples were drilled along major growth trajectories of corallites with a resolution of 

. . 
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Results s 

EnvironmentalEnvironmental regimes and oxygen isotopes 

Environmentall  data derived from various databases are illustrated in Fig. 2. Between 
19799 and 1984 monthly SST averaged 27.0°C 4 S.D. for seasonal minima (August) and 
29J5°C29J5°C 2 S.D. for seasonal maxima (April). Mean monthly salinity (Levitus, 1994) 
differedd on an intra-annual scale by 1.5 %o ranging trom 32.8 to 34.3 %o during months of 
highh SST (February to April) and low SST (August/September), respectively. Because 
salinityy data are mean monthly values, thé monthly salinity data illustrated in figure 2 were 
repeatedd over and over in each year and do not reflect actual salinity in respective years. The 
seasonall  maximum in precipitation was typically about 750 mm month'1. A notable feature 
wass that trom July to October 1982, a continuous and severe drought in Indonesiapreceded 
thee 1982/83 El Nifio event. However, this drought cannot be depicted in the 'predicted $180* 
whichh is based on mean salinty data which are the same for each year and do not reflect the 
likelyy impact of the severe drought in 1982. 

Thee stable oxygen isotope data of the 12 skeletal profiles showed an average of -5.90 %o 
00 S.0. for seasonal minima and -5.23 %? $ S.D, for seasonal maxima (Fig. 4, a-d). 

Takingg only SST into account, the seasonal 5I80 range of 0.67 %o would suggest seasonal 
changess in SST of 3.7 °C using the slope of-0.18 %? flCJ as proposed by Gagan èt al. (1994, 
1998)) for Porites corals trom the Western Pacific. This overestimates the actual SST range 
off  2.5 6C by a factor of 1.5. Since salinity (as a proxy for 518Ow) is correlated positively and 
SSTT negatively to coral SlsO the "salinity" cycle generally amplifies the "temperature" 
cyclee effects on coral 5180. The influence of salinity on §18Ow changes seasonally with 
mostt positive values of 0,22 %o during September and most negative values during April 
withh -0.18 %o, whereas salinity has the lowest effect on 618Osw and thus predicted 8180 
duringg June and Jury (see Fig. 2c). Calculating the 'predicted 5180* by considering both 
seasonall  salinity (1.5 %a) and SST (2.5 °G) changes with 0.273*1.5 + 0.18*2.5 (see Eq. 2 
andd 3), the expected seasonal amplitude would average 0.86 %o. This means, that the coral 
51800 records cover on average 78 % of the expected seasonal changes with respect to the 
combinedd effect of SST and salinity. The Squared Pearson Product-Moment Correlation 
Coefficientss (R2) showed rather weak correlations between coral 5I80 time series and SST. 
However,, the coral 8180 correlated better to the 'predicted S180* series (Table 2). The 
salinityy data available (Levitus, 1994) reflect only an average seasonal cycle instead of the 
actuall  salinity during the years investigated. Nevertheless, the improved correlation between 
corall  8l80 and 'predicted 8t80' indicates that S18Ow had a pronounced effect on the oxygen 
isotopee signal of the corals investigated. We did not further elaborate on the fit of the coral 
51800 series to environmental regimes because the environmental data derived from various 
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databasess do not precisely reflect 4e actual conditions at the coral sampling-site. For the 
questionss addressed here» the environmental data were nevertheless crucial as a basic tool 
andd as external reference to independently adjust the coral 818Ö depth profiles to a time 
scale. . 

Tablee 2. Linear Regression and Squared Pearson Product-Moment Correlation (R2) 

betweenn the skeletal 8I80 time series (monthly interpolated) to SST (GISST2.2) and 
too 'predicted180\ All correlations are significant with p < 0.05. 

PoritesPorites lutea 
PLL  192 A 
PLL  192 B 
PLL  192 C 
PLL  197 D 
averagee PL 

P.P. murravensis 
PM193E E 
PMI93I I 
PM193K. . 
PMI94L L 
averagee PM 

p.p. gtistrolimls 
PAA 196 P 
PAA 196 G 
PAA 196 H 
PAA 195 M 
averagee PA 

averagee all 

Equationn for  SST 

SST[°q q 

21.01-1.299 *6180 
21.32-1.255 *8180 
18.322 -1.78*S180 
19.33-1.633 *S" 0 
17,85-1.877 *8180 

18.99-1.700 *51B0 
16.61-2.144 *6IR0 
16.22-2.144 *Sl*0 
15.72-2.300 *8180 
13.97-2.600 *5180 

17.47-1.966 *5lfiO 
13.522 -2.655 »6I80 
22.38-1,077 *6180 
14.80-2.3314.80-2.33 *5180 
15.04-2.388 *S,80 

14.511 -2.48 *5 I80 

slope e 

6,80/SST T 
[%*rc\ [%*rc\ 

-0.13 3 
-0.15 5 
-0.19 9 
-0.13 3 
-0.15 5 

-0.08 8 
-0.15 5 
-0.14 4 
-0.17 7 
-0.14 4 

-0.13 3 
-0.13 3 
-0.10 0 
-0.19 9 
-0.13 3 

-0.14 4 

R2 2 

0.165 5 
0.189 9 
0.330 0 
0.211 1 
0.278 8 

0.141 1 
0.328 8 
0.3O2 2 
0.380 0 
0352 2 

0.259 9 
0.334 4 
0.103 3 
0.443 3 
0.312 2 

0.345 5 

slope e 

s^cu u 

0.70 0 
0.74 4 
0.85 5 
0.64 4 
0.73 3 

0.46 6 
0.70 0 
0.70 0 
0.71 1 
0.64 4 

0.64 4 
0.56 6 
0.52 2 
0.83 3 
0.64 4 

0.67 7 

R2 2 

i/*predicted l80* * 

0.411 1 
0.382 2 
0.579 9 
0.432 2 
0.451 1 

0.367 7 
0.575 5 
0.624 4 
0.587 7 
0.538 8 

0.506 6 
0.558 8 
0.252 2 
0.715 5 
0.508 8 

0.499 9 

CorrelationCorrelation of mean annual $*0 to annual LSE 

Forr each profile, we determined the yearly LSE using the distance between the samples 
withh seasonal maximum coral 8180 values. The yearly LSE averaged 10.0 mm yr*1  2.9 
S.D.. and differed by as much as 13.5 mm between different profiles within the same year 
(Tablee 1). There was no significant difference of LSE for between year comparisons (1-way 
ANOVA,, p = 0.912), while LSEs differed significantly between replicate coral 81BÖ time 
seriess (1-way ANOVA, p - 0.008). Profile PA195M showed generally higher annual LSEs 
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thann other profiles» thé annual LSE being significantly different from profiles PL192C, 
PM193EE andPM193I (Tukey HSD for unequal N, p < 0.05). 

Too avoid potential variation in the coral S180 time series caused by changing 
environmentall  conditions between years we performed correlation and regression analyses 
forr mean annual coral §ls0 and annual LSE for each year, separately. The mean annual 
corall  5t80 was calculated using the 12 monthly interpolated data between Ihe 5l80 maxima 
off  each year, mus consisting of the values from August of one year to July of the subsequent 
year.. We found weak, but for all years significant and consistently negative correlations 
betweenn the mean annual coral 5I80 and yearly LSE (Fig. 5). We corrected each replicate 
corall  5180 time series for the variation in annual LSE using a correction factor (CF). The CF 
wass calculated from the slope of the regression function of mean annual 6lsO to annual LSE 
forr the separate years (see Fig. 5) and the annual LSE of a single profile and year (Eq. 4). 
Thee CF calculated for each profile and year was then subtracted from the actual monthly 
corall  SI80 values (Eq. 5) to correct for isotope effects related to annual LSE. 

CFforofilcyr )) = aCyr) * LSE^fifc , y,) (4) 

corall  5!80* - monthly coral S^Op̂  - C F^ (5) 

a )̂) - slope of regression functions for mean annual Sl8G to annual LSE (see also Fig. 5) 

Too completely "remove" skeletal growth effects, we used a hypothetical LSE Of zero. 
Thiss is the reason why the CF (4) is only dependent on the slope of the relation of 5,sO vs 
LSEE and the actual LSE of the profile of the respective years. This modification of monthly 
corall  5i80 resulted in better correlations between replicate 5180 time series (Table 3). The 
1982/833 El Nifio event is clearly depicted as a positive coral 5180 excursion by all replicate 
timee series after corrections for variations in linear growth. Moreover, the correction 
reducedd the differences between corresponding coral 5lsO values. This becomes obvious 
whenn the "corrected**  data are compared to the original coral 8180 time series (see Fig, 4). A 
subsequentt ANOVA revealed that the variation between growth-corrected coral S180 
profiless is no longer significant (p = 0.159). The average S.D. between the coral 518Ö time 
seriess decreased from 0.16 %o 4 S.D. to 0.13 %o 4 S.D. after correction for 
variationss in LSE. We multiplied the slope of coral SI80 vs. LSE (Fig. 5) with the S.D. of 
LSEE (Table 1) for thé respective years. This revealed that on average a deviation of 0.08 %» 

33 S.D. between corresponding coral 5lsO was caused by variations in LSE between 
profiless or years. 
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Figuree 4 Monthly interpolated coral 8180 time series from the corals (a) Pontes lutea, (b) P. 
murrayensis,murrayensis, (c) P. australiensis and (d) average monthly 8180 for each species (N=4) and all 
profiless (N=12). (a') to (d') are the coral 5, 80 time series after correction for variations in linear 
skeletall  extension (LSE). 
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Figuree 5 Mean annual coral S180 signals versus yearly linear skeletal extension (LSE). The linear 
regressionn lines and function were assessed for individual years (N=12 between 1980 and 1984, 
N=100 for 1979) and mean annual coral 5I80 vs. yearly LSE for all years (N=68). The Pearson 
Squaredd Moment Correlation Coëfficiënt (R2) is given. Except for 79/80 the correlations 
betweenn coral 5lsO and LSE were significant with p < 0.05. 

Discussion n 

Thee coral 8180 time series of the 3 species P. lutea, P. murrqyensis, and P. australiensis 
revealedd no general offset between replicate profiles, except for profile PA195M. The offset 
inn monthly coral 5180 of fast growing PA195M is clearly related to the fact that LSE was 
significantlyy higher than for the other replicate profiles. The results clearly show, that coral 
51800 does not show species or colony effects beyond those related to growth rate. 

MethodologicalMethodological Limitations and Sampling Resolution 

Onee major problem in comparing replicate coral 5180 series is that the original data refer 
too skeletal depth. Due to variations in LSE the depth corresponding 5180 values do not 
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reflectt the same time and hence the same environmental conditions. For this reason, the 
replicatee 5I80 depth-profiles had to be linked to corresponding time scales. This procedure 
alongg with sampling constraints necessarily involves inaccuracies. An average time shift of 
approximatelyy half a month and an average deviation in coral S180 of 0.05 %o can be 
attributedd to errors in chronostratigraphic conversion as indicated in chapter 2.4. The coral 
skeletonss lacked clearly pronounced annual low and high-density band couplets and mus a 
guidelinee for the age model prior to sampling. As a consequence of highly variable LSE, the 
evenlyy spaced carbonate samples retrieved with skeletal depth ranged from 4 to 12 samples 
perr year. Even though the variation in LSE between years or profiles was large, the seasonal 
rangee in coral 6180 was not related to the number of samples per year or annual LSE (Fig. 6) 
ass might be expected from earlier studies (Leder et al., 1996; Meibom et al, 2003; 
Wellingtonn et al.» 1996). This actually means that*  within the sampling regime of 4 to 12 
samples,, attenuation effects due to lower skeletal extension rate are less accentuated or 
lackingg in Porites investigated in this study. Low LSE may be a result of reduced tissue 
layerr thickness (Barnes and Lough, 1992; Barnes and Lough, 1993). Accordingly, carbonate 
sampless from skeletal portions with a reduced tissue layer thickness and low LSE would be 
precipitatedd during similar time intervals as samples from portions with a tissue layer 
penetratingg deeper into the skeleton and higher LSE. This may partly explain the lack of 
attenuationn effects. For Porites lutea, it was shown that similar climatic information can be 
obtainedd with lower sampling resolution, and that compared to monthly sampling resolution 
"bimonthlyy sampling yields no drop off in variance explained" (Quinn et at, 1996). It is 
impossiblee to determine the precise moment or the time span, during which the calcium 
carbonatee of a sample was precipitated Thus, - even if density band couplets are clearly 
presentt - precise dating within a year remains a source of uncertainty in studies relating 
Corall  öl80 signals, or other skeletal proxies to environmental regimes. However, this does 
nott affect the inter-annual age model with respect to centuries-lóng coral-based 
reconstruction,, because within-year errors in the age model are not cumulative. 

Species-SpecificSpecies-Specific and Growth-Related isotope Effects 

Wee found a consistently negative correlation of mean annual coral 5180 vs. LSE with an 
averagee slope for coral 5lsO / LSE of -0.03 2 S.D. [%o mm"1 yr] suggesting that faster 
skeletall  growth results in more depleted 8i80 signals. This finding is in accordance with the 
hypothesiss that strong kinetic isotope effects are related to fast skeletal growth 
(McConnaughey,, 1989 a). Although annual averages of coral SI80 and LSE were correlated 
significantly,, we did not find a relationship between coral 5180 and LSE on a seasonal scale 
(dataa not shown). We argue that the variation in coral 8180 associated with variations in 
LSEE was likely too small to be detected against the noise caused by uncertainties of 
chronologicall  dating and the corresponding environmental imprint. However, we applied 
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Figuree 6 To 

demonstratee the lack of 

attenuationn effects due to 

variationss in sampling 
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thee 'correction factor' which was calculated from yearly LSE and mean annual 8180 to 
monthlyy 8180 values. This improved the shared variance between profiles from 50% 9 
S.D.. before correction to 69% 1 S.D. after correction. 

Thee shared variance between replicate profiles decreased from the intra-colony to the 
inter-colonyy and dropped further for the between-species level with average values of 57%, 
52%% and 49%, respectively (Table 3). This drop suggests between colony and between 
speciess effects in 8180 fractionation. However, the differences in shared variance were not 
significantt between the 3 levels of intra-, inter-colony and between-species comparisons (1 
wayy Anova, p = 0.48). Previous studies have shown that the coral 8180 (and 813C) 
compositionn varies with colony topography depending on the sample position, i.e., relative 
too maximum growth and exposure to light (Cohen and Hart, 1997; de Villiers et al., 1995; 
Landd et al., 1975; McConnaughey, 1989a; Patzold, 1984). Our results confirm these 
findings,, and coral 8180 profiles from marginal positions of single colonies correlate better 
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too each other than to the profiles taken from the central growth trajectories of the same 
colonyy (see Fig. 3 3 and Table 3). However, any pattern related to colony topography, intra-
colony,, inter-colony and between-species variability disappeared when skeletal 8180 was 
correctedd for variations in LSE. This indicates that the environmentally independent 
variationn between isochronic coral 5180 is related to LSE and potential species effects might 
bee largely due to variations in skeletal growth rate. Thus, besides SST and Ö̂ Osw, growth-
relatedd kinetic isotope effects should not be neglected as an additional potential factor 
influencingg oxygen isotope fractionation in coral skeletons. 

Thee effect of skeletal growth on kinetic isotope fractionation has been demonstrated 
convincinglyy in earlier Studies (e.g., De Villiers et al., 1995; Heikoop et al., 2000; Land et 
al.,, 1975; McConnaughey, 1989 a; McConnaughey, 1989 b; McConnaughey et al., 1997). 
Primaryy calcification and secondary infilling, that may correspond to fast and slow skeletal 
growthh processes, have also convincingly been demonstrated to influence the stable isotope 
signalss in corals (Juillet-Leclerc et al., 1997). Other studies revealed opposing or lacking 
skeletall  growth effects on coral 51&0 (e.g. Guilderson and Schrag, 1999; Gagan et al., 1998). 
Wee think, this is due to the the tack of sufficient replication to detect possible growth 
effects.. This requires more than two SI80 time-series of corals from the same environment 
and,, if species effects have to be excluded, of the same species. Because the gradient 
betweenn SlsO and LSE is relatively small, it is also pivotal to exclude variations, even 
thoughh minor, that may arise from changes in SST and/or salinity. For these reasons, growth 
effectss should not be compared between years. This is why we actually determined the 
relationn between S Ö̂ and LSE separately for each year (Fig. 5). Besides, SST has been 
reportedd to affect skeletal growth (Lough and Barnes, 1997; Vago et al., 1997) and this may 
furtherr complicate and alter the relationship of skeletal growth and coral 5lsO. 

Actually,, calcification rate would be a better measure for coral growth. We nevertheless 
usedd the annual LSE as a measure of skeletal growth and to correct 5180 for growth-related 
isotopee effects. Annual LSE can be determined rapidly and measuring LSE is easy and 
consequentlyy less prone to methodological errors. Even though calcification rate is a 
functionn of both LSE and skeletal density, LSE has been shown to be a very good measure 
off  skeletal growth in Pontes spp. (Al-Rousan et al, 2002; Chakraborry et al., 2000; Scoffin 
ett al., 1992, Lough and Barnes, 2000). Therefore LSE is a potential correction tool for 
growth-relatedd oxygen isotope effects in the massive coral Porties spp. 

TheThe 1982/83 El Nino Event 

Onlyy after the coral 6180 time series were corrected for variations in annual LSE, striking 
featuress related to the El Nino event in 1982/83 appeared in each of the replicate coral 5,80 
timee series (Fig. 4, a'-d*). The corals used in this investigation were collected in 
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Tablee 3. Correlation Matrix pf Squared Pearson's Product Moment Correlation Coefficient (R1) between 
(a)) monthly interpolated coral 5I 80 time series, and (b) average R2 for the 3 species and over alt 
profiless for intra-, inter-colony and between-species levels. The numbers in italics are R2 for coral 5180 
timee series after correction for variations in yearly LSE. 
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thee westernmost part of the WPWP. Early stages of El Nino-Southern Oscillation (ENSO) 
warmm events are thought to first develop in the WPWP. The 1982/83 ENSO warm event 
wass special due to its unusual intensity and evolution. Anomalous conditions developed 
steadilyy in the western and central Pacific accompanied by severe droughts in Australia and 
Indonesiaa (Gill and Rasmussen, 1983; Jacobs et al., 1994; Philander, 1983; Rasmusson and 
Wallace,, 1983; Yan et al., 1992). Each of the coral ö180 replicate time series corrected for 
variationss in LSE uniformly seems to depict the combined effect of anomalous temperature 
andd precipitation during the 1982/83 ENSO warm event (Fig. 4, a'-d'). Hie corrected coral 
51800 signals showed an extreme minimum and maximum resulting in an enlarged amplitude 
inn 1982. During the subsequent period at the beginning of 1983 thé coral 5180 amplitude 
wass attenuated due to a more positive seasonal minimum 5180 value during austral summer. 
Thiss suggests a lower summer SST peak, higher salinity, or a combination of both. It is 
likelyy that we detected a combined SST/salinity effect in the coral 5lsO records as a result of 
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thee eastward migrating of the WPWP and the Indonesian Low. Overall, our data indicate 
thatt LSE corrections may improve coral 5180 based reconstruction of past ENSÖ variability. 

Conclusions s 

Duee to our approach involving sampling at intra-colony, between-colony, and between-
speciess scales in replicates, we were able to quantify the non-environmental sources of 
variationn between the replicate coral 5lsO time series. Sample heterogeneity accounted for 
0.066 %a  0.05 S.D., discrepancies due to chronostratigraphic conversion for 0.05 %> 5 
S.D.,, and growth-related kinetic isotope effects - with a range in annual LSE from 4.5 mm 
too 18 xam - for 0.08 %o 3 S.D. of average deviation between replicate coral 8180 signals. 
Discrepanciess due to sampling resolution or attenuation effects appeared to be of none or 
minorr importance for the skeletal Sl80 signals. The selection of the appropriate 
methodologicall  approach is particularly crucial, when addressing questions of non-
environmentall  sources of variation in the coral S180 signal. Specifically, coral SI80 records 
thatt have been subject to varying environmental conditions, e.g., records of different years, 
mayy not give the appropriate result when addressing questions of non-environmental effects 
onn the coral 5180 signal. We found that the linear slope between coral 6180 vs. LSE varied 
betweenn years. This is possibly due to environmental gradients in the surrounding of the 
coloniess such as light conditions, which affect skeletal growth regimes (calcification rate, 
skeletall  density and LSE). For the three Porites species investigated we were able to show, 
thatt non-environmental variation in skeletal 6180 is not due to species-specific isotope 
effects,, but related to variable annual LSE. This is in accordance with earlier studies, that 
revealedd that calcification rate or LSE can have an important effect on SlsO fractionation 
(Dee Villiers et al., 1995; Land et al., 1975). Therefore, correcting coral 8180 signals for 
growth-relatedd kinetic isotope effects prior to using coral 5l80 as proxy for SST (and 
salinity)) can improve climate reconstruction. However, empirical relationships between 
corall  5!80 and LSE that could provide such a correction tool are still scarce in the literature. 
Thus,, data with a broader range in LSE but corresponding environmental conditions are still 
neededd to obtain a better and more generally valid regression function between 8180 and 
LSEE in massive Porites corals. 
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Abstract t 

Threee species of the reef coral genus Madracis display skeletal isotopic characteristics 
thatt relate to depth, colony topography and consequently to coral physiology. The joint 
interpretationn of skeletal 5I3C and 5t80 provides information on the ecological plasticity and 
adaptationn to depth of a coral species. Isotopic results are most easily understood in terms of 
"kinetic""  effects, which reduce both 8180 and 6BC below isotopic equilibrium values, and 
"metabolie""  effects, which only influence the skeletal S13C. Madracis mirabilis is adapted to 
depthss shallower than 20 m, and shows the greatest range in kinetic effects and the strongest 
metabolicc C enrichments caused by symbiont photosynthesis. Madracis formosa lives 
deeperr than 40 m, and shows a reduced range of kinetic effects and relatively weak 
metabolicc nC enrichments. Madracis pharensis inhabits depths from 5 to >60 m, and does 
nott attain the strength of kinetic effects of either of the other two species, apparently 
becausee it is not quite as well adapted to rapid growth at either extreme. 
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Introductio n n 

Althoughh photosynthesis of algal endosymbionts (zooxanthellae) provides reef corals 
withh metabolites and thus stimulates growth this dependency also limits the depth 
distributionn of scleractinian corals to the photic zone. At the same time, the UV-wavelength 
rangee of sunlight can be detrimental for coral growth. Different coral taxa are adapted to 
distinctt light regimes (Vermeij and Bak 2002) and hence restricted to a definite light 
environmentt and depth range. Such a species-specific zonation, where some coral taxa are 
restrictedd to a narrow depth range while others occur over a broad depth range, is an 
indicationn of species-specific photoadaptive strategies. 

Theree are many ways for corals - as the heterotrophicc partner in symbiosis - to adjust to 
differentt light regimes, such as morphological plasticity (the ability to vary colony shape) 
(Brunoo and Edmunds 1998; Falkowski and Dubinsky 1981; Helrauth et aL 1997; Land et al. 
1975;; Muko et at 2000; Van Veghel 1988), photoprótêctive UV-adsorption (Kufmer 2001; 
Shicketal.. 1995;Teaietal. 1997, Vérmeij etaL 2002) or mechanisms of light amplification 
(Friekee et al. 1987; Schuchter and Fricke 1991). Changes in cell densities (Fagoonee et al. 
1999;; Jones and Yellowlees 1997; Titlyanov et al. 2001), chlorophyll a content (Falkowski 
andd Dubinsky 1981; Titlyanov et al. 2001), pigment composition (Ambarsari et al. 1997; 
Iglesias-Prietoo and Trench 1994; Igtesias-Prieto and Trench 1997; Titlyanov et al. 1980), 
sizee of the photosynthetic unit (Dustan 1982; Iglesias-Prieto and Trench 1994) and species 
diversityy (Rowan 1998; Rowan and Knowlton 1995; Toller et al, 2001a; Toller et al. 2001b) 
aree means of the algal symbiont to adjust the photosynthetic efficiency to a range of light 
regimes.. An additional strategy, the united response of algal symbiont and animal host, may 
explainn the broad depth distribution of the coral Montastraea annularis (Battey and Porter 
1988).. The number of strategies for photoadaptation highlights the importance of the 
couplingg of coral metabolism to light and may explain why zooxanthellate coral species 
reveall  such strong patterns of vertical zonation. 

Oxygenn and carbon stable isotope ratios of scleractinian coral skeletons can be used to 
providee high-resolution palaeoclimatic information from tropical regions (Fairbanks and 
Dodgee 1979; Fairbanks et al. 1997; Gagan et al. 2000; Grottoli 1999; Klein et al. 1992; 
Shenn 1993). The 13C/12C and 180/160 ratios of the atagqnite coral skeleton are generally 
lowerr relative to inorganic aragonile precipitated from ambient seawater. During 
skeletogenests,, the depletion of the heavier stable isotopes of bom elements is caused by 
kineticc isotope fractionation during the COj hydration and hydroxylation, with rapid 
calcificationn favoring strong kinetic effects (McConnaughey 1989b; McConnaughey and 
Whelann 1997; Zeebe and Wolf-Gladrow 2001). The process of calcification is coupled to 
thee creation of an alkaline fluid, which is separated from the tissue cells of the polyp by the 
calicoblastt membrane (Furla et al. 2000; Al-Horani et al. 2003). The dependence of oxygen 
isotopee fractionation on the pH of the ambient seawater or on me solution from which the 
skeletonn is formed has been demonstrated for Foraminifera (Spero et al. 1997; Zeebe 1999). 
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Also,, a biologically induced pH gradient has recently been proposed as '̂ master variable" 
(ass opposed to calcification rate and thus growth-relatic kinetic effects) in oxygen isotope 
fractionationn (Adkins et al. 2003). 

Thee complex interactions of the metabolism of host coral and zooxanthellae further 
affectss the 813C of the skeleton, while skeletal 6180 remains unchanged by metabolic effects 
(Cummingss and McCarty 1982; Juillet-Leclerc et al. 1997a; McCónnaughey 1989a; 
McConnaugheyy et al. 1997; Muscatine et al. 1989; Swart 1983), Photosynthesis affects the 
skeletall  carbon isotope composition in two ways: The lighter carbon isotope is preferentially 
takenn up by the zooxanthellae during photosynthesis, thus creating a 13C-enriched internal 
carbonn pool as source of calcification. However, higher photosynthesis stimulates fast 
calcificationn (Barnes and Chalker 1990; Buchsbaum-Pearse and Muscatine 1971; Chalker 
1981;; Gattuso et al. 1999; Gladfelter and Monahan 1977; Marshall 1996; McConnaughey et 
al.. 2000)*  and faster calcification results in more depleted skeletal 5l3C and 5lsO due to 
growth-relatedd kinetic isotope effects (Land et al. 1975; McConnaughey 1989a; Reynaud-
Vaganayy et al. 2001). 

Zooplanktonn is in general more depleted in 513C man coral tissue and zooxanthellae. 
Consequentlyy coral heterotropny (zooplankton uptake) additionally influences the 
compositionn of the carbon pool(s) utilized for calcification, which may influence the skeletal 
513CC (Goreau 1977; Felis et al, 1998; Grottoli 2002; Grottoli and Wellington 1999; Swart et 
al.. 1999). 

Basedd on the model of kinetic vs. metabolic isotope fractionation, where skeletal 5180 is 
influencedd only by kinetic effects while skeletal 813C is influenced by kinetic and metabolic 
effects,, the relationship between 513C and 5180 can be used to distinguish between kinetic 
andd metabolic isotope effects. Thus, the relationship between 5nC and bnO gives insight 
intoo coral metabolism with regard to P:R ratios of algal symbionts and coral host (Heikoop 
ett al. 2000; McConnaughey 1989a; McConnaughey et al. 1997). 

Combiningg fundamental principles of stable isotope chemistry (i.e. kinetic vs. metabolic 
isotopee effects) and photoadaptation in reef corals we hypothesise that the positive offset of 
S13CC from the so-called kinetic line should indicate whether a coral is well adapted to its 
ambientt light habitat. To test this hypothesis, we compared the skeletal 513C and 5lsO of 
threee coral species, Madracis mirabilis (Lyman 1859), M. formosa (Wells 1973) and M. 
pharensispharensis (Heller 1868). These three species were selected since they use different light 
strategiess (Vermeij and Bak in press) and are distinctly different in their depth distribution 
(Bakk 1977; Vermeij and Bak 2002; Veron 2000), although they harbour the same type (B) 
off  the algal symbiont Symhiodinium mieroadriaticum (Diekmann et al. 2002). Madracis 
mirabilismirabilis and M formosa are restricted to a narrow depth range and found in shallow (5 to 
255 m) and deep (> 40 m) water, respectively. In contrast, M. pharensis is a generalist with 
respectt to depth distribution using cryptic low light conditions over a large range from 
shalloww to deep reef habitats. Madracis pharensis is not as well adapted to shallow or deep 
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habitatss as M. mirabilis and M. formosa, which are more specialised and use optimum light 

att the depth they inhabit (Vermeij and Bak 2002). 

Samplingg and stable isotope analyses 

Wee collected whole coral colonies by SCUBA Diving at Buoy 1 Reef (Bak 1977) on the 
leewardleeward coast of Curacao, Netherlands Antilles (Fig. 1). The specimens of Madracis were 
sampledd at 8 m and 20 m (M mirabilis), 6 m, 15 m, 35 m (M pharensis) and 50 m (M 
pharensispharensis and M. formosa) (Table 1). Al l colonies (N = 9) were thoroughly rinsed and 
cleanedd of all soft tissue with a strong jet of freshwater. Coral skeletons were dried in an 
ovenn for 24 hours at 60 °C. 

Carbonatee powder for stable isotope analyses was collected at regular spatial intervals 
overr the skeletal surface of the entire colony. The carbonate powder was obtained using a 
slow-speedd dentist drill with a 0.8 mm drill bit. To avoid variation in stable isotope 
compositionn due to possible variation in different morphological components of the corallite 
(Patzoldd 1992), we carefully retrieved the carbonate powder of an entire corallite for each 
sample.. Sampling at the surface of the colony means that the obtained skeletal carbonate 
sampless represent the most recently calcified part of the coral. Consequently, the carbonate 
sampless should roughly correspond with respect to time of skeleton deposition and hence in 
underlyingg environmental conditions (temperature, salinity, and insolation). However, how 
welll  the samples actually correspond in time is a consequence of the calcification rate and 
thuss the time span of carbonate accumulation of a distinct sample. 

Figuree 1 Sampling site Buoy 1 
situatedd at the leeward coast of 
Curacao,, Netherlands Antilles. 

l U k m m 
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Tablee 1 Overview oïMadrmis colonies investigated for skeletal SI3C and S18ö. Species, sampling 
depth,, colony ID, distributional depth range of the species, growth fonn of colony investigated, 
numberr (N) of carbonate samples taken over colony surface and range (maximum - minimum) of 
55 C and Sl O over colony surface. Average and S.E. of skeletal S13C and 8180 of single 
colonies.. Linear regression function is given for 813G to 6l80 with intercept (a), slope (b) and 
S.E.. for a and b. and Squared Pearson's Moments Correlation (R2). All correlations of skeletal 
S11 C and S18Oofthe different colonies are significant with p< 0.0001. 
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Stablee isotope analyses were conducted at the stable isotope laboratory of the Department 
off  Geosciences at the University of Bremen, Germany. The carbonate samples were 
analysedd on a Finnigan Mat 251 mass spectrometer coupled to a Finnigan automated 
carbonatee device. Data were corrected for isobaric interferences and notation is in standard 
perr mil relative to the Vienna Pee Dee belemnite (VPDB). Long-term reproducability of an 
internall  standard is 7 %a for 8I80 and 0.05 %> for 813C (1 CT over a one-year period). 

Results s 

VariationVariation of isotopes across colony surface 

Thee skeletal isotope signals were sampled over the surface of the entire colony. Thus, 
carbonatee samples comprise the entire range of colony positions from the fast growing and 
moree light exposed top to the slower growing and often more shaded or light averted 
portionss of a colony. The carbonate samples revealed a large variation in skeletal 5I3C and 
8l 800 ranging from - 4.6 %o to + 3.3 X» and from - 4.6 %o to - 0,2 %o, respectively (Fig. 2). 
Thee total range of 7.9 %o in 813C and 4.4 %o in 5lsO encompasses different scales of intra-
colony,, between species and between depth variation. The range across colony surface 
withinn single colonies was on average 4.3 %o SI3C and 2.3 %a 8180, respectively. For the 

44 4 



Exploringg stable isotopes in scleractinian corals Chapterr 3 

branchingg coral colony M. formosa, a range in 813C as high as 7 %o was shown across 
colonyy surface of a single specimen (Table 1). This almost covers the complete range (7.9 
%o)) in 813C found for the colonies investigated. The values of both 8 C and 8 O were more 
depletedd for colony surface positions of presumably faster skeletal growth (i.e. at the tip of a 
branchh or top of colony) than for other growth regions. 
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Figuree 2 8I3C versus 8180 from carbonate samples of 7 colonies of the coral Madracis spp, (N = 
381).. Illustration of metabolic versus kinetic isotope effects according to the model of 
McConnaugheyy et al., 1997 (Fig. 6, p. 616). The line "kinetic" illustrates the hypothetical line on 
whichh 813C versus 8,80 plot, if the isotope signals are not affected by coral metabolism. The 
dashedd line marks the offset in 813C versus 8180 of non-photosynthetic corals, which is generally 
about-1.55 %o due to incorporation of respired CO2. The 813C of corals with a positive P:R is 
offsett from the kinetic line in the direction of more positive 813C. The grey square indicates the 
seawaterr equilibrium for 813C and 5I80 aragonite. Stable isotope ratios shifted to more negative 
valuess indicate faster skeletal growth. P = photosynthesic offset, R = respiratory offset 

EffectEffect of depth and light 

Inn general, the mean skeletal stable isotopes showed a significant positive correlation 
withh water depth (R2 = 0.843, p = 0.0005 for 813C and R2 = 0.781, p = 0.0016 for 8180). The 
slopee of skeletal 813C versus depth differed slightly between the generalist M. pharensis and 
thee depth specialists with 0.08 %o m"1 and 0.09 %o m"1, respectively (Fig. 3a). The slope of 
skeletall  8180 versus depth was almost identical for both the generalist and specialist species 
withh approximately 0.04 %o m"1 (Fig. 3b). 
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Figuree 3 Mean skeletal stable isotopes of corals with nana* () and broad (o) depth distribution 
versuss water depth, a Mean skeletal 813C and b mean skeletal 8180. The depth specialists 
MadracisMadracis mirabilis (M) at 8 m and 20 m and M.formosa (F) at 50 m; N = 4 and the generalist 
speciess M. pharensis (?) at 6, 15, 35 and 50 m depth, N = 5. The correlations between mean 
skeletall  stable isotopes and water depth are significant with p < 0.05. 

Wee tested for differences of slopes between the generalist and specialist species. The test 
revealedd that the slopes of 5I3C and 8180 versus depth were similar for both groups (t = 
1.00,, v = 5, p = 0.363 for 813C and t = 0.95, v = 5, p = 0.386). In contrast, the intercepts of 
thee regression equations indicated that for corresponding depths the 813C and 8180 signals of 
thee two species with a narrow distributional range, M. mirabilis and M. formosa, were more 
negativee than the 813C and 8180 signals of M. pharensis with a broad distributional range. 
Thiss offset to more negative 813C and 8180 seemed consistent throughout the slope. 
Nevertheless,, a comparison of the elevations (intercepts) revealed no significant differences 
betweenn the generalist and specialist corals (t = 1.30, DF = 6, p = 0.241 for 8,3C and t = 
1.26,, DF = 6, p = 0.254). 
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RelationRelation oftf3Cto tf'O 

Wee used the model of McCöitnaughey (1989a), to distinguish kinetic and metabolic 
isotopee effects in the genus Madracis (Fig. 2 and 4a-c). Overall, the 513C and 5lsO values 
showedd a significant and positive correlation with an R2 of 0.90 (613C = ) 
*51800 + , N - 428, p < 0.0001) (Fig. 2). The slopes of 513C versus 5180 of 
singlee colonies consistently increased with depth and ranged between 1.04+0.13S.E. *5 I80 
andd 3 *8 Ï80 for Madracis at 6 m and 50 in depth, respectively (Table 1). Multiple 
comparisonn among slopes revealed significant differences between (Table 2), The 
correlationn coefficient between the slopes of 813C to 5180 and water depth was significant 
andd followed a linear regression (Fig. 5). 

Tablee 2 Significance matrix of pair-wise comparison among slopes of the linearr regression 
functionn between 513C and 5l80 of the colonies investigated. Multiple comparison among slopes 
revealedd that slopes of 513C to 8180 are significantly different between colonies (F= 17.97, 
(criticall  FO.O5(2),MIOCS 2.23, p « 0.001). For subsequent pair-wise comparison of slopes the 
Tukeyy test was used and significance levels are as follows: n.s. not significant, * p < 0.05, 
***  p < 0.005 and ** *  p « 0.001 (Abbreviations of colonies see Table I). 
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Thee 513C values were offset from the hypothetical kinetic line towards more positive 513C 
suggestingg a higher P:R ratio (Fig. 2). We chose the hypothetical kinetic line with a slope of 
5I3CC vs SI80 of 3.85 similar to that chosen in earlier studies (McConnaughey et al. 1997; 
Heikoopp et al. 2000). The choice of slope is somewhat arbitrary and a large range for the 
kineticc line has actually been reported for non zooxanthellate corals (Emiliani et al. 1978; 
Druffell  et al. 1990; Smith et al. 2000, Smith et al. 2002). A slope of 3.8 is an intermediate 
valuee and reasonable for the Madracis colonies investigated. Deep water Madracis have 
isotopee signals that plot on this kinetic line (see Fig. 4b,c). The range in 513C and 6lsO was 
largee and the values of heavier 5l3C and 5I80 clustered Close to seawater equilibrium for 
513CC and 5l 80 aragonite. This indicates colonies or skeletal portions with slow skeletal 
growthh and littl e kinetic isotopic fractionation. 

Too elucidate differences of stable isotope incorporation into the skeletons of the 
generalistt species M, pharensis and the depth-specialists M mirabffis and M. formosa* the 
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skeletall  8 C versus 8180 were plotted in separate graphs (Fig 4a-c). Several features could 

bee observed. Across colony surface, the shallow-water coral M. mirabilis (Fig. 4a) has a 

M.M. pharensis 
AA 6m 
nn 50m 

sloww g'owth 

500 m depth 
DD Mpkamrsis 
oo M hrmosa 

-44 -3 -2 

5180[%oVPDB] ] 

Figuree 4a-c 5I3C versus 8180 of a M. 
mirabilismirabilis from 8m and 20 m, b M. 
pharensispharensis from 6 and 50 m and c M 
formosaformosa and M. pharensis from 50 m. 
Furtherr explanation of graph see Fig. 2. 
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moree restricted range in skeletal 8I3C and S180 than the deep-water coral M. formosa (Fig. 
4c)) indicating less variation of P:R ratios and/or skeletal growth with colony topography. 

Figuree 5 Slope b of the regression 
functionn 813C - a + b*8,80 (Table 1) 
versuss water depth. Error bars are 
S.E.. of regression lines for slope of 
813CC to 8180 of single colonies. 
Symbolss for colonies are according 
too legend in Fig. 2, letters are for 
speciess with P = M pharensis,M = 
M.M. mirabilis and F = M. formosa. 
Thee linear regression of slope b vs. 
depthh is significant with an R2 of 
0.916,, N = 9, p = 0.0005, S.E.=0.003 
andd 0.112 for slope and intercept, 
respectively. . 

depthh [m] 

Al ll  813C and 8180 values of colonies from shallow depth, such as M. mirabilis at 8 m and 
200 m and M. pharensis at 6 m and 15 m are clearly more depleted than seawater equilibrium 
forr 813C and S180 aragonite (Fig. 2 and 4a, b). The shallow water specialist M. mirabilis 
revealedd the most negative skeletal 8, 80 (-4.6 %o) with corresponding skeletal 813C (-4.4 %>) 
showingg the largest offset from the kinetic line. The generalist M. pharensis did not reveal 
similarr depleted skeletal 8lsO compared to M mirabilis. Nevertheless, the offset in 813C for 
correspondingg 8180 values of the 6 m M. pharensis and the 8 m M mirabilis were similar 
withh -4 %o 813C versus -3.5 %o S180 (Fig. 4a, b). According to the model of McConnaughey 
ett al. (1997), this indicates similar P:R ratios for both species, while more depleted 8180 
valuesvalues point at faster skeletal growth of M. mirabilis. 

Thee 813C versus 8180 of the two Madracis species from 50 m depth were very distinctly 
different.. 813C versus 8lsO of the depth generalist M. pharensis clustered more or less on the 
kineticc line, whereas those of the depth-adapted M. formosa were clearly offset from the 
kineticc line towards more positive 813C. This suggests low P:R ratios and minimum skeletal 
growthh for the generalist M. pharensis, but higher P:R ratios and fast skeletal growth for the 
deep-specialistt M. formosa even as deep as 50 m. 
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Discussionn and Conclusions 

VariationVariation across colony surface 

Thee skeletal 813C values of modern zooxantheltate corals typically range from +1 %a to -2 
%oo (Stanley and Swart 1995). Therefore, the large ranges in 813C and 5180 observed across 
colonyy surface of single colonies are exceptional (see Table I). Large intra-colony variation 
off  81 C of 7 %o as found for M formosa has not yet been reported for zooxanthellate corals. 
Thiss is not an accidental finding, a range of 6.5 %o was detected for a second colony of M 
formosaformosa from the same depth (Fig. 6). Large variations in 813C (and S180) are more typical 
forr azooxanthellate corals (Land, 1989). Interestingly, M formosa was collected at 50 m 
wheree the impact of photosynthesis on coral growth might be low. 

Thee observed variation of skeletal 813C and 8lsO across colony surface with more 
depletedd values at locations of faster skeletal growth, as observed in our study, is in 
accordancee with previous work (Cohen and Hart 1997; Land et al. 1975; McConnaughey 
1989a;; Patzold 1984). The 813C values at the tip were extremely depleted relative to the 
basee of the colony (Fig. 6). This large difference in 813C between tip and base can be a 
resultt of a combined effect of faster skeletal growth as well as lower P:R ratios at the tip. 
Forr Acropora palmata higher respiration rates and lower net primary productivity have been 
measuredd at the tip (Gladfelter et al. 1989). Lower P:R ratios combined with fester skeletal 
growthh at the tip would amplify the variation in S13C between tip and base of a colony due 
too the contrasting effect of photosynthesis and growth on skeletal 813C-

Thee corallite morphology of M. formosa differs distinctly between tip and base of a 
branch.. At the very tip of a branch corallites are formed by thin walls, septae and a porous 
coenosteum,, With increasing distance to the tip the corallites become extremely dense by 
infillin gg of CaC03. This indicates pronounced patterns in the contribution of primary and 
secondaryy calcification in different growth regions (Gladfelter 1982). Consequently, some 
off  the observed variation in skeletal S13C and Sï80 across colony surface can result from a 
variablee composition of portions of CaCOj derived from primary and secondary 
calcificationn (Juillet-Leclerc et al. 1997b). 

EffectEffect of depth and light 

Thee skeletal 8l3C and 8180 values of the Madracis spp were positively correlated. Both 
813CC and S180 increased with increasing water depth. Below a certain level of irradiance, 
photosyntheticc rates decrease proportionally with decreasing irradiance levels. Irradiance 
exponentiallyy decreases with increasing depth (Jerlov 1976). Therefore the photosynthetic 
ratee of zooxanthellae will generally decrease with increasing depth. Consequently 
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photosynthesiss and skeletal 813C of the corals investigated here are negatively correlated. 
Earlierr reports on the relation of skeletal 8I3C to depth, light and/or photosynthesis are 
contrastingg to our results (Bosscher 1992; Grottoli, 2000; Grottoli and Wellington 1999, 
Landd et al. 1977; Reynaud-Vaganay et al. 2001), confirmative (Carriquiry et al. 1994) or 
ambigiouss (Weber et al. 1976; Swart et al. 1996). 
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Figuree 6 a M. formosa (50MAF 2) 
sampledd at a depth of 50 m at Buoy 
1,, Curacao. Letters indicate colony 
positionn at which carbonate 
sampless were drilled. A tip of 
branch,, B between distal branches, 
CC underside, D to E base of colony 
bb skeletal 8,3C and 8,80 according 
too colony position and c 513C vs. 
S1800 with symbols A to F 
correspondingg to colony positions. 
Notee the offset of samples "C" 
fromfrom the light-averted underside of 
thee branch from the regression line 
off  813C vs 8180 to more negative 
8,3C. . 
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Thee feet that 5 O and 813C covary, and that both increase significantly with water depth, 
suggestss a similar and hence kinetic effect on stable isotope fractionation of the skeletal 
carbonate.. This means temperature and/or skeletal growth could account for the observed 
increasee in skeletal stable isotopes with depth. At Buoy 1, the seawater temperature was 
recordedd every 2 hours between 13* of April and 21st of June 2001. Average temperatures at 
55 m, 15 m, 35 m and 50 m were 26.8 °C 6 S.D., 26.8 6C 3 S.D., 26.7 °C 2 S.D. 
andd 26.2 °C 4 S.D., respectively. The average temperature difference of Ö.6 °C between 
shalloww and 50 m depth can nowhere near explain the observed average increase of 
approximatelyy 2 %> in skeletal 51S0 (Table I). In fact, the increase in 8lsO of 2 %o is one 
orderr of magnitude higher than one would expect from the actual temperature difference 
betweenn depths. This means that temperature effects are negligible and that consequently 
growth-relatedd kinetic isotope effects must account for the mutual increase in skeletal 5180 
andd ö13C with depth. 

Forr the corals investigated we consequently assume that growth-related kinetic isotope 
effectss mask any positive imprint of photosynthesis on skeletal 813C of corals fiom 
shallowerr depth. We consequently argue that whether the relation of 513C and 
photosynthesiss is direct and positive or indirect and negative (via photosynthetically 
enhancedd calcification) very much depends on how strongly photosynthesis and 
calcificationn rate affect each other and the skeletal 513C. How light, photosynthesis and 
calcificationn are interlinked may be species-specific (Grottoli 1999; Land et at 1975; 
Reynaud-Vaganayy et al. 2001). Also, the causal relationship between photosynthesis and 
calcificationn is not clearly resolved (Gattuso et al. 1999; Gattuso et al. 2000; Marshall 1996; 
McConnaugheyy and Whelan 1997; Swart et al. 1996). The relationship of photosynthesis 
andd skeletal growth is complex and has an opposite effect on skeletal 6UC. Interpreting the 
skeletall  SI3C alone gives ambigious results. Any application of such interpretation as a 
proxyy for paleoclimatic reconstructions is consequently limited. 

éé33ctoti*o ctoti*o 

GeneralGeneral Application 

Becausee óf the complex causal relation of photosynthesis and growth kinetics, the 
skeletall  513C can be better interpreted when S180 is used to distinguish between kinetic and 
metabolicc isotope effects (Heikoop et al. 2000; McConnaughey 1989a; McConnaughey et 
al.. 1997). McConnaughey (1989a) has used the divergence between kinetic and metabolic 
isotopee fractionation, with kinetics affecting both skeletal 513C and 8180, and metabolic 
disequilibriumm only affecting skeletal 8l3C. Consequently, kinetic effects alone would result 
inn 813C/i80 values with a ratio of approximately 3/1 for 513C versus S180 fractionation 
(Heikoopp et al. 2000). Thé slope of 513C vs. 5180 produced by kinetic isotope fractionation 
iss referred to as "kinetic line". Metabolic effects are then identified by an offset in 813C 
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versuss S180 from this hypothetical kinetic line. While respiration alone - as shown for 
azooxanthellatee corals - decreases me 513C, photosynthesis elevates the 513C from the 
kineticc line. 

Wee used the model of McConnaughey (1989a) to interpret the skeletal stable isotopes of 
thee Madracis colonies investigated here. All skeletal 513C values were plotted versus 
correspondentt skeletal 5IS0 (Fig. 2). In contrast to evaluating 513C alone, using the model of 
McConnaugheyy on our isotope data shows that the skeletal S13C is in general offset from the 
hypotheticall  kinetic line to more positive 5l3C. This offset of 613C indicates the positive 
effectt of photosynthesis on 813C incorporation and the actually positive correlation of 
photosynthesiss with 8l3G. 

Inn addition, the shift from isotopic equilibrium for aragonite in seawater to more negative 
81800 values is a result of faster skeletal growth as indicated by the model. This supports the 
ideaa that positive effects of photosynthesis on skeletal 5l3C are masked by growth-related 
kineticc isotope effects. It also illustrates the advantage of using the ratio of 513C versus 5uO 
too reveal if photosynthetic effects are masked by kinetic effects. Heikoop et at (2000) 
suggestedd the usefulness of the model to correct skeletal 513C values for kinetic isotope 
effects. . 

êê33CC to o*sÖ as proxy for ecological plasticity 

Accordingg to me model of McConnaughey our data suggest that the shallow growing 
specimenss of M. mirabilis and M pharensis have higher photosynthetic rates and faster 
skeletall  growth than the deeper colonies of thee corresponding species (Fig 4a*b). This is in 
accordancee with the expectations for photosynthesis and growth for corals originating from 
differentt depths. However, comparing the skeletal 8l3C and 8180 of M formosa with those 
off  M. pharensis at 50 m indicates that M formosa at this depth has a higher photosynthesis 
andd growth than M. pharensis (Fig. 4c). We attribute this to the fact, that M. formosa is 
well-adaptedd to the deep reef whereas the depth generalist M. pharensis is at its 
distributionall  depth limit This means» that the relative offset of S13C from the kinetic line 
cann indicate if a coral is well adapted to its environment. This is the case for the depth 
specialistt M. formosa which even at a depth of SO m shows S13C to 51S0 values that indicate 
bothh positive photosynthetic rates and fast calcification. We therefore argue that the joint 
interpretationn of skeletal 613C and 6180 can provide information on the ecological plasticity 
andd adaptation to depth of a coral species. 

Forr zooxanthellate corals we consider corals that maintain a relatively fast skeletal 
growthh as being "well-adapted" to their habitat Fast skeletal growth is generally a 
consequencee of the positive coupling of photosynthesis and calcification (Barnes and 
Chalkerr 1990; De Beer et al. 2000; Dennison and Barnes 1988; Gattuso et al. 1999; 
Reynaud-Vaganayy et al. 2001). There are two possible schemes of how photosynthesis and 

53 3 



Skeletall  isotopes as indicator of ecological and physiological plasticity in Madracis 

calcificationn rates are coupled: 1) the ratio of photosynthesis to calcification is linear and 
constantt or 2) the ratio of photosynthesis to calcification is changing due to species specific 
orr environmentally induced factors, e.g. similar photosynthetic rates result in different 
calcificatonn rates for different species. Our data point to the latter and thus, that for a distinct 
offsett in S180 corresponding to a distinct calcification rate, the P:R ratios expressed by the 
S13CC offset are less pronounced for M. formosa at 50 m than for the shallow water corals. 
Thiss means, that M. formosa sustains a high calcification rate in deep water although the 
photosyntheticc rate is significantly lower at 50 m than in shallow water. This supports the 
idea,, that the coupling of photosynthesis and calcification rate is not a constant relation, but 
highlyy dependent on how well a coral is adapted to its environment. In this case, the slope of 
S13CC versus 8I80 should reflect how photosynthesis relates to the calcification rate of a 
coral.. This is demonstrated by our data (Fig. 5, Table 2) which show that the slope of the 
regression,, 6I3C relative to 8180, is increasing with depth. This relationship means, that for 
similarr photosynthetic rates thé coral skeletons would grow faster at deeper depth. 

Too use the relationship of skeletal 513C and 8180 to quantify metabolic effects as 
proposedd by Heikoop et al. (2000) it is important to know the relationship of photosynthesis, 
calcificationn rate, and how it is expressed by the slope of 813C versus 8180 for a certain 
species.. Therefore, it is vital to determine the representative slopes of 813C versus SI80 for 
individuall  species or colonies or to test the general validity of the slope as proposed in 
earlierr studies (Heikoop et al. 2000; McConnaughey 1989a; McConnaughey et al. 1997). 
Thiss can then be applied to correct the skeletal 513C for kinetic isotope effects and 
consequentlyy be used as proxy for photosynthetic performance. 

Onee interesting aspect that can explain why the ratios of photosynthesis to calcification 
aree highly variable is the spatial separation of the two processes of photosynthesis and 
calcification.. Photosynthesis is performed by the zooxanthellae which are located in the 
endodermall  cells of the oral layers, while calcification is carried out in the ectodermal cells 
off  the aboral layers (Barnes and Chalker 1990; Gattuso et al. 1999; Vandermeulen and 
Muscatinee 1974). This means that with increasing tissue thickness the spatial distance 
betweenn photosynthesis and calcification increases. Madracis formosa has a thinner tissue 
layerr than the shallow water coral M. mirabilis (pers. observation). This can explain why M 
formosaformosa appears to more efficiently photosynthesize and calcify at a respective depth as 
indicatedd by the 813C and 8180 values. 

Theree is quite some variability in skeletal isotope fractionation (noise), and we therefore 
thinkk that a representative regression line for 813C versus 8I80 can best be obtained if the 
extremee values are included. This is the case when sampling over the entire colony surface 
wheree intermediate values as well as the extreme colony positions with respect to growth 
andd exposure to light are being sampled. 

Theree are many reasons why contradictory results have been obtained in proxy evaluation 
usingg the 813C and 8180 of coral skeletons. We think, that methodological limitations are an 
importantt constraint. This includes the noise in the stable isotope signal, which is likely a 
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resultt of sampling constraints due to the three-dimensional structure of the corallites and 
skeletonn (Leder et al. 1996; Patzold 1992). If gradients are small» the methods to measure 
distinctt variables such as photosynthesis, respiration and calcification rate are often too 
inprecisee or too laborious to produce sufficient replicates to overcome the basic noise. 
Thereforee further elaborating on the relationship between 5I3C and 5lsO using large 
gradientss with respect to coral physiology, calcification and photoadaptation may broaden 
thee understanding of skeletal isotope fractionation in general. 
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Abstract t 

Nitrogenn and carbon isotope fractionation in zooxanthellate corals depends on a variety 
off  factors related to coral biology that alters the isotopic signature of source nitrogen and 
carbon.. To assess this we investigated the tissue stable isotopes of three branching species 
oïMadracisoïMadracis spp, M. mirabilis, M. carmabi and M.formosa, confined to different depths on 
thee reef, e.g. shallow (<20 m), intermediate (-30 m) and deep (>40 m). Two distinct colony 
surfacee positions, the tip and side of a branch, were sampled from corals at different depths, 
rangingg from 5 to 47 m. The coral SI5N and 813C varied up to 5.2 and 5.6 %o, respectively. 
Variationn was attributed to variable light regimes and a change in trophic conditions on an 
infra-colonyy scale. Both 513C and S15N decreased with water depth, but at shallow and deep 
reefss a divergent behaviour of 813C and 61SN was observed. In shallow corals (5 to 20 m) 
55 5N remained constant indicating nitrogen limitation as a result of high photosynthesis, 
whereass 5UC decreased in shallow reefs and was almost constant at deeper depths. A 
consistentt difference of 813C between cnidarian tissue and zooxanthellae suggested that the 
coralss do not shift from strong autotrophic to more heterotrophic feeding with increasing 
waterr depth. However, on an infra-colony scale differences in 813C of polyp and 
zooxanthellaee clearly indicated that prey capture at the tip of a colony branch was more 
pronouncedd than at the side positions, a pattern consistent throughout all depths. This 
divergencee of trophic condition between tip and side of a colony was also confirmed by 
circaa 0.5 %> heavier 81SN signals at the tip of a colony. This study indicates that a joint 
analysiss of SI5N and 813C facilitates me interpretation of coral isotope values in relation to 
corall  biology and environmental settings. 
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Introductio n n 

Tropicall  scleractinian reef corals are extremely well adapted to oligotrophy conditions 
harboringg endosymbiotic dinoflagellates (zooxanthellae) of the genus Symbiodinhtm 
(Muscatinee and Porter, 1977; Trench, 1993). The algal symbionts contribute significantly to 
thee energy demand of their host and translocate up to 95 % of photosynthetic products to the 
corall  animal (Muscatine, 1990). Specifically, for shallow-water corals the carbon fixed by 
photosynthesiss and translocated from algal symbionts to coral host is considered sufficient 
too meet the daily carbon demand for animal respiration and growth (Davies, 1984; 
McCloskeyy and Muscatine, 1984). Although zooxanthellae in deeper depths are adapted to 
loww light by increasing their relative photosynthetic efficiency (Kaiser et al., 1993; Lesser et 
al.,, 2000; Masuda et al., 1993; Schuchter and Fricke, 1991; Titlyanov et al., 2001), 
photosynthesiss is generally lower under low light conditions and thus less 
photosyntheticallyy fixed carbon may be supplied to the animal cnidarian part of deep water 
corals.. The reduced contribution from zooxanthellae photosynthesis at increasing water 
depthh may be partially compensated by increasing the input from allochthonous sources 
(Anthony,, 1999; Farrant et al., 1987; Ferrier-Pagès et al., 1998; McCloskey and Muscatine, 
1984;; TiÜyanov et al., 2Ó00). 

Somee coral species have means to adapt to a wide range of light intensities and thus 
occurr over a large depth gradient (Battey and Porter, 1988; FalkOwski and Dubinsky, 198f)> 
whilee other species are specialized to more narrow depth ranges and light regimes (Bak, 
1977;; Done, 1983; Mundy and Babcock, 1998; Gates and Edmunds, 1999). In reefe of 
Curacao,, three branching species of the genus Madracis (family Astrocoeniidae) are such 
depthh specialists (Fig. 1) (Bak, 1977; Vermeij and Bak, 2002; Vermeij and Bak, in press). 
MadracisMadracis mirabilis is abundant in shallow water between 2 and 25 m. Madracis carmabi 
n.sp.. (Vermeij et al., in press) can be found at intermediate depths of 20 to 40 m, and M. 
formosaformosa is a deep reef species and is found at 30 to > 60 rn. It is striking that the depth 
distributionn of the three branching Madracis species hardly overlaps at reefs of Curacao. 
Indeed,, these three species form a strict zonation pattern where one species appears to 
replacee the others in a particular depth zone. 

Thee ratio of photosynthesis to respiration (P:R ratio) is an indicator for the relative 
significancee of phototrophy and heterotrophy. For zooxanthellate corals, the P:R ratio can 
bee estimated from skeletal stable oxygen and carbon isotopes (Heikoop et al., 2000a; 
McConnaugheyy et al., 1997). An analysis of skeletal 5i3C and 5I80 of the depth specialists 
M.M. mirabilis and M. formosa and comparisons with the depth generalist M pkarewis 
indicatee that these specialist species perform better, in terms of P:R ratios and skeletal 
growth,, man the generalist species at corresponding depths (Maier et al., 2003). But because 
photoadaptationn has its limits and absolute photosynthetic rates are lower for deep corals 
thann for shallow water, the relative significance of heterotrophy for coral nutrition and or 
growthh in general should increase with depth. The question arises how and to which extent 
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thesee corals, specialized in a narrow depth range, compensate the inevitable energy loss due 
too lower photosynthetic rates at greater depths. 

Tissuee § C and 515N have been widely acknowledged to be indicators for trophic 
relationshipss and metabolic functioning (DeNiro and Epstein, 1978; DeNiro and Epstein, 
1981;; Gannes et al., 1998; Minagawa and Wada, 1984). For example, extremely low Si3C 
andd 5 T*T have revealed the chemoautotrophic energy supply of hydrothermal vent animals 
(Paulll  et al„  1985; Rau, 1981; Robinson et al., 2003). The 5l3C can provide information on 
thee portion of metabolic energy provided by photo- or chemoautotrophic endosymbiotic 
organismss to their host animals (Conway et al, 1989). Also, relatively low values of §15N of 
primaryy producers can hint at nitrogen fixation (France et al, 1998; Yamamuro et al, 1995). 
Inn reef organisms, 51SN has been used to identify the terrestrial and anthropogenic origin of 
dissolvedd inorganic nitrogen (DIN) and thus potential sewage impacts on reeis (Fry et al., 
2003;; Gartner et al., 2002; Heikoop et al., 2000b; Risk et al, 2001). 

Thee application of the S' t̂ signal has considerably increased our knowledge of food 
webs.. With each trophic level heterotrophic organisms are enriched in 15N by an average of 
3.44 %o (DeNiro and Epstein, 1981; Minagawa and Wada, 1984) and the causes and amount 
off  this fractionation has been the topic of intensive research. Heavier isotopes form stronger 
bondss and it is consequently less likely that they undergo chemical reaction. During amino 
acidd synthesis retention of isotopically heavier 15N and excretion of lighter i4N results in 15N 
enrichedd animal protein (Gaebler et al.*  1966; Minagawa and Wada, 1984). This seems to be 
thee consequence of fractionation during deamination and transamination in which I4N 
containingg amino groups are favored (Macko et alM 1986; Steele and Daniel, 1978). A l5N 
enrichmentt based on the same process can even be observed in starving animals, which 
deaminatee tissue protein as energy and amino acid source (Adams and Sterner, 2000; 
Hobsonetal.,, 1993). 

Usingg tissue 813C and S15N, we studied patterns of carbon and nitrogen assimilation, 
heterotrophicc feeding and resource partitioning between zooxanthellae and cnidarian host 
(Muscatinee and Kaplan, 1994; Muscatine et al., 1989) of the three Madracis specialists over 
aa steep depth gradient. We were specifically interested if the depth specialists shift their 
energyy supply from prevailing photoautotrophy in shallow to a more heterotrophic feeding 
att deeper depths as anticipated for other coral species. The light conditions do not only 
dependd on depth, but also vary enormously with incident light angle and consequently with 
colonyy position. Since this may have profound consequences for isotope fractionation, we 
alsoo assessed stable isotopic composition on an intra-colony scale by systematically 
comparingg tissue stable isotopes between upward feeing branch tip and the sideward facing 
positionn of the corals along a depth profile. We showw that comparisons of stable isotopes on 
intra-colonyy scale are useful in elucidating the role of light on tissue stable isotope 
fractionation. . 
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Materiall  and Methods 

StudyStudy site and sampling 

AA total of 42 colonies of Madracis spp (Fig. 1) were sampled in June 2002 at the leeward 
coastt of Curacao, Netherlands Antilles (Fig. 2). Coral samples were collected at different 
depthss using hammer and chisel, placed in a bucket covered with a dark plastic sheet to 
avoidd photostress during the short transport to the laboratory at the Caribbean Marine 
Biologicall  Institute (Carmabi). From each colony pairs of tissue samples were retrieved 
fromm a) the upward facing tip (0°), and b) from the sideward facing (90°) position of a 
colonyy or branch. The coral tissue was removed with a water-pick, using about 200 ml of 
filteredd seawater (Millipore, pore size 0.22 um). The filtered seawater was re-cycled and 
usedd until a small area of tissue (ca. 5 cm2) was completely brushed off the skeleton. 

Figuree 1 Photographs of colonies of the branching species of Madracis from reefs of Curacao, (a) 
MadracisMadracis mirabilis (10m), (b) M. carmabi n. sp. (28m) and (c) M.formosa (40m). Scale bar = 1 
cm. . 

Thee water-picked slurry was passed through a 20 um mesh-sized gaze to remove bits of 
skeletonn and other debris. Since comparisons of 513C analyses with acidified and non-
acidifiedd samples of the investigated coral species have revealed previously that the 20 um 
nett was sufficient to remove all carbonate (data not shown), an acid-treatment was 
consideredd superfluous. Half of the slurry was directly filtered on precombusted Whatman 
GF/FF glasfiber filters (47 mm diameter) using low pressure. The remaining part was 
homogenizedd (Ultra-Turrax® T50) for 5-10 minutes to release zooxanthellae from animal 
tissue.. The homogenate was repeatedly centrifuged (2000 x g) and washed to separate the 
zooxanthellaee from animal tissue as described in Muscatine et al (1989). Random 
microscopicc inspections revealed a high separation efficiency for the 2 types of material. 
Thee pellet containing zooxanthellae was resuspended in filtered seawater and then collected 
onn GF/F filters (25 mm diameter). The supernatant containing the animal tissue was filtered 
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onn GF/F glasfibre filters as well. The GF/F filters were dried for at least 24 hours in an oven 
att 60°C and stored dry for later analyses of tissue stable isotopes. A sample for particulate 
organicc matter (POM) was obtained by filtering seawater from intermediate depths (about 
255 m) onto a GF/F filter and processed like the coral holobiont samples. 

Figuree 2 Study site at Buoy zero, 
Curacaoo Netherlands Antilles 

Forr dissolved inorganic carbon of seawater (DICSW) we took water samples (30 ml each) 
att 4 depths (5, 15, 25, 40 m) between April 16th and June 26th 2001 in at least biweekly 
intervalss (N = 9 at each depth). Directly after sampling HgCl2 was injected and bottles were 
sealedd air-tight and stored at 4°C until analyis of 8,3C. 

LightLight  measurements 

Att the study site, photosynthetic active radiation (PAR) with a wavelenght of 400 to 700 
nmm was measured during 16 days in May 2001 using a LI-192SA underwater quantum 
sensorr (LI-COR) connected to a LI-1000 datalogger (LI-COR). PAR [umol photons m"2 s'1] 
wass measured for the upward facing position (0°) in intervals of 1 m following the reef 
slopee to a maximum depth of 40 m. For PAR of the sideward facing position (90°), we 
repeatedlyy measured at 4 distinct depths (10, 15, 25 and 35 m). Extinction coefficients (k') 
weree determined for upward and sideward facing positions from exponential regression of 
PARR versus depth (Fig. 3). We used the two exponential regression functions to calculate 
PARR for respective sampling depths and colony positions (Table 1). We also gave the 
"light-depth",, i.e. the theoretical water depth, to which PAR of the 90° colony positions 
wouldd correspond to if this colony position was facing upward (0°). 
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Tablee 1 Sampling regime, light characteristics and tissue isotope values for Madracis spp. 
Sampless taken from the tip of a colony were generally racing upwards (angle of 0°) and the side 
positionss had an angle of approximately 90°. Light regimes are as calculated using k' from 
regressionn functions for 0° and 90° positions (Fig. 3). *UgbtdepuV is a theoretical water depth, 
too which PAR of the 90° colony positions would correspondd to if (his colony position would be 
facingg upward (0°). Mean and S.E. of S1SN for holobiont (6ISN) and of 8,3C for holobiont (H-
5I3C),, host polyp (P-6,3C) and zooxanthellae (Z-513C). 
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IsotopicIsotopic analyses 

Isotopicc data are presented as 8!5N and 513C in %o notation with 5X [%o] = [(Raapte / 
Kaastal)) - 1] x 1000, where X = ^ or 13C, and R = 15N /T4N or 13C/I2C, respectively. The 
513CC and 8l5N of coral holobiont and POM was analyzed parallel and in triplicate with a 
Finnigann MAT Delta Plus mass spectrometer after being combusted at 1050°C in an NC 
25Ö00 Elemental Analyzer (CE Instruments). 515N is reported relative to air N2. We used 
puree N2 (with 99.996 %) as a laboratory working standard gas and IAEA standards N-I and 
N-2.. 5l3C is reported relative to Vienna PDB (VPDB). Sucrose and PEF were used as 
standardss for S13C. The analytical precision for both 513C and SI5N based on repeated 
measurementss of a laboratory sediment standard (WST2) was < Ö.26 %a  1 S.D. (ft -143). 

Sampless of separate cnidarian host and zooxanthellae fractions were analysed for 513C 
withh benzoic acid as 513C standard. The analytical precision for 513C based on repeated 
measurementss of a laboratory standard (acetanalide) was < 0.15 %o  1 S.D. (n — 27). 
Sampledd material was not sufficent to also analyse 515N. 
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StatisticalStatistical analyses 

Statisticall  analyses were conducted using theWindows software package Statistica 6.1 
andd Excel 97. For each coral colony the tip and side positions were sampled separately thus 
resultingg in pairs of samples from tip and side for each single colony. Also, the 513C of 
polypp and zooxanthellae resulted from corresponding samples. For statistical comparisons 
off  two sample means of tip and side position, we consequently used the paired t-test. Two-
wayy ANOVA was used to test the effect of depth and colony position and for post hoc 
comparisonn of single variables we used the Tukey Honest Significance Difference test 
(HSD)) for unequal N (Tpjotvoll/Stoline) with p< 0.05 as chosen signifcance level (Table 2). 

Results s 

PhotosyntheticPhotosynthetic active radiation 

PARR exponentially decreased with increasing water depth and k' for the 0° and 90° 
colonyy position was -0.067 and -0.052, respectively (Fig. 3). Rapid changes of cloud cover 
andd differences in cloud cover between sampling days were responsible for the high 
variabilityy of PAR values. The coefficient of variance (CV) of PAR (average of 34.7 %
0.755 S.E. was not correlated with water depth (r2 = 0.033, p = 0.265, « = 40) revealing that 
relativee fluctuations in light intensity did not vary with depth. Due to the lower k' for the 
90°° sideward position the differences in relative "light-depth" between tip and side of a 
colonyy decreased with increasing water depth (Table 1). 

Figuree 3 Variation of photosynthetic active 
radiationn (PAR) with water depth for 
upwardd facing (PAR 0°) and sideward 
facingg (PAR 90°) colony positions. PAR for 
upwardd facing position was measured in 
intervalss of 1 m to a maximum depth of 40 
mm (N=506, grey squares) and PAR for 
sidewardd position measured at 10, 15,25 
andd 35 m (N=52, grey circles). Exponential 
regressionn fit for mean PAR with PAR(0°) = 
8 1 ?? ĵ -00682'depth ( r = _o.985,/K<0.0001, 

N=40)) and PAR(90°) = 93.7*e-
00517* depth 

(r=-0.918,/?? = 0.041, N = 4). 
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SeawaterSeawater DIC and POM 

Thee three replicate measurements of 513C and 8,5N of particulate organic matter (POM) 
rangedd from -20.1 to -20.3 %o and from 3.9 to 4.8 %, respectively. 513C of seawater 
dissolvedd inorganic carbon (DIC.^,) was on average 1.32 %o  0.02 and multiple linear 
regressionn analysis showed no relation of DICsw to sampling depth and/or season (R2 = 
0.002,, F(2,33) = 0.044, p = 0.957). 

Figuree 4 Correlation of tissue 
8I5NN and 5,3C values in the 
holobiont.. 8,5N = 16.7 + 
0.699 x513C,r = 0.769, 
p«0.0001(NN = 84). 

HolobiontHolobiont tissue ÖI3C and ö15N 

Thee stable isotope values from coral holobiont ranged from -22.1 %o to -16.9 %o for 813C 
andd from 0.4 %o to 6.0 %o for 815N. Thus, the 8,3C and 8,5N values had an almost similar 
isotopicc range with 5.6 %o and 5.2 %o, respectively. Furthermore, 813C and 8,5N were 
significantlyy and positively correlated to each other (Fig. 4), and decreased with increasing 
waterr depth (Fig. 5). The linear correlations of stable isotopes versus depth were significant 
(RR = - 0,782 for 8,5N and R = -0,816 for 813C, N = 84 and p « 0.001). 

Despitee the good correlation between 813C and 815N, there were also pronounced 
differences,, when shallow and deep water corals were considered separately. The values for 
8,5NN from 5 to 20 m depth, which were all from the shallow species M. mirabilis, remained 
ratherr constant over this depth range (Fig. 5). 815N from M. mirabilis neither correlated to 
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depth,, PAR nor corresponding tissue 5I3C. This was true for separate and pooled data as 
welll  as for tip and side positions with the exception of a significant, albeit weak correlation 
betweenn S,5N and 5,3C (r = 0.35,/? = 0.03, n = 41 for pooled data). In contrast to 615N, the 
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Figuree 5 Holobiont tissue 815N (left) and 5I3C (right) of side and tip colony position versus water 
depth.. Error bars are S.E. of mean values and paired two sample for means (t-test) between tip 
andd side of colony position was marked significant with * for p < 0.05 and **  for p < 0.005 (one-
tailed,, assuming 81 Cdp > 813CSide)- Vertical dashed line gives estimate for 513C and 815N of POM 
sampledd at intermediate depth. 

513CC signals of the shallow water coral M. mirabilis were significantly correlated to depth 
andd respective light regimes. In the deeper coral species M. carmabi and M. formosa the 
815NN from the sideward facing position showed a significant correlation to depth (r = -0.58, 
pp < 0.01, n = 21), whereas 8 N of colony tips and the 8 C of tip or side positions were not 
significantlyy correlated to depths (515N tip: r = -0.33, p = 0.14, n = 21; SI3C tip: r = -0.22, p 
== 0.34, n = 21; S13C side: r = -0.13,/? = 0.57, n = 21). 

ööl3l3CC in zooxanthellae and cnidarian tissue 

Averagee 813C of polyp and zooxanthellae was -18.89 %o 3 S.E. and -18.65 %o 5 
S.E.,, respectively. The difference between polyp and zooxanthellae averaged 0.24 %> and 
wass highly significant (paired two sample for means, t - 5.08,p « 0.001, n = 83). 

Att the colony tips 813C values of zooxanthellae were consistently heavier than 
correspondingg values of the polyp tissue (Fig. 6). This difference of 0.47 %o 6 S.E. was 
significantt (J = 0.83, P « 0.001, n = 41). The difference between zooxanthellae and polyp 
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513CC was more pronounced for S13C for tips of the shallow water coral M. mirabilis with a 
significantt mean difference of 0.58 %o +0.06 S.E. (/ - 10.49, P « 0.001, n = 20) than for 
thee tip position of the deeper colonies with a difference of 0.37 %o  0.09 S.E. (/ = 3.94, P 
<0.001,, n = 21). However, the differences between zooxanthellae and polyp 513C at the tip 
off  a colony showed no significant depth effect (1-way ANOVA, F(5,35) = 1.815, p = 
0.135). . 
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Figuree 6 Tissue 513C of zooxanthellae and host polyp from tip (left) and side (right) of colony 
positionn versus water depth. Error bars are S.E. of mean values and paired two samplee for means 
(t-test)) between tip and side of colony position was marked significant with * for p < 0.05 and ** 
forr p < 0.005 (one-tailed, assuming dl3Czoox > 5I3Cpoiyp). Vertical dashed line gives estimate for 
513CC and 5,5N of POM sampled at intermediate depth. 

Forr side positions the mean difference of 0.02 %o  0.06 S.E. between zooxanthellae and 
cnidariann 513C was not significant, neither for data pooled over the entire depth range nor 
forr shallow or deep specimen (f = 0.28, p = 0.388, n = 41 pooled over depth; t = 0.03, p = 
0.488,, n = 21, 5 to 20 m; r = 0.42, p = 0.344, « = 21,30 to 47 m). 

Separatee paired t-tests between zooxanthellae and cnidarian 513C at each depth and 
colonyy position revealed significant differences at all depths except at 30 m for the colony 
tips,, whereas at side positions only samples from 10 and 20 m depth were significantly 
different. . 

EffectEffect of depth and colony position 

Thee effects of depth and colony position on holobiont isotope values are summarized 

fromfrom ANOVA post hoc comparisons (Table 2). Paired t-test for isotope data pooled over 
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depthss revealed significant differences between colony positions for all isotope analyses 
(515NN and 613C of holobiont, and 513C of polyp tissue and zooxantheUae, always p « 0.001, 
nn = 42). Paired sample t-test of tissue isotopes from tip and side position at distinct depths 
weree also performed. In all depths, the 813C values of zooxantheUae were significantly 
higherr in the tip man in side positions (p < 0.05 each), whereas 613C of cnidarian host tissue 
wass only significantly different in 20, 30 and 40 m. For holobiont tissue the t-test revealed 
significantt differences between colony position for SI3C at 5, 20, 30 and 40 m and for 615N 
att 20,40 and 47 m water depth. Generally, the tissue stable isotope signals were heavier at 
thee tip (0°) than at the side (90°) of a colony. 

Tablee 2 Effect of depth and colony position on holobiont 5l3C and 6,5N tested by 2-way ANOVA. 
Intercept,, depth and colony position were each significant (p<<0.001, for both 5l3C and 8!ÏN), 
whereass the slope of depth*cplony position was not significant (p = 0.182 and p = 0.512 for SI5N 
andd 5I3C, respectively). Values for approximate probabilities (p) for Post Hoc Tests (unequal N 
HSD)) are given in the table according to depth and colony position, p-values for 815N are given 
att the upper right and for 513C at the lower left part of the Matrix. The tip and side positions of 
coralss from the same depth were paired samples of the same colony. Therefore probabilities of 
pairedd t-test are given (italic), while p-values of unequal N HSD were left in brackets. 
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Discussion n 

Light-Light-  and diffusion-mediated isotope fractionation 

Ann overall trend of depletion in tissue stable isotopes with increasing water depth could 
bee observed regardless of tissue type or colony position. The results generally confirm 
earlierr findings with tissue stable isotopes decreasing with water depth (Heikoop et al., 
1998;; Land et al., 1975; Muscatine and Kaplan, 1994; Muscatine et al., 1989). For Sl3C and 
88 N of zooxantheUae a decreasing isotopic discrimination with higher photosynthesis has 
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beenn demonstrated (Muscatine and Kaplan, 1994; Muscatine et al., 1989). Isotope 
fractionationfractionation models indicate that in shallow water corals photosynthesis is greater than 
respirationn and the metabolic C02 is totally consumed so that zooxanthellae must draw the 
CQzz from the internal DIC pool (Fig. 7). Thus, the internal HC03" must be replaced from 
seawaterr HCCV which has to move inward to the site of photosynthesis with isotopic 
fractionationfractionation further being reduced by diffusion-limited D1C supply. 

Iff  the zooxanthellae fix most of the available CO2 from respiration and internal DIG, 
isotopee discrimination by ribulose-bisphosphate carboxylase (RUBPCase) would be 
minimizedd and zooxanthellae 8UC would be close to the value for the internal CO2 pool. 
Thiss does not mean that zooxanthellae photosynthesis is C02-limited, but indicates that the 
internall  CQ2 pool is deprived of light 12C thus diminishing isotopic msciimination. The 
carbonn used in photosynthesis is drawn from an internal DIC pool that actually increases in 
sizee as a consequence of a "C02 concentrating mechanism" which is caused by enhanced 
carbonicc anhydrase (CA) activity during photosynthesis (Furla et al., 2000; Weis et al., 
1989)[A11 -Moghrabi, 1996 #36](De Beer et al., 2000). Fractionation processes involve the 
uptakee and diffusion of bicarbonate and conversion to CO2. This CO2 is used during 
photosynthesiss and its formation is catalyzed by RUBPCase with a fractionation factor for 
AAnnCC of 27 %o and / or, to a lesser extent, phosphoenol pyruvate carboxylase (PEPCase) with 
aa A 13Cof2.37%D (Benedictetal., 1980; Muscatineet al, 1989; O'Leary, 1981). 

DiffusionDiffusion constraints 

Theree is some indication that diffusion-related constraints can limit the DIC supply in 
photosynthesiss and/or calcification (Dennison and Barnes, 1988; Marubini and Thake, 
1999).. For calcification 75 to 80 % of carbon is supplied by metabolic (respired) DlC and 
thee rernaining 20 to 25 % originate from external seawater DIC (Erez, 1978; Furla et al., 
2000).. Apparently, the internal DIC pool does not contribute HCOj" to calcification (Furla et 
al.,, 2000). However, since a great part of light metabolic C02 or HCO3* is used by 
calcification,, which prevents replenishment of the internal carbon pool with light metabolic 
DIC,, light-enhanced calcification most likely augments the enrichment of tissue 13C 
specificallyy in fast-growing shallow water corals. Similar fractionation regimes and 
diffusion-limitedd N-supply can influence the nitrogen isotope fractionation. The "depletion-
diffusion""  and "host assimilation**  models for zooxanthellate corals are thoroughly 
discussedd in Heikoop et al. (199$). Briefly, DIN is taken up from the external seawater into 
thee cytoplasm of the host From this internal DIN pool nitrogen is taken up by the 
zooxanthellae,, assimilated into organic nitrogen and finally translocated back to the host 
Also,, nitrogen from host catabotism is released to the internal DIN pool Possible outward 
fluxess are release of DIN and organic nitrogen, in the form of dissolved and particulate 
matterr (see Fig. 7). The host assimilation model also contains a component of enzymaticalty 
regulatedd assimilation of internal cytoplasmatic DIN with glutamine dehydrogenase (GDH) 
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Figuree 7 Hypothetic model of pathways and fluxes of carbon and nitrogen that can contribute to 
thee stable isotopic composition of total organic carbon and nitrogen (TCorg and TNorg) as 
measuredd in the tissues of branching Madracis spp. The diagram was combined and modified 
fromm three models for carbon acquisition (Furla et al., 2000), carbon isotope fractionation 
(Muscatinee et al., 1989) and nitrogen flux and isotope fractionation (Heikoop et al., 1998). 
Numberss with letters in superscript are estimates for 513C or 815N [%o]. The values were 
approximatedd from data of this study and data and/or fractionation factors as given in the 
literature:: (a)this study, average 813C of seawater DIC (813CDIC), metabolic CO2 (CC^met), which 
iss according to Muscatine et al (1989) similar to 5I3C of animal tissue. Metabolic bicarbonate 
(HCCVmeOO is enriched by ca. 7 %o relative to CĈ met, (b)513C of organic carbon is about 1 %o 
enrichedd to prey (DeNiro and Epstein, 1978), here we assume POM as the major allochthonous 
foodd source, (c)the stepwise enrichment of organic 815N with heterotrophic feeding averages 3.4 
%oo (Minagawa and Wada, 1984),(d) likely range of 515N of seawater DIN (Heikoop et al., 1998), 
(e)) a maximum of 20 % of assimilated prey nitrogen has been shown to appear in endosymbiotic 
zooxanthellaee (Piniak et al., 2003), ® range in skeletal 813C (813CSkei) for branching Madracis spp 
withh a depth range similar to colonies of this study (Maier et al., 2003); present thesis - chapter 5), 
tete'' equilibrium C fractionation between aragonite and bicarbonate (£aragonite-HC03"= + 2.7) 
(Romanekk et al., 1992), here 2.7 + 1.3 (HC03.sw) = 4.(h) It was suggested that 75 to 80 % of 
metabolicc carbon and 20 to 25 % of seawater bicarbonate are contributed to skeletal carbon 
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(Erez,, 1978; Furla et at, 2000). However» if the assumption that COâ  is similar to that of 
animall  tissue, then skeletal 8 C of-5.3 to 2.9%o would suppose a range of 15 to 83 % being 
contributedd by seawater HCO3"m(and 85 to 17% by metabolic HCCVmet), respectively. The 
calculationn is based on the isotopic mixing model by Fry and Sherr (1984) (a fractionation 
correctionn factor for aragönite->HC03~ of 2.1 %o was included in the estimate). "*  Nitrogen fixers, 
suchh as endolithic algae, have an approximate 5 *N value of 2 %o (France et al., 1998). A transfer 
off  photoassimilates from endolithic algae to coral tissue may be of significance for coral 
metabolismm in extreme situations such as very low light environments or in bleached coralss (Fine 
andd Loya> 2002; Schuchter et al., 1995), 

orr glutamine synthetase (GS) catalyzing the reaction with a fractionation of ca. 8 % in 

relationn to N H / (Weiss etal.,1988 and Hochetal, 1992 - cited in Heikoop et at, 1998). 

Withh increasing water velocity and thinner diffusive boundary layer, a depletion in 13C 
andd 1SN has been demonstrated for periphyton (Trudeau and Rasmussen, 2003). According 
too water velocity and corresponding thickness of diffusive boundary layers the values for 
813GG and S15N varied by 9 and 5 %», respectively. These variations were attributed to 
diffusion-depletionn constraints for DIC and DIN transport related to larger diffusion 
distancess resulting in stronger depletion of light isotopes of internal DIC and/or DIN pools. 

Thee tissue 613C of the investigated species of branching Madracis were generally low 
comparedd to other zooxanthellate coral species, but values in the range of our results nave 
beenn reported for the shallow water coral M. mirabilis and thus appear typical for this 
speciess (Muscatine et a l, 1989). hi contrast to Muscatine et al (1989), we could show that 
M.M. mirabilis is also no exception in following the trend of decreasing tissue 5I3C with 

increasingg water depth. The tissue of Madracis is connected relatively loosely to the 
skeletonn and does not extend deeply into the skeleton. This may thus minimize diffusion 
distancess and favor isotope fractionation. Other corals often have either big corallites such 
ass Montastraea or a porous skeleton such as Pontes with tissue that reaches several 
millimeterss deep into the skeleton, increasing distances for diffusion. Also, in comparison to 
otherr corals the genus Madracis hardly produces any mucus layer (pers, obs.) that may 
furtherr slow down diffusion rates. 

EffectEffect of depth and life strategies 

Evenn though SPC and 51SN were correlated positively and generally decreased with 
depth,, they also showed pronounced differences (Fig. 5 and Fig. 6). At shallow water 
depths,, olsN remained almost constant while 5,3C decreased almost linearly with water 
depth.. This trend was inversed for samples from the deeper water, where o13C seemed to 
havee reached a constant level of isotope discrimination while oI5N, specifically at the side 
positionn of the colonies, showed a strong trend with increasing water depth. Thus, 513C 
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reachedd a plateau at the mimi mum values while for 51$N a saturation level appeared at the 
maximumm values. The POM 513C and S1SN values were bordering the corresponding 
minimumm and maximum plateaus of tissue isotopes from deep and shallow colonies, 
respectivelyy (Fig. 5). This could indicate a prominent role of POM as one of the main 
allochthonouss carbon and nitrogen sources for these corals, although a coincidence cannot 
bee fully excluded. 

Thee 813C and 515N plateaus indicated a saturation state for the processes involved in 
isotopee fractionation. Between 5 and 20 m, the plateau of SI5N indicates that M. mirabilis 
wass DIN limited throughout its whole depth range. This supports the idea that the shallow 
waterr coral M mirabilis has a very high photosynthetic rate, possibly combined with low 
diffusionn constraints, which resulted in DIN limitation. However, decreases in 8I3C of M 
mirabilismirabilis between 5 and 20 m indicate lower rates of carbon fixation with increasing water 
depthh thus allowing for stronger carbon isotope fractionation. Muscatine and Kaplan (1994) 
havee reported an increased carbon fixation accompanied by a decreased nitrogen fixation, 
butt not to the extent of DIN limitation. We thus provide, to pur best knowledge, the first 
recordd where DIN limitation has actually been indicated by tissue 515N values. It has been 
suggestedd that shallow water corals under high light can be nitrogen-limited (Jokiel et al., 
1994;; Muscatine and Kaplan, 1994). The nitrate and ammonium concentrations, 
respectively,, are usually below 1 umol l"1 close to the study site (Gast et al., 1998; van Duyl 
ett al., 2002). Although corals are known as efficient nutrient-scavengers, this was 
apparentlyy too low a concentration to sufficiently supply the shallow water coral M 
mirabilismirabilis with nitrogen from external seawater DIN. 

MadracisMadracis mirabilis has a remarkable life strategy with extremely fast skeletal growth at 
thee tip of a branch while lower parts of branches or colonies are often bare of living tissue 
thuss allowing burrowing organisms to penetrate and destabilize the skeleton (Bak, 1976; 
Nagelkerkenn et al., 2000). Such skeletal breaking points are facilitating reproduction by 
fragmentationn (Highsmith, 1982). Indeed, M mirabilis successfully spreads by colony 
fragmentationn where single colonies are less prominent and rather function as part of a 
largerr structure of colonies often forming large meadows in shallow waterr (pers. obs.). Such 
aa life strategy does profit from enhanced carbon fixation where excess carbon facilitates 
relativelyy fast calcification rates at the branch tips possibly at the expense of maintaining 
tissuee growth. This is also indicated by the fact, that the lower parts of branches are bare of 
tissue.. This may be a reason why M. mirabilis is not abundant below a certain depth range 
wheree photosynthetic carbon assimilation would be light-limited and the fast calcification at 
branchh tips is not sustainable. 

Thee 513C and 6l5N along a depth gradient may show the compensation depth for nutrient-
limitationn and also at which depth light becomes restrictive for photosynthesis and 
calcification.. Along a depth gradient we can assume several scenarios with respect to 
nutrientss and light. In shallow waters, conditions are light-sufficient, but DIN-limited and at 
deepp reefs, conditions are light-restricted and nutrient-sufficient. At an intermediate depth 
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thee situation can be either light- and DIN-sufBcient or light-and DIN-limited, but never 
both.. The actual type of limitation depends on which factor changes first at intermediate 
depth. . 

Accordingg to these scenarios the compensation depths may thus be read from the curves 
off  6I5N and 5I3C versus depth (Fig. 5). We reason that the compensation depth is indicated 
byy a change in direction of the isotope curves. For 515N this change occurs between 20 and 
300 m water depth. We thus assume, that around 25 m depth seawater DIN supply is 
sufficientt to meet levels demanded by actual photosynthetic capacity at this depth. For SI3C 
thee compensation point from light-sufficient to light-limited conditions appear at a depth of 
approximatelyy 40 m. From the feet that the §,3C compensation point is below that of $15N 
followss that at intermediate depth conditions were light-sufficient and nitrogen-sufficient for 
zooxanthellacc photosynthesis andd not light-restricted and nitrogen-limited. 

However»» it is not clear whether the 813C signals are really caused by light-restricted 
conditionss or rather by the fact mat Sl3C is at its saturation level with respect to 
photosyntheticc induced enzymatic carbon fractionation. Assuming the latter and that the 
allochthonouss carbon source is indeed POM, then the 513C from heterotrophic feeding is 
aroundd -19 to -20 %>, and 513C from photosynthesis only slightly lower with -20 to -21 %o. If 
wee further assume a value of -21 %o as the lowest value reached by photosynthetic 
fractionationfractionation as inferred from data for zooxanthellae*  a S13C of seawater PIC of 1.3 %o and 
fractionationfractionation factors of 27 %* for RUBCase and 2.4 %o PEPCase, wè can estimate the 
portionn of enzymatic activity involved hi carbon fixation as approximately 80 % of 
RUBCasee and 20 % of PEPCase. It is unclear if the branching Madracis colonies actually 
reachh the depth where light is limiting for photosynthesis and calcification and where most 
carbonn has to be supplied by heterotrophic feeding. Our data do not support this 
interpretation,, but this may be due to the fact, that the differences in 5nC values from 
photosyntheticc fractionation and allochthonous carbon sources was only approximately 1 
%o.. An enrichment of 813C at deeper depth due to lower photosynthesis and a stronger 
allochthonouss carbon input may thus not be recognizable within the natural variability of 
carbonn isotope data. 

VariationVariation of stable isotopes on intra-cohny scale 

Onn intra-colony scale 513C and 515N were lower at the side than at the tip of the colony. 
Thiss is generally in accordance with the finding of light-dependent isotope signatures as 
discussedd earlier. However, it is striking that there was a consistent and significant offset in 
513CC between zooxanthellae and cnidarian host at the colony tip, whereas at the side of the 
colonyy the 513C of zooxanthellae and cnidarian were fairly similar. This indicates 
heterotrophicc feeding at the tip and no or only sporadic prey capture at the sideward facing 
positionss of colony branches. This disparity in feeding on intra-colony scale may be a result 
off  differences in water flow where at the outer boundaries of branching Madracis colonies, 
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i.e.. at the outward facing tip, flow regimes favor particle capture while at the sideward 
positions,, further inside of the colony, waterflow can reach a stagnant phase and particle or 
preyy encounter may thus be minimized (Kaandorp et al., 2003). Prey encounter and prey 
capturee have been shown to depend on prey concentration, flow speed and coral colony 
morphology,, wit (Sebens et aL, 1997), 

Thee lack of difference in zooxanthellae and cnidarian 513C at the branch side also 
indicatess an almost complete recycling of carbon between zooxanthellae and animal host. 
Thee differences in 813C between tip and side position of a colony, with generally higher 
valuess at the tip, are consequently not solely due to varying light intensity, photosynthesis 
andd diffusion constraints, but are also resulting from the disparity in heterotrophic feeding 
betweenn colony position. 

Inn contrast to previous observations (Muscatine et al., 1989), there was an astonishing 
lackk of increasing differences between zooxanthellae and polyp tissue 813C with increasing 
waterr depth (Fig. 6). This suggests that over the entire depth range from 5 to 47 m the 
branchingg morphotypes of Madracis are not able to compensate the inevitable reduction in 
photosyntheticc carbon assimilation by increasing heterotrophic feeding. 

Conclusions s 

Thee tissue stable isotope data hint at DIN limitation for shallow water M. mirabilis while 
DINN and DIC assimilation of corals at intermediate depth seems to take place under light-
andd nitrogen sufficient conditions. For the deep specialist M formosa, the evidence for 
light-limitationn was not clear, because POM as heterotrophic food source had similar 
isotopicc 51 C values as those expected for photosynthetic isotope fractionation. 
Consequently,, the interpretation of source 513C and underlying mechanisms remain 
ambiguouss for the deep corals. However, our tissue isotope results clearly demonstrated a 
pronouncedd food capture at colony tip in contrast to the side positions. Also, the difference 
off  separate cnidarian and zooxanthellae 5l3C supported this finding and produced 
indicationss that, within the branching corals and depth specialist species, there was no 
compensationn of the inevitable loss of photosynthetic energy supply by increasing their 
heterotrophicc food uptake with increasing water depth. 
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Abstract t 

Thee stable isotopic composition of scleractinian corals is strongly influenced by 
environmentall  conditions and coral physiology. Here we study skeletal and holobiont tissue 
isotopicc composition in relation to characteristics of algal syrnbionts (zooxanthellae) and the 
species-specificc response to variable light regimes, related to different colony positions 
and/orr different depths. Also, the question of species specific adaptation to depth and light-
acclimationn in relation to the variables investigated was considered. On coral reefs of 
Curacao,, Netherlands Antilles, the massive coral Montastraea annularis and 4 species of 
thee genus Madracis spp were investigated. We analysed zooxanthellae size, density and 
photopigmentt composition as well as tissue 813C of aliquot samples of holobiont tissue, and 
skeletall  5 Cand5 O of colony positions corresponding to those of tissue samples. For all 
variabless investigated ML annularis was clearly distinct from the genus Madracis. In 
comparisonn to Madracis spp, M. annularis had relatively low zooxanthellae densities in 
combinationn with high cellular photopigment concentrations favoring high photosynthesis 
too respiration rates which also reflects in the tissue and skeletal isotopic composition. 
Betweenn the species of Madracis there was no such clear distinction for the variables 
investigated.. However, the branching morphospecies of Madracis spp had smaller 
zooxanthellaee than encrusting or dome-shaped M. pharensis. Small zooxanthellae can be 
indicativee of a high mitotic index with high algal cell division rates, which generally 
coincidee with fast skeletal growth. The latter was also indicated by lower skeletal stable 
isotopicc composition. 
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Introductio n n 

Coralss are well adapted to oligotropbic waters by hosting algal endosyrabionts 
(zooxanthellae).. The importance of light and photosynthesis for high calcification rates are 
welll  documented since the pioneering work of Goreau and co-workers (Drew, 1973; 
Goreau,, 1959; Goreau and Bowen, 1955; Goreau, 1977). More recently, microsensor 
techniquess provided evidence on light-enhanced calcification and corresponding increase in 
pHH under the calicoblastic layer, directly at the site of calcification (Al-Horani et aL, 2003). 
Photosynthesiss and coral calcification are important components in reef growth. The fast 
andd regular deposition of calcium carbonate (CaC03) coral skeletons makes well suited 
high-resolutionn paleorecords of past climate variability (Fairbanks et at, 1997; Gagan et aL, 
2000). . 

Thee combined interpretation of skeletal 813C and SwO can provide information not only 
onn climate variability but also on skeletal growth and metabolic functioning of the corals. 
Thee divergence of kinetic versus metabolic isotope fractionation is used in this Study to 
separatee growth-related kinetic isotope effects of both 513C and S'*0 from isotope shifts that 
aree influenced by the coral metabolism (photosynthesis and respiration) and only afreet 
skeletall  513C (Heikoop et aL, 2000; McConnaughey, 1989a; MeConnaughey, 1989b; 
MeConnaugheyy et al., 1997). This divergence of kinetic and metabolic isotope effects has 
alsoo been used to identify the ancient presence of algal symbionts in Late Triassic 
scleractiniann coral species (Stanley and Swart, 1995), and may moreover provide 
informationn on species specific ecological plasticity and adaptation to depth or light (Maier 
etal.,2003). . 

Thee distribution of zooxanthellate corals is generally structured by light with species-
specificc zonation patterns as a possible consequence of species specific adaptive strategies. 
(Diekmannn et al., 2Ó02; Lesser et al., 2000; Mundy and Babcock, 1998; Vermeij and Bak, 
2002).. A whole suite of adaptive strategies has been reported as response of cnidarian host, 
algall  symbionts or holobiont to changing light environment (Anthony and Hoegh-Guldberg, 
2003;; Battey and Porter, 1988; Falkowski and Dubinsky, 1981; Iglesias-Prieto and Trench, 
1994;; Iglesias-Prieto and Trench, 1997; McCloskey and Muscatine, 1984; Rowan and 
Knowlton,, 1995; Schuchter and Fricke, 19^1; Troyanov, 1991). 

Here,, we study the response of zooxanthellae to variable light and depth in relation to 
skeletall  and tissue isotopic composition of coral colonies from Curacao, Netherlands 
Antilles.. The coral species investigated can be grouped into three distinct types in their 
responsee to variable light regimes. The massive coral Montastraea annularis is one of the 
mostt abundant species on reefs of Curacao and generally thrives in optimum light occurring 
overr a large depth range (Battey and Porter, 1988). Montastraea annularis constitutes an 
importantt species for paleoclimate reconstruction, specifically in the tropical Atlantic. Three 
speciess of branching Madracis spp, the corals M. tnirabilis, M carmabi n. sp. (Vermeij et 
al.,, in press), and M. formosa exhibit a narrow distributional depth range in shallow, 
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intermediatee and deep, respectively. In the same genus, the encrusting to massive species 
MadracisMadracis pharensis, is a depth generalist. It covers the entire depth range of the three 
branching,, depth specialist, species. In contrast to the large, massive depth generalist M. 
annularis,annularis, M. pharensis often inhabits cryptic environments in shallower depths and 
optimizess light capture changing its position over the reef slope (Vermeij and Bak, 2002). 

Wee hypothesize, that the zooxanthellae response, expressed as zooxanthellae densities 
andd photopigment composition to variable light regimes, should be different between the 
depthh specialist (M. mirabilis, M. carmabi and M. formosa) and the depth generalist species 
(MM  pharensis and M. annularis). The hypothesis is based on the reasoning that 
generalisationn and the possibility to adapt to a large depth and light range has its price. In 
contrastt to the specialist species, a generalist may not at all corresponding depths encounter 
optimumm conditions that would be typical and species-specific. For the generalist species we 
thuss expect lower photosynthesis, tissue and skeletal growth at depths that are typical for 
specialistt species. We further hypothesize that tissue and skeletal isotope signals document 
thee responses to variable light, and moreover depict the distributional type of coral by 
showingg a more pronounced, growth and photosynthetically induced, kinetic and metabolic 
offsett for specialist species than for the depth generalist species. 

Ciira9ao o 

Figuree 1 The study site (Buoy zero) 
att the leeward side of Curacao, 
Netherlandss Antilles. This site is 
inn close proximity to Carmabi and 
thuss facilitated fast transport of 
sampless to the laboratory. 

Methods s 

StudyStudy site 

Duringg April to June 2001, field work work was carried out at a coral reef site in 
Curacao,, Netherlands Antilles (Fig. 1). The study site (Buoy zero) is situated at the leeward 
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coastt of the island, in close proximity to the Carmabi laboratory. The fringing reef is 
characterisedd by a reef flat at a depth of approximately 3 to 10 m, and a slope steeply 
descendingg to over 50 m water depth. Wind direction is to the west and currents are usually 
too the north-west along the leeward coast line. The tidal range is very low with 10 to 30 cm, 
andd tidal currents are thus of no direct consequence to the reef. 

SeaSea surface temperature 

Temperaturee loggers (Seamon mini, Hugrun™) were placed at 5, 15, 30 and 50 m depth. 
Seaa temperature was recorded in two hour intervals between April 12th and June 22nd 2001 
andd were averaged to daily temperature values (Fig. 2). The SST data [°C] were retrieved 
withh the SeaScape supporting software for Seamon, version 1.31. 
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WaterWater samples for seawater S13CDJC and ö18Os 

Too assess 6 O and 8 C of DIC in seawater, water was sampled scuba-diving in regular 
(2-weeks)) intervals between 16th of April and 25th of June 2001 (Fig. 3). We took some 
additionall  samples on May 7th, June 14th and 18th to test if there's any dilution effects on 
88 O of seawater as a consequence of some heavy, albeit short precipitation events 
precedingg these dates. Water samples have been taken at 5,15, 25 and 40 m using dark glass 
bottless of 30 ml (for 813C) and 50 ml (for 8I80). The bottles for 813CDiC analysis were 
poisonedd by adding 0.5 ml saturated mercury chloride (HgCl2) solution. All bottles were 
thenn sealed with melted wax to avoid air contamination and stored in the refrigerator (4°C) 
untill  isotopic analysis. 
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Figuree 3 (D) Seawater 6180 (8I80sw) and (o) 8,3C of seawater DIC (813CDic) from April to June 
20011 (a) and average 8180sw and 813CDic with water depth (b). Error bars are  1 S.E. 

PhotosyntheticPhotosynthetic active radiation (PAR) 

Photosyntheticc active radiation (PAR) with a wavelenght of 400 to 700 nm was measured 
almostt daily between 1st and 13th of May 2001 between 9:30 and 10:00 a.m. local time. We 
usedused a LI-192SA underwater quantum sensor (LI-COR) connected to a LI-1000 datalogger 
(LI-COR).. PAR [umol photons m*2 s"1] was measured for downwelling irradiance, in an 
anglee of 0° relative to the water surface, in intervals of 1 m following the reef slope to a 
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maximumm depth of 40 m. At 4 distinct depths (10, 15, 25 and 35 m), we repeatedly 
measuredd PAR for the upward facing (0° angle) as well as for the sideward and downward 
facingg angles of 45, 90, 135 and 180° (Fig. 4a). From these four depths, we calculated the 
relativee PAR of side- and downward facing positions as the percentage of the downwelling 
lightlight at respective depths. Using this relation we extended the values for PAR of sideward 
positionss to a resolution of 1 m depth-intervals (Fig. 4b). We thus estimated the PAR values 
aa coral sample received with respect to the water depth and colony position it was sampled. 
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Figuree 4 Underwater PAR for different angles (a) measured at four depths and at 1 m depths 
intervalss (b). Black squares are actual measurements of PAR, whereas the grey denote calculated 
PARR at respective angles. PAR values were converted from data at four depths (a) to 1 m depth 
interval.. Error bars are  1 S.E. 

CoralCoral sampling and preparation 

Wee sampled a total of 90 pieces from colonies of different coral species and depths by 

Scubaa diving. Samples were collected with hammer and chisel between May 28th to June 
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222 , 2001. The living coral pieces were then transported in a bucket with seawater, covered 
byy a dark plastic sheet, to the nearby lab of Carmabi. 

Accordingg to colony position, sub-samples were taken to investigate parallel samples of 
bothh tissue and skeleton (Table I). Growth forms of colonies sampled can be ascribedd to 
branching,, massive or dome-shaped, and encrusting morphologies. In general, we 
distinguishedd the colony positions in relation to the upward facing (0°) position. The colony 
positionss were then categorized according to angle with 0° (0-440), 45° (45-890), 90° (90-
134°)) and 135° (135-180*). 

Corall  tissue was water-piked with ice-cold, filtered seawater (0.45 um pore-size). The 
homogenatee was passed through a 20 um pore-sized net to remove skeletal debris or small 
épifauna.. The total volume was determined and aliquöts were processed further to determine 
photopigments,, tissue 813C and zooxanthellae densities. 

Forr pigment analyses, samples were prepared as fast as possible and a known volume 
(mostlyy 100 ml) of the homogenate was loaded on a Whatman GF/F glassfibre filter. Filters 
weree folded and wrapped in aliuninium foil, kept open at 1 side, and immediately frozen in 
liquidd nitrogen. The samples were stored in the liquid nitrogen until coral sampling was 
completed,, and all samples were then freeze-dried at the Landslab at Willemstad, Curacao. 
Althoughh samples were freeze-dried, we kept them wrapped in aluminiumfoil and stored 
themm at -80°C until analyzed for photopigment composition using high performance liquid 
chromatographyy (HPLC). 

Too retrieve samples for tissue SI3C analyses part of the tissue slurry was filtered on a 
GF/FF filter and acidified with 1M HCI to remove any possible remains of skeletal carbonate 
fromm the sample. Acidified filtrate was subsequently rinsed with distilled H20. GF/F filters 
weree dried in the oven at 60°C. 

Forr zooxanthellae densities, we further processed the tissue slurry by homogenizing the 
sampless for 5-10 minutes to free zooxanthellae from animal tissue with an Ultra-Turrax® 
T50.. Zooxanthellae densities were immediately determined at the Carmabi laboratory using 
ann ELZONE particle counter. 

Afterr tissue sampling was completed, the coral skeletons were dried in an oven at 
60°CC to later analyse bnC and 8l80 of skeletal carbonate samples. To be able to relate 
zooxanthellaee densities and photopigment concentration to a defined surface area, the total 
water-pikedd area of a coral sample had to be determined. This was done by the aluminium-
foill  technique (Marsh, 1970), where the area of skeleton water-piked was covered with 
aluminiumm foil. The aluminium foil was weighed and the area water-piked was recalculated 
usingg the regression function derived from calibrations of area to weight relation of the 
aluminiumm foil used to cover the water-piked coral surface area. 
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ZooxanthellaeZooxanthellae counts 

Too determine zooxanthellae densities of coral tissue samples a defined sub-volume of the 
homogenatee was analyzed using the Elzone particle counter (Jackson et al., 1995; Jackson et 
al.,, 1997). The configuration used included a 48 urn diameter aperture for which particle-
sizee was calibrated using standard-sized beads. The ELZONE delivered 128 size classes 
betweenn 3.5 um and 35 um on a logarithmic scale. The sample volume processed per count 
wass 200 ul, and we conducted 10 replicate counts per tissue sample. The coral sample 
consistss of tissue bits, which are represented in the very lowest size classes decreasing 
exponentiallyy between approximately 3.5 and 7 um. Zooxanthellae size-frequency 
distributionss generally followed a near normal distribution that ranged between 5.5 and 11.5 
um.. Identification of polyp tissue bits from algal cells (zooxanthellae) was done by 
comparingg size-frequency distributions of bleached and unbleached (zooxanthellae-free) 
sampless derived from a single colony of M. annularis (data not shown). The exponential 
curvee of tissue bits often overlapped with the size-frequency distribution curve of the 
zooxanthellaee in the smallest size classes. To determine the total number of zooxanthellae 
withinn a sample the exponential curve representing tissue bits was subtracted according to 
overlappingg size classes. Depending on zooxanthellae densities within the homogenate, the 
samplee was further diluted to obtain an optimum density range for particle counts using the 
thee 48 um diameter aperture of the Elzone. 

HPLCHPLC photopigment analysis 

Too determine photopigment concentrations in zooxanthellae we analysed the freeze-dried 
tissuee samples using high performance liquid chromatography (HPLC) analysis (Wright et 
al.,, 1991). A defined part of the freeze dried GF/F filter was cut into small pieces and 
photcpigmentss were extracted by sonicating for 6 x 12 s in cold buffered methanol (95% 
Methanol,, ammonium acetate and Apo). Ten ul of the extract was analysed by HPLC 
immediatelyy after extraction. Pigments were identified according to retention time and 
absorptionn spectra and pigment concentration was calibrated using pure pigment standards. 
Onlyy pigments clearly above a certain threshold and abundant in most of the samples were 
consideredd for further evaluation as follows: Chlorophyll a (chl a), chlorophyll c2 (chl c), 
peridininn (PER), Dinoxanthin (DX), Diadinoxanthin (DDX) and p-carotene (car-b). Pigment 
concentrationss were calculated according to peak area and respective absorption coefficients 
att a wavelength of 436 nm. Pigment concentrations were given in relation to coral surface 
areaa ([ug cm"2] and in relation to zooxanthellae [ug zooxanthella*1]. Because both 
zooxanthellaee and pigment concentrations were derived from the same sample and thus 
relatedd to the same surface area water-picked, any error in determination of coral surface 
areaa was eliminated when pigment concentration was given per zooxanthella. 
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Tablee 1 Overview of coral species sampled, sampling depth, colony position, number 
off  samples and PAR Fumol photons m V l . Mean and S.D. of tissue 6,3C. skeletal 513G and 

Speciess depth angle N PAR tissue 13C 0-18 skd C-13 skel P/R ratio 200x10*6 

ipeaaS]ipeaaS] SD [penal] SD {permO] SD SD fern"' ] SD 

AtAt mirabtlis 5 5 
5 5 
5 5 
5 5 
15 5 
15 5 
15 5 
15 5 

0 0 
45 5 
$0 0 
135 5 
0 0 
45 5 
90 0 
135 5 

10 0 
1 1 
14 4 

11 1 
2 2 
8 8 

581.9 9 
359.6 6 
1218 8 

298.9 9 
184.7 7 
63.1 1 

-17.077 LOO 
-17.70 0 
-17.600 0.86 

-17544 0.61 
-17.688 0.37 
-18.044 0.62 

-3.84 4 
-1.71 1 
-2.66 6 

-3.72 2 
-2.89 9 
-2.48 8 

0.15 5 

0.55 5 

0.14 4 
0.45 5 
0.57 7 

-3.78 8 
-1.07 7 
-2.49 9 

-3.79 9 
-2.93 3 
-2.18 8 

0.35 5 

0.99 9 

0.37 7 
1.00 0 
1.02 2 

4.23 3 
1.72 2 
2.69 9 

3.97 7 
2.86 6 
2.54 4 

0.24 4 

0.52 2 

0.23 3 
0.24 4 
0.50 0 

8.38 8 
2.64 4 
5.31 1 

7.76 6 
6.92 2 
3.58 8 

432 2 

1.48 8 

3.24 4 
3.05 5 
1.01 1 

HcarmabiHcarmabi 15 0 2 298.9 -17.42 0.25 -3.41 0.13 -3.24 0.29 3.72 0.07 5.30 1.96 
155 45 

155 90 4 63.1 -19.41 0.73 -1.90 0.32 -0.83 0.70 2.28 0.19 4.15 1.82 
155 135 

153.66 -18.43 0.67 -3J0 0.16 -2.95 0.28 3.69 0.22 5.27 1.33 
94.99 -20.30 0.91 -1.98 0.21 -1.17 0.81 2.20 0.12 2.78 1.52 
32.44 -20.13 0.43 -1.09 0.28 0.68 0.51 1.64 0.31 4.60 2.39 

25 5 
25 5 
25 5 
25 5 

0 0 
45 5 
90 0 
135 5 

4 4 
2 2 
6 6 

MformósaMformósa 40 0 9 56.6 -19.26 0.58 -3.25 0.36 -3.65 0.53 3.12 0.46 3.03 1.28 
400 45 4 35.0 -19.93 0.28 -0.93 0.18 1.97 0.79 2.2Ó 0.41 3.35 1.80 
400 90 12 11.9 -20.33 0.72 -0.90 Q33 1.31 0.69 1.70 031 2.83 0.73 
400 135 4 4,9 -20.45 0.62 -0,85 0.32 1.29 1.30 1.57 0.52 0.93 0.36 

UpharenstsUpharensts 5 Ö 6 581.9 -16.74 0.91 -3.14 0.08 -238 0,36 3.75 035 5.75 231 
SS 45 
55 90 5 122.8 -19.17 0.68 -1.56 0.46 0.21 1.11 2.29 0.52 6.05 2.56 
55 135 1 503 -19.26 -U2 OjW L89 6.51 
155 0 12 298.9 -16.84 1.13 -3.40 0.18 -2.72 038 4.06 0.48 5.55 2.16 
155 45 
155 90 11 63.1 -19.01 1.04 -2,17 0.5! -1.51 0.95 2.36 0.50 5.74 1.68 
155 135 

M.M. annularis 

All  Groups 

25 5 
25 5 
25 5 
25 5 
40 0 
40 0 
40 0 
40 0 
5 5 
5 5 
5 5 
5 5 

0 0 
45 5 
90 0 
135 5 
0 0 
45 5 
90 0 
135 5 
0 0 
45 5 
90 0 
135 5 

14 4 
3 3 
7 7 
1 1 
19 9 
13 3 
9 9 

3 3 
4 4 
4 4 
5 5 

210 0 

153.6 6 
94.9 9 
32.4 4 
133 3 
56.6 6 
35.0 0 
11.9 9 

581.9 9 
359.6 6 
122.8 8 
503 3 

-18.14 4 
-19.25 5 
-18.75 5 
-20.43 3 
-18.93 3 
-18.42 2 
-19.86 6 

-14.63 3 
-15.46 6 
-15.93 3 
-16.40 0 
-1835 5 

1.43 3 
0.94 4 
1.17 7 

0.37 7 
3.20 0 
0.54 4 

0.73 3 
0.80 0 
1.10 0 
0.46 6 
1.69 9 

-2.60 0 
-2.28 8 
-1.59 9 
-0.70 0 
-2.58 8 
-1.73 3 
-1.78 8 

-4.21 1 
-4.36 6 
-4.43 3 
-4.34 4 
-2.49 9 

0.77 7 
031 1 
0.44 4 

0.46 6 
0.70 0 
0.49 9 

0.07 7 
0.14 4 
0.08 8 
0.19 9 
1.06 6 

-1.92 2 
-2.00 0 
-0.34 4 
1.59 9 
-1.85 5 
-0.49 9 
-0.48 8 

-2.49 9 
-3.92 2 
-4.45 5 
-4.46 6 
-1.68 8 

0.97 7 
0.62 2 

039 9 

0.84 4 
1.47 7 
1.03 3 

0.19 9 
0.62 2 
0.47 7 
0.84 4 
1.85 5 

2.90 0 
2.26 6 
1.97 7 
1.47 7 
2.96 6 
2.16 6 
2.26 6 

5.87 7 
5.20 0 
4.98 8 
4.78 8 
2.91 1 

0.94 4 
0.48 8 
0.66 6 

0.46 6 
0.53 3 
0,53 3 

0.27 7 
0.16 6 
0.15 5 
0.39 9 
1.06 6 

3.27 7 
530 0 
4.27 7 
1.59 9 
338 8 
3.27 7 
2.96 6 

2.83 3 
3.98 8 
3.4Ï Ï 
2.84 4 
437 7 

1.74 4 
1.74 4 
2.43 3 

0.92 2 
0.49 9 
036 6 

0.92 2 
1.48 8 
2.72 2 
1.27 7 
2.45 5 
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5I80,, P/R values (calculated from skeletal 5l3C and 5180), number and size of zooxanthellae and 

pigmentt concentration in relation to polypary surface area [cm' ]. 

zooxdomm Cub Oik; PcridiÉi DixnasÉfab Diadtexanüai bcta-Garotem 

lianjj  SD ÏMW»* ] SD («cm1] SO ban*) SO [twcnf* ] SD Iwcm1] SD [ligcm1] SD 

6.933 0.23 
7.61 1 
7.233 029 

6.833 0.27 
6.866 0.05 
7.277 0.17 

7.477 0.05 

7.899 0.26 

7.444 0.17 
7.800 0.39 
7.677 0.19 

7.611 0.31 
8,255 0.19 
8222 0.35 
8,400 0.52 
7.277 0.48 

7.499 0.38 
7.68 8 
7.444 0.75 

7.699 0.52 

8.222 1.06 
8.244 0.89 
8.144 0.80 
8.92 2 
8.677 0.43 
3.666 0.64 
8.755 Ö.16 

8.666 0.18 
8.544 0,14 
8.800 0.17 
9.000 0.32 
7.922 0.79 

8.85 5 

tl.26 6 

7.65 5 
9.12 2 

10.26 6 

13.28 8 

15.75 5 

1051 1 
12.93 3 
18.83 3 

9.49 9 
13,50 0 
14.27 7 
6.09 9 
939 9 

18.72 2 
32.43 3 
12.21 1 

22.15 5 

1ÏJS7 7 
1821 1 
17.92 2 
10.36 6 
16.10 0 
17.28 8 
16.98 8 

15.68 8 
18.56 6 
1Q.99 9 
14.80 0 
13.94 4 

4.65 5 

6.77 7 

2.89 9 
1.79 9 
7.35 5 

11.04 4 

6.48 8 

3.70 0 
8.89 9 

13.24 4 

3.44 4 
7.44 4 
5.74 4 
4.73 3 
627 7 

11,44 4 

6.99 9 

7.16 6 

11.39 9 
0.00 0 
7.17 7 

6.13 3 
2.91 1 
4.53 3 

2.67 7 
7.17 7 
5.73 3 
5,44 4 
7.64 4 

2.88 8 

3.89 9 

239 9 
2.91 1 
2-96 6 

3.58 8 

4.61 1 

3.16 6 
3.66 6 
5.33 3 

2.85 5 
3.67 7 
3.88 8 
1.67 7 
2.78 8 

6.01 1 
9.77 7 
4.0! ! 

6.75 5 

3,80 0 
491 1 

4.85 5 
2.69 9 
4.03 3 
4.25 5 
4.34 4 

4.59 9 
5.06 6 
3.07 7 
4.00 0 
3.98 8 

1.04 4 

1.73 3 

0.83 3 
0.58 8 
Z14 4 

2.45 5 

223 3 

U Ï Ï 
224 4 
3.88 8 

0.89 9 
1.97 7 
1.33 3 
127 7 
1.75 5 

4.16 6 

2.40 0 

2.13 3 

2.90 0 
0.00 0 

1.77 7 

1.51 1 
0.66 6 
1.33 3 

0.59 9 
1.74 4 
1.52 2 
127 7 
2.13 3 

6.09 9 

8.83 3 

4.68 8 
629 9 
6.58 8 

9.10 0 

1225 5 

7.44 4 
9.38 8 

12.64 4 

6.91 1 
9.72 2 

1028 8 
4.43 3 
6.15 5 

13.73 3 
22.80 0 
7.64 4 

15.24 4 

920 0 
13.68 8 
14.93 3 
7.12 2 

11.41 1 
12.35 5 
13.10 0 

8.79 9 
11.83 3 
7.92 2 

11.40 0 
9.85 5 

2.74 4 

3.73 3 

1.76 6 
122 2 
4.69 9 

721 1 

4.86 6 

2.95 5 

6.82 2 
8.05 5 

2.48 8 
4.92 2 
3.84 4 
3.45 5 
4.08 8 

8.93 3 

4.48 8 

424 4 

7.93 3 
0.00 0 
520 0 

4.19 9 
2.80 0 
3.07 7 

0.75 5 
5.38 8 
4.02 2 
4.57 7 
533 3 

0.40 0 

0.36 6 

0.32 2 
0.37 7 
0.31 1 

0.40 0 

0.44 4 

0.32 2 
0.25 5 
0.47 7 

034 4 
0.42 2 
0.46 6 
0.19 9 
0.35 5 

0.56 6 
0.99 9 
0.46 6 

0.67 7 

0.42 2 
039 9 
0.54 4 
028 8 
0.52 2 
0.53 3 
0J3 3 

0.6! ! 
0.54 4 
0.24 4 
028 8 
0.44 4 

020 0 

0.17 7 

0.13 3 
0.12 2 
0.19 9 

0.29 9 

0.17 7 

0.10 0 
020 0 
036 6 

0.12 2 
023 3 
0.18 8 
0.15 5 
0.25 5 

036 6 

024 4 

022 2 

0.37 7 
0.00 0 
020 0 

021 1 
0.10 0 
0.17 7 

0.13 3 
023 3 
0.15 5 
0.11 1 
023 3 

1.60 0 

1.75 5 

1.18 8 
L36 6 
1.48 8 

1.53 3 

2.27 7 

1.43 3 
1.68 8 
2.51 1 

1.43 3 
1.87 7 
2.01 1 
0.86 6 
1.49 9 

2.51 1 
4.55 5 
1.85 5 

3.11 1 

1.77 7 
2.62 2 
2.52 2 
128 8 
2.14 4 
2.29 9 
228 8 

3.18 8 
327 7 
1.54 4 
1.84 4 
1.99 9 

0.81 1 

0.89 9 

0.48 8 
0.24 4 
1.07 7 

1.18 8 

0.86 6 

0.57 7 
1.30 0 
1.84 4 

0.46 6 
0.99 9 
0.71 1 
0.69 9 
1.18 8 

1.44 4 

0.98 8 

1.04 4 

1.57 7 
0.00 0 
1.03 3 

0.83 3 
0.43 3 
0.73 3 

1.08 8 
1.43 3 
0.90 0 
0.74 4 
1.08 8 

0.09 9 

0.12 2 

0.05 5 
0.08 8 
0.10 0 

0.05 5 

0.15 5 

0.05 5 
0.07 7 
0.18 8 

0.07 7 
0.09 9 
0.14 4 
0.05 5 
0.07 7 

0.11 1 
Q.35 5 

0.11 1 

020 0 

0.12 2 
0.15 5 
022 2 
Ó.00 0 
0.20 0 
0.20 0 
020 0 

0.16 6 
029 9 
0.06 6 
0.11 1 
0.13 3 

0.04 4 

0.06 6 

0.03 3 
0.00 0 
0.07 7 

0.04 4 

0.07 7 

0.03 3 
0.07 7 
020 0 

0.02 2 
0.09 9 
0.07 7 
0.05 5 
0.05 5 

0.Ó7 7 

0.08 8 

0.08 8 

0.15 5 
0.00 0 
0.17 7 

0.13 3 
0.06 6 
0.08 8 

0.12 2 
0.18 8 
0.03 3 
0.12 2 
0.11 1 
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SkeletalSkeletal samples 

Forr analyses of skeletal 8wO and 813C, carbonate powder was sampled from skeleton 
surfacee at the same colony positions where tissue samples had been taken using a slow 
speedd dentist drill equipped with a 0,8 mm diameter bit. We took bulk samples of whole 
corallitess to exclude variability of stable isotopic composition that originates from sampling 
differentt morphological parts of a corallite (Patzold, 1992). 

StableStable isotopic analyses 

Al ll  stable isotopic analyses were conducted at the Stable Isotope Laboratory of the 
Geosciencee Department at Bremen University, Germany. Values are given in 5 notation 
with h 

5XX = [(Rsample/RstodarfM] X 1000 

withh X = 13C or 180 and R = 13C/l2C or 180/160, respectively. 

Thee precision for the seawater 513C is  0.1 %,; for seawater 5l80  0.1 %>, for tissue S13C 
 0.07 %>>  for skeletal 8lsO  0.07 %> and for skeletal 513C  0.05 %o. Seawater 5180 is given 

relativee to the Vienna Standard Mean Ocean Water (VSMOW), all other stable isotopic 
valuess are reported relative to Vienna Pee Dee Belemnite (VPDB). 

PhotosynthesisPhotosynthesis to respiration ratio (P/R ratio) 

Fromm corresponding skeletal 513C and 8l80 values we calculated hypothetical P/R ratios 
followingg the reasoning of McConnaughey et al, 1997 and Heikoop et al, 2000, which is 
basedd on the principle of metabolic versus kinetic isotope fractionation. We adjusted the 
equationn too calculate P/R values from stable isotope data as follows: P/R = ( ( S " ^ ! ^ - a * 
(ö^CW^^ - e^CV) - 813C«,.) - R) IR/ [8I3<y8l3CJ, where a is the (hypothetical) slope of 
thee correlation of skeletal Si3C to skeletal 8180 if only kinetic effects act upon skeletal 
isotopee fractionation. We based calculations of P/R on a kinetic slope of 3, which results in 
aa reasonable range of P/R values for the samples investigated S^O ,̂ and S13Ceq. are 
eqilibriumm values for aragonite in seawater which are derived from seawater S^Ô  and 
813CD!CC of the sampling site (Fig. 3). S^Ô  values had to be converted from the SMOW to 
PDBB scale, with S180 vs PDB = Sl80 vs. SMOW - 0.27 %o (Schmidt et al, 1999), resulting 
inn an average of 6^0,, of 0.32 V 813Ceq= 513CDIC + 2.7 %o (Romanek et al., 1992), with an 
averagee S13CDic this resulted in a 813G«i of 4.0 %o. R is the assumed offset from the kinetic 
linee due to respiration and estimated to be -1.5 %>. [5,3CZ / 513Cp] is the ratio of 8I3C from 
separatedd zooxanthellae and coral polyp as an estimate for the ratio of resource partitioning. 
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Thee 5l3C values of separate zooxanthellae and polyp tissue of Madracis spp were measured 
inn a parallel study (chapter 3). Because there was no effect of depth or species on this ratio, 
wee used tiie average value of 0.977 to be included in the calculation of P/R values. 

StatisticalStatistical analysis 

Statisticall  analyses were conducted using thé Statistica 6.1 software package. Seawater 
5I3CC and 5Ï80 were tested using a 2-way ANOVA to investigate the effect of depth and 
seasonality.. Thé other variables were generally tested according to effects related to species, 
depthh and/or colony position. Because there was no complete sampling design to conduct a 
MANOVAA with 2 or 3 effects, the effects were usually tested using a 1-way ANOVA and 
forr post hoc comparisons, we generally used the Tukey Honest Significance Difference 
(HSD)) test for unequal N (Spjotvoll/Stoline). 

Results s 

SeawaterSeawater characteristica 

Meann seawater temperature measured during 3 months between April and June were 26.8 
ÖCC at 5 m and 15m» 26.7 °C at 30m and 26.2 °C at 50 m water depth (Fig, 2b). The 
differencee between depths was highly significant (l->way ANOVA, F(3, 3356) = 282.07, p 
«« 0.001). The 0.1 °C difference of seawater temperature at 30 and 5 or 15 m depth was 
alreadyy highly significant (Iukey HSD, p « Q.0Ö1) and, thus, seawater temperature at 50 m 
wass significantly different from all other depths (Tukey HSD» p « 0.001). However, over 
timee the seawater temperature at 5,15 and 30 m hardly appeared to differ and followed the 
samee seasonal trend (Fig. 2a). The rapid and drastic variations in seawater temperature at 50 
mm water depth hints at fast mixing events of water mass at this depth which may be caused 
byy deep water currents and/or a shift in depth of the thermocline. We have no seawater 
temperaturee data from 40 m depth, but assume, that general variability rather compares to 
thatt of the shallower depths man to the strong fluctuations observed at 50 m water depth. 
Thiss is indicated by seawater 513CDIC and S^O» (Fig. 3) where we could not detect any 
significantt effect of depth (1-way ANOVA, p > 0.8) or seasonal trend (1-way ANÓVA, p > 
0.7). . 

PARR was measured at distinct depth intervals and relative to downwelling light 
correspondingg to the angles of coral sampling positions (Fig. 4). The regression function for 
PARR at 1 m depth intervals followed the exponential regression function with PAR = 811.8 
xx e"*057 * ^ The PAR values for positions with an angle of 135° and 180° (underside) did 
nott differ and we consequently did not distinguish between the two positions, and merged 
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thee two categories into one with an angle >135°. For coral samples investigated we 
determinedd PAR values according to sampling depth and colony position (Table 1). 

CoralCoral samples 

Accordingg to species, depth and colony position, the mean and S.D. of skeletal 5180, 
skeletall  § C, P/R ratio, tissue 5 C, average size of zooxanthellae, zooxanthellae densities 
andd photopigments of corresponding coral samples were determined and summarized in 
Tablee 1. 

SkeletalSkeletal S13C and ölêO 

Skeletall  51S0 (Fig. 5a) and skeletal 513C (Fig. 5b) ranged from -5.36 to 2,84 %> and from -
4.599 to -0.47 %o, respectively. Thus, skeletal §13C exposed a range twice as large as that of 
skeletall  5180. The skeletal 513C and S180 positively correlated to each other (r = 0.950, N = 
206,, p«0.001). The skeletal stable isotopes revealed a positive trend with increasing 
colonyy position and/or depth. However, Sl3C of M annularis showed an opposing trend 
withh values decreasing with increasing angle of colony position. Thé decrease of skeletal 
513CC with colony position was significant (1-way ANOVA, p - 0.034), while there was no 
effectt of colony position on skeletal 618Ö (1-way ANOVA, p = 0.472) in M. annularis. 
Apartt from this one exception, there was always a clear effect of colony position within the 
distinctt species and depths, and in all species the skeletal S13C and 5l*0 of 0° were 
significantlyy lower than skeletal 813C and 5180 of the 90° positions. In M. carmabi at 25 in 
alll  colony positions were significantly different from each Other and in M. formosa and M 
pharensispharensis at 40 m, the 0° positions were significantly lower than 513C and 518Ö of other 
colonyy positions. Overall, depth had a significant effect on skeletal 513C and Sl80 with 
higherr skeletal isotope values at deeper depths (1-way ANOVA, p « 0.001). 

Forr single species comparisons of depth effects, results are more ambigious. Skeletal 
stablee isotopes of M mirabilis showed no significant effect of depth, neither for all data 
pooledd over colony surface nor for single colony positions, and in M. carmabi depth was 
onlyy significant between the 90°colony position. However, there was a significant depth 
effectt in M. pharensis for both skeletal 51 C and 5lsO, and at the 0° position skeletal stable 
isotopess at 15 m were significantly different from those at 25 and 40 m. For the 90° position 
Onlyy skeletal 513C were significant between 5 and 15 m water depth. There were significant 
betweenn species effects on skeletal stable isotopes. At 5 m depth and the 0° colony position, 
skeletall  isotopes of M. mirabilis were significantly different from M. annularis and M, 
pharensis,pharensis, whereas skeletal S13C of M annularis did not differ from that of M pharensis. 
Forr the 90° position M. pharensis isotopes were significantly different from the other 2 
species.. At 15 m, both skeletal 513C and 6!*0 of the 0° position were significantly different 
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betweenn M pharensis and M. mirabilis, whereas at the 90° position neither skeletal stable 
isotopee showed significant differences between species. At 25 m, skeletal $UC was 

li t t 

significantt between species at both 0 and 90°, while skeletal 5 O was only significant for 
thee 90° colony position. At 40 m, skeletal stable isotopes of all corresponding colony 
positionss were significantly different between the 2 species M formosa and M pharensis, 

P/RP/R ratio 

Thee P/R ratios, calculated from skeletal 613C to 8180, ranged between 0.8 and 6,1 and 
showedd a clear trend of decreasing P/R ratios with colony position and/or water depth and 
thuss with decreasing light regimes (Fig, 5c). Principally, the P/R ratios of upward facing 
colonyy positions (0°) were significantly higher than at all other colony positions within 
samee species and/or depth. The only exceptions where P/R ratios of M pharensis at 25 m, 
wheree colony position had no significant effect at all. Also in M. annularis the P/R ratio was 
nott significant between the 0 and 45° position. The effect of depth was significant for 
overalll  comparisons (F(3,202) = 23.25, p «0.0Ö1), but within single species depth effects 
weree not as clear. In M. mirabilis or M. carmabi only analyses restricted to the 0° or 90° 
positionn showed a significant between depth effect (p < 0.05). In M pharensis there was an 
overalll  effect of depth (F(3,96) = 4.40, p * 0.006) and an eSect of depth for analysis 
restrictedd to the 0° position (F(3,48) - 11.273, p « 0.001). Post-hoc comparisons further 
revealedd mat P/R ratios from 15 m were significantly higher than at 25 or 40 m water depth 
(p<< 0.001). 

MontastraeaMontastraea annularis had the highest P/R ratios with average values between 5.8 3 
SX>.. at 0° and 4.8 4 S J>. at 135°. Thus, even at the downward facing position of M 
annularisannularis the P/R ratios are above average values of the upward facing positions of 
MadracisMadracis spp at the same depth. This difference was significant for all variables except M 
mirabilismirabilis at 0° which was not significantly distinct from P/R ratios of side- or downward 
facingg positions of M annularis. At 15 and 25 m mere was no significant species effect, 
neitherr for overall means nor for analysis restricted to corresponding colony positions. At 40 
mm depth Af. formosa and M pharensis had significantly distinct P/R ratios only for the 90° 
colonyy position (F(l, 20) - 9.847, p=0.005). 

TissueTissue S^C 

Tissuee 8I3C ranged between -11.7 and -21.8 %o and correlated positively to PAR with 
tissuee 8Ï3C = -22.31 + 0.90 * ln(PAR). Accordingly, highest average tissue 5Ï3C were found 
inn M. annularis at 5 m depth, while lowest values were found in samples of coral species 
fromfrom deeper depth (Fig. 5d). Depth had a significant effect (1-way ANOVA» p « 0.001). 
Post-hocc results revealed differences between the shallow and deep tissue S13C with both 5 
andd 15 m being significantly different from 25 and 40 m depth (p < 0.05) for 0° colony 
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position.. For the 90° position depth effects were significant between all depths except 

betweenn 15 and 25 m (p = 0.409) and 25 and 40 m (p = 0.286). 

-l l 
PP E -3 
OO S 3 

%% -5 

-5 5 

-1 1 
H H 

-5 5 

ft! ft! 

J * * 

**U U 

2 2 
a a 
«ii -2 

On>® ® 
ca a 

É" " 

£11 E 
UU 2 

a a 
9 9 

oo 2 

SS a 
&&  JQ-2 

00 45 90135 0 45 90135 0 45 90135 0 45 90135 0 45 90135 

M.M. annularis M.mirabiiis M.carmabi M.formosa M.pharensis 

Colonyy position (angle) [°] 

2 2 
S S 

-6 6 
b b 

j f i i 

®OD§ § 

OR R 

045901355 04590135 0 4590135 0 4590135 0 4590135 

M.M. annularis M.mirabilis M.carmabi U.formosa SI. pha 

Colonyy position (angle) [°] 

" - . . 

B*s. . 

--
00 4590135 0 4J90135 0 45 90135 0 4590135 0 4590135 

M.annularisM.annularis M.mirabilis M.carmabi M.formosa M.pharensis 

Colonyy position (angle) [°] 

-22 2 

-14 4 

^ " " - 2 2 2 

* >> .14 

-18 8 

-22 2 

4 4 

E-18 8 
o o 

-22 2 

@^i c c 
O . a a 

«Boo o 
ii r 

4 4 
00 45 90135 0 45 90135 0 45 90135 0 45 90135 0 4590135 

M.M. annularis M. mirabilis M. carmabi M.Jarmosa M. pharensis 

Colonyy position (angle) [°] 

Figuree 5 Mean, , E for categorized box plots of skeletal 5180 (a)and 8I3C (b), P/R 
ratioss (c)and tissue 5I3C (d) according to species, depth and colony position. P/R ratios were 
calculatedd from corresponding skeletal 8180 and 8I3C values using following equation: P/R = 
(8I3CC - 3 * (8180 - 0.32) - 4 + 1.5) / 1.5 / 0.97691 (see methods section for details). 

Tissuee 513C generally decreased with increasing angle of colony positions, and the effect 
off  colony position was significant in several species and/or depth (1-way ANOVA for 
respectivee species and depth, and HSD test for unequal N, p <0.05). In the species M 
carmabicarmabi tissue 813C was significantly different between colony positions at both depth, and 
postt hoc comparisons revealed that tissue 513C of the 0° position was significantly different 

98 8 



Exploringg stable isotopes in scleractinian corals Chapters 

tramm the 45 and 90° positions. For M. formosa tissue 813C was significant between the 0 and 
90°° position. For M. pharensis the effect of colony position was significant between 5 and 
155 m depth. In general, there was a between species effect on tissue 513C (1-way ANÖVA 
forr all data, F(4,206) = 53.32, p « 0.001)*  and all species were significantly different from 
eachh other, with the exception of M. carmabi, whieh was not significantly distinct from M 
formosaformosa (p = 0.347) and M pharensis (p — 0.585). More detailed inter species comparisons, 
restrictedd to distinct depths, revealed significant species effects, except at 15 m where tissue 
8UCC was only significantly different for the 90° position between M. mirabilis and M 
carmabicarmabi (p - 0,045). At 5 m, M annularis was significantly different from the other 2 
MadracisMadracis species, while M. mirabilis and M pharensis only showed significant differences 
forr tissue o13C at the 90° colony position. Also at 25 m depth, there was a significant 
differencee between M. carmabi and M, pharensis for all data (p ~ 0.019), but if analysis wa$ 
restrictedd to colony positions, tissue S13C between the 2 species was only significant for the 
90°90° position. 

ZooxanthellaeZooxanthellae densities 

Overall,, there was a wide range in zooxanthellae densities of 0.6 to 17.1 x 106 

zooxanthellaee cm"2. The zooxanthellae densities followed a log normal distribution (Chi-
Squaree = 1.96, adjusted df=7 and p - 0.962) with a median of 3.85 x 106 zooxanthellae cm" 
22 and lower and upper quartiles of 2.77 and 5.34 x 1Ö6 zooxanthellae cm"2, respectively. 
Meann densities were 4.37  0.17 SE x 10$ zooxanthellae em"2. To test significant difference 
off  zooxanthellae densities according to species, depth and colony position we used log-
transformedd data. There was a general tendency of zooxanthellae densities to decrease with 
decreasingg light levels, both with the light angle cm an intra-colony scale as well as with 
increasingg water depth (Fig. 6a). However, this is only true as a general trend. The shallow 
waterr coral M mirabilis clearly showed the tendency of decreasing zooxanthellae densities 
withh decreasing light and generally had highest zooxanthellae densities with circa 8 x 106 

cm"22 for the upward facing tip of the branch at 5 and 15 m, respectively. Zooxanthellae 
densitiess of M carmabi, a coral restricted to intermediate depth, decreased from upward to 
sidewardd facing positions, but remained constant between depths (15 and 25 m) at 
correspondingg colony positions. M. pharensis does not show a clear tendency for 
zooxanthellaee densities on intra-colony scale (1-way ANOVA, p > 0,05), however mere is a 
highlyy significant depth effect (1-way ANOVA, p « 0.001). Post hoc test revealed that 
zooxanthellaee densities at 5 or 15 m are significantly higher than at 25 or 40 m, whereas 
zooxanthellaee densities from 5 and 15 m are not significantly distinct from each other and 
neitherr are those from 25 and 40 m. The deep water specialist M formosa (40 m) had 
comparativelyy low zooxanthellae densities with approximately 3 x 106 zooxanthellae cm"2 

forr the colony positions of 0,45 and 90° which were similar to zooxanthellae densities of M. 
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pharensispharensis at 40 m depth and corresponding colony positions. The lowest zooxanthellae 
densitiess were retrieved from the downward facing (>135°) colony position of M.formosa 
withh average densities of 0.9 x 106 zooxanthellae cm"2. Zooxanthellae densities of this 
colonyy position were significantly lower than of other species, depths or colony positions 
investigated. . 

Interestingly,, zooxanthellae densities of M. annularis from 5 m depths were as low as 
thosee from M. formosa and M. pharensis at 40 m. Between species comparisons 
(independentt of depth or colony position) also revealed, that M. annularis had the lowest 
averagee zooxanthellae densities albeit samples originated from shallowest and thus most 
light-exposedd sampling depth. 
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Photopigments Photopigments 

Totall  concentrations of photopigments investigated ranged between 5.1 and 99.4 ugcnf2. 
Chlorophylll  a (chla) ranged between 1.5 and 46.7 ugcm"2, peridinin (per) between 1.3 and 
41.99 ugcm2» chlorophyll c (Chic) between 0.7 and 12.9 ugcm"2, diadraoxanthin (DDX) 
betweenn 0.2 to 6,4 ugcm"2, dinoxanthin (DX) between 0.1 and 1.5 ugcm"2 and p^carotene 
(car-b)) between 0 to 0.6 ugcm"2. The photopigments showed highly significant and positive 
correlationss among each other with r > 0.69 and p « 0.001 (N = 205) and thus followed, 
withinn their own range, the same variation with species, depth or colony position as chl a 
(Fig.. 6c and Table 1). The pigment concentrations related to coral surface area [ug cm"2] 
showedd no clear trends with respect to depth or light regimes» neither for overall 
comparisonss nor for depth comparisons of single species and/or colony positions. However, 
theree was an overall effect of colony position and species on areal photopigment 
concentrationss (1-way ANÖVA, F(3,201) ^ 2.78, p <, 0.042 and F(4,200) £ 5.18, p < 0.001, 
respectively).. Post-hoc comparisons revealed for overall pigment data that upward (0°) and 
sidewardd facing (90°) colony positions were significantly higher for all pigments (p £0.020) 
exceptt Dinoxanthin and p^carotene (p = 0.48 and 0.064, respectively). All photopigments of 
MM mirabilis were significantly lower than those of M. pkarensis (p £ 0.02), and areal 
chlorophylll  a of M formosa was further significantly lower than those of M. pkarensis (p = 
0.046). . 

Whenn photopigment concentration related to zooxanthellae [pg zooxanthella"1], there 
weree clearer trends with respect to depth and colony position recognizable (Fig. 7). In 
contrastt to photopigment concentrations related to coral surface area, the effect of depth and 
colonyy position was highly significant for all pigments (F(3,201) 111.84, p « 0.001 and F 
££ 2.78, p £ 0.042, respectively). Also, species effects were significant for photopigment 
concentrationss related to zooxanthellae (F(4,200) > 7.90, p « 0.ÖÖ1). The cellular 
photopigmentt concentration increased with decreasing light regimes and mis negative 
correlationn to hght was significant for all pigments (r = -0.69 for chl a, r = -0,66 (chl c), r = -
0.788 (peridinin), r= -0.58 (dmexanthin), r = -0.49 (oUadmoxanthine) and R - -0.38 (p-
carotene),, N= 30 and p < 0.05 each). 

StableStable isotopes and coral photobiology 

Thee species within the genus Madracis spp were grouped according to their distributional 
depthh limits into "depth specialist", with the branching species M. mirabilis, M. carmabi 
andd M formosa and into "depth generalist**  with M. pkarensis. This allowed comparisons 
betweenn the two distributional types within the genus Madracis over the entire light/depth 
rangee sampled (Fig. 8). Montastraea annularis was only sampled at 5 m depth thus only 
coveringg a restricted range of variable light regimes on an intra-colohy scale. 
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InIn general skeletal and tissue isotopes, P/R ratio and cellular photopigments significantly 
correlatedd to ln(PAR). This is also true if depth specialist, and generalist species were 
separatelyy analysed, with the exception of 0-carotene of M pharensis (Table 2). 
Correlationss of variables to light regimes between specialist or generalist species of 
MadracisMadracis revealed no pattern that would be distinct for either group. M. annularis samples 
hadd only 4 distinct light regimes and correlation analyses were thus not significant except 
forr tissue 5I3C, which significantly and positively correlated to light While skeletal stable 
isotopess of Madracis spp decreased with increasing light regimes skeletal stable isotopes of 
MM  annularis showed an opposing trend with skeletal 5180 remaining constant and skeletal 
613CC even increasing with increasing light regimes. Although, tissue 513C and calculated P/R 
ratioss of M annularis followed the same positive trend with light as Madracis spp, they 
weree distinct and offset to more positive values than light-corresponding tissue 5I3C or P/R 
valuess of Madracis spp (Fig. 8). 

Tablee 2 Correlation of variables to light regimes. Slope (a), intercept (b) and correlation coefficent 
(r)) of general regression function y = a * ln(PAR) + b. Dependent variables (y) are mean values 
att distinct light level of coral stable isotopes, calculated P/R ratio, zooxantbeüae and pigments 
forr the branching depth specialist species Madracis spp (M. mirabilis, M carmabi and M. 
formosa),formosa), me deptb^eiieralist M pharensis and the massive coral M. annularis. Correlations 
coefficientss are significant (p < 0.05) with) r | > 0.532 for branching Madracis (N — 14), with | r | 
>> 0.576 for M pharensis (N = 12) and with j r | > 0.95Ó for M. annularis (N = 4). 
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Discussion n 

Depth,, colony position and species effects were in general clearly detectable for variables 
investigated.. Except for pigment concentrations related to surface area, clear trends with 
lightt could be shown for all variables. In most features, M. annularis was very distinct from 
thee genus Madracis spp, whereas the branching depth specialists of Madracis were not as 
distinctt from the depth generalist M pharensis as we hypothesized a priori. 

ZooxanthellaeZooxanthellae density and photopigment composition 

Inn general, zooxanthellae densities decreased with decreasing irradiance, whereas cellular 
photopigmentt concentration increased (Fig. 8e,f). This combined effect is a typical response 
off  zooxanthellae to decreasing light and has been reported in numerous studies (Falkowski 
andd Dubinsky, 1981; Fitt et al., 2000; Hoegh-Guldberg and Smith, 1989; Iglesias-Prieto and 
Trench,, 1994; Kaiser et al., 1993; Maritorena et al., 2002; Masuda et aL, 1993; McCloskey 
andd Muscatine, 1984; Stambler, 1998; Titlyanov et al., 1980; Titlyanóv et al., 2001), 
althoughh opposing trends have been shown as well (Titlyanov et al., 1980). The contrasting 
responsee of zooxanthellae densities and cellular pigment concentrations to variable light or 
depthh regimes explains, why there was no clear relation of light to areal pigment 
concentrationss detectable. A similar result was found for solitary Fungia spp investigated 
overr a comparative depth range of 1 to 50 m (Masuda et al., 1993). Decreasing area! 
zooxanthellaee densities accompanied by increasing photopigment contents were shown as a 
responsee to extremely low light, whereas a moderate decrease of irradiance caused a joint 
increasee in zooxanthellae densities and photopigments (Titlyanov et aL, 2001). 

Itt was suggested that corals wilh areal pigment concentrations above lOug cm*2 are 
photosyntheticallyy counterproductive with large apparent quantum requirements (Wyman et 
al.,, 1987). Here, we reported areal concentrations of chl a, with average values of 6 to 20 ug 
cm"22 (Table 1). Although, the values reported here were on the "high end" for area! chl a 
concentrations,, hi$i values wilh a similar range have been reported elsewhere (Drew, 1972; 
Dubinskyy et al., 1990; Stambler et al., 1994). 

Severall  explanations for the very high areal chl a concentrations are possible. (1) We 
overestimatedd the areal chl a concentration, which could be due to coral surface area 
determinationn being biased to generally lower values. This would automatically result in 
higherr estimates for chl a to surface area concentrations. (2) The 3-dimensionality of 
corallitess and polyp leads to a "distorted*" result with respect to areal chl a. (3) The areal chl 
aa values were correctly determined, and it is true that the reported chl a pigment 
concentrationss are indeed counterproductive with large apparent quantum requirements, or 
(4)) the statement that concentrations of chl a above 10 ug cm"2 are counterproductive is not 
valid. . 
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Wee can actually exclude the underestimation of coral surface area, based on the skeletal 
periphery,, as explanation for me extremely high areal chl a values. The determination of 
corall  surface area of branching corals, such as M, mirabilis, M. carmabi and AC formasa, is 
farr more difficult and subject for errors man the coral surface area of massive or encrusting 
corals**  as here M. annularis and M pharensis. We would therefore expect a more 
pronouncedd systematic bias in surface area determination for branching corals that would 
resultt in the extremely high areal pigment concentration. But because the extremely high 
pigmentt concentrations were not confined to branching corals we set aside a methodological 
biass as explanation for the extremely high values of areal pigment concentration. 

Thee 3-dimensional structure of corallites can greatly vary with colony position and 
betweenn species and explains some of the variation observed between replicate samples for 
zooxanthellaee densities and areal pigment concentrations. However, it is a general procedure 
too relate zooxanthellae densities to the skeletal peripheral surface area and not to the actual 
surfacee area that would result from the 3-dimensional corallite structure. Likewise we can 
excludee that the 3-dimensional surface area of the corallites would have specifically 
contributedd to a bias to higher pigment concentrations. This leaves us with either 
^counterproductive***  chl a concentrations or with the statement of Wyman et aL (1987) not 
beingg valid, at least, for the corals investigated here. 

Thee zooxanthellae of Madracis spp and M annularis had an average diameter of 6.8 to 
9.00 ftm according to species, depth and colony position (Table 1). It was suggested, that 
corall  associations tolerate at most a maximum of two layers of algal cells (Drew, 1972) and 
thatt by a decrease in average irradiance through self-shading with increasing algal densities 
photosyntheticc efficiency decreases (Dubinsky et al., 1990). 

Calculationss based on average zooxanthellae densities and average cell diameter revealed 
thatt the zooxanthellae were arranged in layers ranging between 0.5 1 S.E. and 3.r 5 
S.E.. Generally, least zooxanthellae layers, being arranged in less than 2 layers, were found 
inn the corals from 40 m. However, zooxanthellae of M annularis from 5 m depth were also 
arrangedd in less than 2 layers. Three layers of zooxanthellae were found in the very dark 
colouredd M pharensis, but were also typical within the branch tips of M mirabilis. The 
latterr result was astonishing because the branch tips of M mirabilis are yellow to light 
brownn in colour suggesting relatively low areal pigment concentrations. ThatM mirabilis, 
albeitt pale in colour, had such high areal concentrations of zooxanthellae can only be 
explainedd by two reasons. It had been demonstrated, that corals with extended tentacles 
duringg daylight and a thus enlarged tissue surface area allow for higher pigment 
concentrationss (Drew, 1972). Extended tentacles during daylight are a typical behaviour of 
M.M. mirabilis (Veron, 2000). Also the cellular pigment concentrations of M mirabilis were 
relativelyy low (Fig. 7) eventuating in comparatively low areal pigment concentrations. 
Basedd on results of areal chl a and relative light absorption presented in Dubinsky et al. 
(1990)) it is apparent that a maximum of 70 to 80 % of light would be absorbed by chl a of 
M.M. mirabilis. This, together with the enlarged surface area with extended tentacles, explains 
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Figuree 8 Mean values of skeletal 613C (a) and 6!80 (b), tissue 8I3C (c), P/R ratio (d), 
zooxanthellaee densities (e) and chl a (f) according to light regime. Madracis spp was distinguished 
accordingg to its distributional depth range as "specialist" (M mirabilis - shallow, M. carmabi -
intermediatee and M. formosa - deep) and "generalist" (M pharensis). 
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whyy colouration of M. mirabilis appeared relatively light in colour despite the apparent 
threee layers and high density of zooxanthellae. 

Itt was also suggested that zooxanthellae occurring in high light environments may have 
greaterr cellular concentrations of light absorbing accessory pigments, such as p-carotene or 
peridininn that would result in an apparent increase in light absorption per unit chlorophyll 
(Prézelin,, 1976; Titlyanov et al., 1980). For the corals investigated here, me 0-carotene 
concentrationss were extremely low (Fig. 7d) and thus of minor importance as light-
harvestingg pigments. However, peridinin had remarkably high values in relation to coral 
surfacee area (Table 1% cellular content (Fig. 7c) as well as in relation to chl a (Fig. 6d). 

Highestt peridinin to chl a ratios were common in the 5 m M mirabilis. Specifically, 
withinn M. annularis, but also in M. mirabilis, an intra-colony shift of peridinin to chl a 
ratioss suggests that peridinin plays a significant role in light-harvesting and thus in 
optimisingg the photosynthetic efficiency per unit chl a at decreasing light levels for the 
coralss at shallower depth. 

PhotobiologyPhotobiology and coral stable isotopes 

Overall,, skeletal stable carbon and oxygen isotopes positively correlated to each other 
andd decreased with increasing light regimes (Fig. 8a,b). This is in accordance with earlier 
findingss of light-enhanced calcification and pH-related stronger depletion of  l3C and lsO 
throughh kinetic isotope and carbonate effects (Adkins et al., 2003; Heikoop et al., 2000; 
McConnaughey,, 1989a; HcConnaughey, 1989b; McConnaughey, 2003; Róllióh-Bard et al., 
2003).. The skeletal isotopes of M. annularis had very low skeletal 5lsO and 6!3G values and 
fittedfitted within the general picture of stronger depletion with increasing light-enhanced 
calcification.. However, when focussing on skeletal stable isotope signals of M annularis, 
skeletall  5lsO was enriched by 0.1 to 0.2 %a at the raster growing colony top. It has been 
documentedd that stronger depletion of skeletal 51B0 is related to raster growing skeletal 
sectionss (Cohen and Hart, 1997; Felis et al., 2003; Maier et al., in press; McConnaughey, 
1989b;; Patzold, 1984). However, for U. annularis a similarly opposing result, with higher 
skeletall  S1?0 at fast growing colony portions, has been reported (Leder et al., 1996). The 
authorss attributed mis to attenuation effects resulting from a reduced sampling resolution in 
thee slower growing colony sections. Although we here report a very similar result, it is not 
likelyy a result of reduced sampling resolution and/or attenuation effects. The M annularis 
coloniess used in this study had been stained 1 month prior to sampling and carbonate 
powderr for skeletal isotopic analyses was sampled above the stain lines thus comprising a 
similarr time span of up to one month regardless of colony position sampled. It has been 
shown,, that the 5lsO of skeletal elements of corallites fiom Montastraea spp can vary 
drasticallyy (Patzold*  1992) and a sligfttly biased sampling of skeletal elements may mus 
accountt for the unusual result of the 180-enriched colony top. 
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Inn contrast to the Madracis samples, skeletal 513C of M. annularis increased with 
increasingg light and were positively correlated to tissue 513C (r = 0.638, p = 0.026), whereas 
skeletall  and tissue 513C of branching Madracis spp and M, pharensis were negatively 
correlatedd to each other (r - -0.763, p«0.001 and r= -0.524, p<0.001, respectively). This 
actuallyy documents the opposing, but likewise inter-linked effects of photosynthesis and 
calcificationn on tissue and skeletal 513C (Heikoop et al, 2000; Land et al., 1975; 
McConnaughey,, 1989a; McConnaughey et at, 1997; Reynaud-Vaganay ét al, 2001). 
Strikingly,, when we calculated P/R ratios based on the skeletal 8I3C to 5lsO values, a 
similarr relation of P/R and tissue 513C with light became evident, both variables being 
positivelyy correlated to each other and to light. More striking even was the very similarly 
positivee offset of P/R ratios and tissue 513C of M, annularis from those of Madracis spp. 
(Fig.. 8c,d). Between the branching depth specialist Madracis spp and the depth generalist 
M.M. pharensis there was no such clear distinction of variables in relation to light The 
positivee correlation of tissue 513C with light supports the hypothesis of decreasing isotopic 
discriminationn with photosynthesis, which is explained by a minimized isotopic 
discriminationn through depletion of light metabolic carbon (Muscatine et al., 1989). 

Forr M. annularis, bom tissue 513C and P/R ratios, calculated from skeletal 513C and 51RO, 
proposee higher photosynthesic rates at similar light regimes than for Madracis spp. (Fig. 
8c,d).. The data on zooxanthellae densities and pigment composition support the results on 
P/RR ratios inferred from stable isotopic coral data. 

Loww zooxanthellae concentrations together with high cellular pigment contents favor 
higherr P/R ratios. Less zooxanthellae result in a reduced contribution of zooxanthellae 
respirationn to the entire coral respiration rate thus increasing thé P/R ratio of a coral. 
MontastraeaMontastraea annularis had lower zooxanthellae densities but higher cellular and areal 
photosyntheticc pigment concentrations (chl a, chl c and peridinin) than M. mirabilis or M. 
pharensispharensis of the same depth thus substantiating the elevated P/R ratios inferred from stable 
isotopicc composition (Fig. 6-8). 

Inn M. annularis different clades of zooxanthellae provide an additional means for 
photoacclimationn (Baker and Rowan, 1997; Rowan and Knowlton, 1995; Rowan and 
Powers,, 1991) while in the genus Madracis only one clade (clade B) was reported for 5 
speciess investigated (Diekmann et al, 2002). But although zooxanthellae of Madracis spp 
consistt of a single clade (clade B), genetic variation within this clade was significant 
betweenn species (Diekmann et al, 2003). Specifically, M. mirabilis had a sub-clade clearly 
distinctt from the other species within thé genus. The distinction in the sub-clade may also be 
reflectedd in the relatively small average size of zooxanthellae of M. mirabilis (Table 1). 
Generally,, the average size of zooxanthellae of the branching specialist species was 
consistentlyy smaller than that of M. pharensis from corresponding depth and colony position 
(Fig.. 6b). It had also been Shown, that the mitotic index (MI) of zooxanthellae from shallow 
MM mirabilis was twice as high as that of shallow M. annularis (Wilkerson et al., 1988). The 
MII  is supposedly an indication of the coupling between algaL host and skeletal growth. 
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Conclusions s 

Itt was hypothesized that corals with low skeletal growth rates and high metabolic rates, 
ass in massive species,, acclimatize more effectively than corals with high skeletal growth 
ratess and low metabolic rates, which is characteristic for branching species (Gates and 
Edmunds,, 1999). Although the massive M annularis was clearly distinct trom Madracis 
spp.,, there was no clear distinction between the encrusting/massive depth generalist and 
branchingg depth specialist species within the genus Madracis (Fig. S). Nevertheless the 
branchingg depth specialist M. mirabilis had higher zooxanthellae densities accompanied by y 
lowerr cellular chl a concentrations at high light environments - a feature which did not 
appearr in the calculated mean P/R ratios of specialist or generalist Madracis spp (Fig. 8). 
However,, the upward feeing colony positions of branching depth specialists were generally 
moree depleted in skeletal 5BC and 5I80 indicating faster skeletal growth of depth specialist 
speciess versus generalist M. pharensis, which is in accordance with the hypothesis 
postulatedd by Gates et al (1999). Also the linear regression slopes between 513C and 5180 at 
distinctt depths were similar for the branching depth specialist species M. mirabilis and M 
formosaformosa and the depth generalist M. pharensis, the slopes between 513C and 5lsO increased 
withh increasing depth which is likely due to a shift in the relation of photosynthetis to 
calcificationn rates with depth. The smaller sized zooxanthellae of M mirabilis and the other 
branchingg depth specialists support the hypothesis of relatively fast zooxanthellular and 
skeletall  growth, the latter also being indicated by skeletal isotope date, as opposed to slower 
growthh rates in the encrusting or massive morphologies of the depth generalist M. 
pharensis. pharensis. 
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Summary y 

Skeletall  stable isotopic signatures of scleractinian reef corals have been widely 
acknowledgedd as good indicators of environmental conditions and are as such used in 
paleoclimatee reconstruction. However, ''vital effects" related to coral functioning have been 
recognizedd to potentially distort climate reconstruction from biogenic carbonates 
precipitatedd by organims such as corals. Focus of the thesis is to broaden die understanding 
off  biologically mediated "vital effects" on coral stable isotopic signatures and to elucidate 
thee relation to coral functioning influenced by photosynthesis of algal symbionts, trophic 
relationships,, skeletal and tissue growth and species specific effects. 

Too investigate general variability, as well as growth and species specific effects, on the 
skeletall  8I80 climate proxy, short time-series of massive Porites were compared The 
skeletall  5lsO climate signal of 12 replicate isochronic time-series (1979 to 1984) from 
skeletonss of 3 Porites species reflect the seasonal cycles related to salinity and Sea Surface 
Temperaturee (SST) of the westerly Western Pacific Warm Pool (WPWP). There was no 
generall  offset between replicate S180 time-series, except for one with generally more 
depletedd 5180 signals. This offset could clearly be related to faster Linear Skeletal Extension 
(LSE).. The slope from the correlation of annual LSE to mean annual skeletal 5180 was used 
ass a correction factor for growth-related isotope effects. Correction for LSE effects 
improvedd the shared variance between replicate o180 time-series by an average 36 % 8 
S.D.. Only after correction for LSE effects the 8iaO time-series also detected the serious 
droughtt in Indonesia preceding the 1982/83 El-Nino event The systematic comparison of 
replicatee 5lsO time-series from single colonies with 5**0 time-series from different colonies 
off  the same species or from different Porites species allowed for unambigious conclusions 
withh respect to species specific isotope effects. It was possible to show, that for Hit Porites 
speciess investigated, non-environmentally induced variation was not species-specific but 
wass related to variable LSE. Results also show, that methodological constraints related to 
samplingg resolution, chronostratigraphy, i,e. the conversion of 5180 signals from skeletal 
depthh to time scale, and the 3-dimensional structure of the skeleton explain some of the 
variationn observed between replicate 5180 times-series. 

Investigationss on skeletal SI3C and 5180 of species of the genus Madracis spp revealed 
thatt skeletal proxies may also be applied in questions related to physiological plasticity of 
scleractiniann corals. Again growth related-isotope effects were a major player in skeletal 
isotopee fractionation as inferred from fast and slow growing portions of a colony. The 
divergencee of kinetic versus metabolic isotope fractionation turned out to be a useful tool to 
distinguishh between coral species that are specialised to a relatively narrow depth range in 
contrastt to generalist species that may be less well-adapted, but have a large distributional 
depthh range. The regression slope of skeletal SI3C to 5I80 of isochronic surface samples 
increasedd with depth as a result of reduced photosynthesis at greater depth. The slope of 
5I3CC to o180, given a representative range of surface samples of a colony has been sampled, 
mayy thus provide a useful tool to reconstruct at what depth (fossil) zooxanthellate corals 
grew.. Using this relation of the slope of 513G to 5t80 from isochronic samples as an 
additionall  method may shed new light on topics related to reef drowing and sea-level rise. 
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Carbonn and nitrogen stable isotopes of coral tissue Me indicative of the trophic 
relationships,, carbon and nitrogen uptake, assimilation and fluxes. Thé nitrogen isotopic 
compositionn of tissue of branching depth specialist species of the genus Madracis spp 
indicatedd DIN-limitation for M mirabilist in shallow depths between 5 and 20 m. This was 
attributedd to high rates of photosynthesis and diffusion-limited DIN supply. At greater 
depthss (> 25 m) DIN supply seemed sufficient given the lower photosynthetic rates of 
deeperr corals. It was not clear, if photosynthetic carbon assimilation of deep species at 40 
andd 47 m water depth were already light-limited, because the carbon isotopic signature of 
particulatee organic matter, thé assumed allochthonous C and N source, was close to the 
expectedd isotope fractionation of enzymatically driven photosynthetic carbon assimilation. 

Forr branching Madracis spp., comparisons of 513C of separated zooxanthellae and animal 
tissuess clearly revealed, that prey capture at colony tips is more pronounced than at some 
distancee from branch tips, at the side of branches within a colony. This result was also 
supportedd by 815N and 513C signatures of holobiont tissue. The observed difference of S13C 
fromm zooxanthellae and polyp tissue at the colony tip did not increase with water depth. The 
coralss were apparently not able to increase the relative allochthonous carbon uptake and 
thuss compensate for lower photosynthetic carbon assimilation with increasing water depth. 
This,, and the divergence of stable isotope signatures between tip and side positions, support 
thee idea that prey or particle uptake is rather a function of particle encounter than of 
selectivee feeding for branching Madracis depth specialist species. 

Photosynthesiss to respiration (P:R) ratios were estimated from corresponding skeletal 
513CC to 8180 values. The estimated P:R ratios were highest for the massive Moniastraea 
annularisannularis and clearly distinct from P:R ratios of the genus Madracis at corresponding light 
intensities,, whereas the 4 species within the genus Madracis showed no distinct inter 
speciess related effect on calculated P:R ratios. The indication of higher P:R ratios as 
estimatedd from skeletal stable isotopic composition was substantiated by data on 
zooxanthellaee density and photosynthetic pigment contents (chlorophyll a, chlorophyll c, 
peridinin).. Montesfraea annularis was characterised by high cellular photopigment 
concentrationss but comparatively low zooxanthellae densities. Although this resulted in 
similarr areal photopigment concentrations of M. annularis and Madracis spp, the higher P:R 
ratioo in M annularis was favored by the reduced algal respiration due to the reduced 
numberr of zooxanthellae in M annularis. 

Skeletall  513C revealed an opposing relation to tight of M. annularis and Madracis which 
cann best be explained by the inter-linked effects of photosynthesis, calcification and skeletal 
carbonn isotope fractionation. The skeletal carbon isotope fractionation of M. annularis was 
dominatedd by photosynthetic effects, which manifested in 813C increasing with increasing 
lightt levels. Skeletal 513C of Madracis spp were negatively correlated to light and decreased 
withh increasing light levels, which indicated that light-enhanced calcification is dominating 
thee fractionation process. From this, a new hypothesis can be deduced: The relation of 
skeletall  613C to ambient light is indicative of how or to which extent photosynthetically 
derivedd dissolved inorganic carbon (DIG) is used for calcification, this in contrast to the 
conversionn of DIC into organic carbon for tissue growth, mucus production or sexual 
reproduction. . 
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Samenvatting g 

Stabielee isotopen 'signatures' uit bet skelet van steenkoralen worden gezien als goede 
indicatorenn voor omgevingvariabelen waardoor ze vooral gebruikt worden in 
'paleoklimatologisch**  onderzoek. De klimatologische reconstructie uit het kalkskelet van 
organismenn zoals koralen kan echter vertekend worden door de invloed van processen in het 
levendee organisme. Dit proefschrift richt zich op het vergroten van onze kennis over de 
invloedd van biologische processen op de 'signatures1 van stabiele isotopen in koralen en het 
verduidelijkenn van het functioneren van het koraal met betrekking tot de fotosynthese van 
dee symbiontische algen, trofische relaties, skelet- en weefselgröéi en soortspecifieke 
effecten. . 

Kortee rijdseries van het massieve koraal Pontes zijn vergeleken om de algemene variatie 
inn *5180 climate proxy' uit het skelet en groei en soortspecifieke effecten te onderzoeken. 
Hett '518Ö' klimaatsignaal uit het skelet van 12 replicate isochronische tijdreeksen (1979 tot 
1984)) van 3 Porites soorten komt overeen met seizoenscycli in zoutgehalte en 
watertemperatuurr van het oppervlakte zeewater van de westelijke West Pacific Warm Pool 
(WPWP).. Er was geen algemene 'offset*  tussen de replicate tijdreeksen, met uitzondering 
vann een tijdreeks waarin het 6I80 signaal verlaagd was. Deze 'offset*  was eenduidig 
gerelateerdd aan snellere lineaire skeletgroei. 

Alss correctie voor groei-gerelateerde effecten op de isotopen werd gebruik gemaakt van 
dee hellingshoek van de correlatie tussen jaarlijkse skeletgroei en 5lsO. Door deze correctie 
namm de variatie tussen de replicate 5180 tijdreeksen af met gemiddeld 36 % (SD . 
Alleenn na deze correctie kon de ernstige droogte in Indonesië, voorafgaand aan de 1982/83 
El-Ninoo gebeurtenis, teruggevonden worden in het 5IS0 signaal. 

Duidelijkee conclusies met betrekking tot soortspecifieke effecten op isotopen in 
kalkskelettenn konden getrokken worden na een systematische vergelijking van replicate 
5!800 tijdseries van individuele kolonies met 5l80 tijdseries van dezelfde soort en van 
verschillendee Porites soorten. Bij de onderzochte Porites soorten bleek dat de niet-
omgevingsgestuurdee variatie niet soortspecifiek was, maar gerelateerd was met de variatie 
inn skeletgroei. Uit de resultaten bleek ook dat methodologische beperkingen van de 
bemonsteringsresolutie,, 'chronostratigrafie\ i.e. the omzetting van het 5lsO signaal van 
skeletdieptee naar tijd en de 3-dimensionele structuur van het skelet een deel van de variatie 
tussenn de tijdsreeksen verklaarde. 

Onderzoekk naar 813C and 5180 isotopen in het skelet van soorten binnen het genus 
MadracisMadracis toonde aan dat skelet 'proxies' ook gebruikt kunnen worden met betrekking tot de 
fysiologischee plasticiteit van steenkoralen. Uit snel en langzaam groeiende delen van 
koloniess bleek opnieuw dat groei-gerelateerde effecten op de isotopenfractionering een zeer 
grotee rol speelden. Het splitsen van kinetische en metabolische isotoopfractionering bleek 
eenn bruikbaar hulpmiddel om koraalsoorten uit elkaar te houden die geadapteerd zijn aan 
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eenn betrekkelijk klein diepte-bereik en koralen die, meer generalistisch, minder geadapteerd 
zijnn en voorkomen over een groter diepte-bereik. De helling van de regressie tussen §13C en 
SlsOO 'isochronische' monsters van de oppervlakte van het skelet nam toe met diepte als 
gevolgg van afnemende fotosynthese. De heil ingshoek van 513C tot 6IgO is een efficiënt 
hulpmiddell  om vast te stellen op welke diepte (fossiele) hermatypische koralen groeiden, 
onderr voorwaarde dat men beschikt over een representatieve set van isochronische monsters 
vann het koraaloppervlak. De gevonden relatie tussen de hellingshoek van 513C tot 5lsO van 
isochronee monsters kan meer inzicht verschaffen in het ondergang van riffen en 
zeespiegelstijging. . 

Stabielee isotopen van koolstof en stikstof in koraalweefsel zijn indicatief voor trofische 
relaties,, koolstof- en stikstofopname, assimilatie en 'fiuxen'. De samenstelling van stikstof 
isotopenn in het weefsel van vertakte koralen van Madmcis spp., een diepte specialist, gaf 
aann dat opgelost inorganisch stikstof (DIN) limiterend is tussen 5 en 20 m als gevolg van 
hogee fotosynthese activiteit en diffusie die gelimiteerd wordt door de DIN aanvoer. Bij 
koralenn op grotere dieptes (>25 m) was de DIN aanvoer voldoende voor de (lagere) 
fotosynthese.. Het was onduidelijk of de fotosynthetische koolstofassimilatie van diepere 
soortenn (40 - 47 m) al licht gelimiteerd was, omdat de isotopische koolstof samenstelling 
vann het particulate materiaal, de veronderstelde bron van allochtoon C en N, bijna gelijk 
wass aan de verwachte isotopen fractionering van enzymatisch gereguleerde fotosynthetische 
koolstofassimilatie. . 

Bijj  vertakte koraalsoorten van het geslacht Madmcis bleek uit vergelijkingen tussen 5i3C 
vann dierlijk weefsel en de daarvan gescheiden zooxanthellae dat predatie van de poliepen 
duidelijkerr is aan de punten van koraaltakken dan aan de zijkant van takken in de kolonie. 
Dezee conclusie wordt bevestigd door 5l5N eö 513C 'signatures' van weefsel van het hele 
organismee ('holobiont*). Het verschil in Ö13C russen de zooxanthellae en het poliepweefsel 
aann het uiteinde van de tak nam niet toe met mepte. Blijkbaar is het koraal niet in staat om 
dee relatieve opname van vreemd koolstof te verhogen om te compenseren voor de lagere 
fotosynthesee in dieper water. Dit gegeven en het verschil in stabiele isotopen 'signatures' 
tussenn uiteinde en zijkant van koraaltakken voor de vertakte, in diepte gespecialiseerde, 
MadracisMadracis soorten ondersteunen het idee dat de opname van prooi of particulair materiaal 
eerderr een functie is van partikelconcentratie dan van selectief foerageren. 

Fotosynthese/respiratiee ratio's (P:R) zijn bepaald door middel van 513C/5180 raüVs. De 
geschattee ratio's waren onder overeenkomstige lichtintensiteiten het hoogst voor het 
massievee koraal Montasiraea annularis en duidelijk verschillend van de ratio's van 
koraalsoortenn binnen het genus Madracis die onderling (4 soorten) geen duidelijke 
verschillenn vertoonden. Zooxanthellae dichtheden en concentraties van fotosynthese 
pigmentenn (chlorofyl a, chlorofyl c en peridinine) verleenden steun aan de hogere P:R 
ratio'ss zoals berekend met de stabiele isotopen uit het skelet. In het koraal Montastraea 
annularisannularis werden hoge concentraties aan cellulair fotopigment werden aangetroffen, maar 
relatieff  lage zooxanthellae dichtheden. Hoewel dit resulteerde in per oppervlak gelijke 
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fotopigmentconcentratiess voor M. annularis en Madracïs spp, had M, annularis een hogere 
P:RR ratio door de lagere respiratie van de algen als gevolg van lagere zoöxanthellae 
dichtheden. . 

513CC uit het skelet van M annularis en Madraeis onthulde een tegengestelde relatie met 
lichtt Dit kan het best verklaard worden door de samenhangende effecten van fotosynthese, 
calcificatiee en fractionering van de koolstof isotoop in het skeletmateriaaL De skeletogene 
koolstofrractioneringg van M annularis wordt gedomineerd door fotosynthetische effecten 
welkee tot uitdrukking komt in de toename van 813C met stijgende lichtintensiteiten. Stabiel 
koolstoff  in Madraeis spp. was negatief gecorreleerd met licht en nam juist af met 
toenemendetoenemende hchtintensiteiten, hetgeen aangeeft dat het fractionertngsproces wordt gestuurd 
doorr de lichtversterkte calcificatie. Dit leidt tot een nieuwe hypothese: De relatie van 
skeletogeenn 5I3C met het omgevingslicht is indicatief voor de manier waarop of de mate 
waarinn fotosyntheüsch gegenereerd opgelost anorganisch koolstof (DIC) wordt gebruikt 
voorr de calcificatie, dit in tegenstelling tot de omzetting van DIC naar organisch koolstof 
voorr weefselgroéi, slijmproductie of sexuele reproductie. 
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