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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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