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Chapterr  3 

Thee skeletal isotopic composition as an indicator  of ecological and 

physiologicall  plasticity in the coral genus Madracis 

Corneliaa Maier, Jürgen Patzold, Rolf P.M. Bak 
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Skeletall  isotopes as indicator of ecological and physiological plasticity in Madracis 

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 
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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. 

5T T 
Q Q 
Q_ _ 
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4 4 

2 2 

0 0 

-2 2 

-4 4 

O O 
m m 

-66 -

-88 -

-100 -

-12 2 

fastt growth sloww growth 

-5 5 -3 3 -2 2 -1 1 

5180[%oVPDB] ] 

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). 

88 MAM 
155 MAP 
200 MAM 
355 MAP 
35MAP2 2 
500 MAP 
500 MAF 
50MAF2 2 

6MAP P 
n.s s 
n.s s 
n.s s 
* * 

n.s s 
** * * 
** * * 
** * * 

8MAM M 

** * 
n.s s 
** * 
* * 

** # # 
# • * * 

* * • • 

155 MAP 

n.s s 
n.s s 
n.s s 
n.s s 
n.s s 
n.s s 

200 MAM 

* * 
n.s s 
** » » 
** * * 
** * * 

355 MAP 

n.s s 
D.S S 

n.s s 
* * 

35MAP2 2 

n.s s 
n.s s 
n.s s 

500 MAP 

n.s s 
n.s s 

500 MAF 

n.s s 

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 
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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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