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Abstract. Skeletal isotopic and metabolic measurements ofmodes, and thickening is light-enhanced while extension is
the branching coraAcroporacultured in constant conditions light-suppressed. There are multiple consequences of these
and subjected to two light intensities were revisited. We in-findings for paleoclimatic reconstructions involving corals.
dividually compared the data recorded at low light (LL) and
high light (HL) for 24 colonies, all derived from the same
parent colony. Metabolic and isotopic responses to the dif- .

. . . o 1 Introduction
ferent light levels were highly variable. High light led to pro-

dgctmty enhanpement, r_eductlo_n of S“”?‘CG extension, douAs early as 1972, Weber and Woodhead demonstrated that
bling of aragonite deposited weight and increas¥tD lev-

) : . - the variability in oxygen-isotope compositions§0) of
els in all nubbins; responses in respiration 4MC were not . . .
L : . scleractinian coral skeletons, although showing very negative
clear. The patrtitioning of the colonies cultured at HL into two g gveryneg

groups, one showing#3C enrichment and the othes&3C \{alues compared with the isotopic equilibrium, was essen-
: . tially due to sea-surface temperature (SST), (Epstein et al.,
decrease revealed common behaviors. Samples showing

increase i 3C were associated with the co-variation of low E!LrbSS)' Correlations of SST with aragoni€O also differed

surface extension and high productivity while samples show-among coral genera (Weber and Woodhead, 1972). Anal-

; 13 . . .. ysis of samples taken along the main growth axis of a coral
ing a decrease if~C were assocl at_e d with the gq-var|at|on head revealed that month$y20 signals were correlated with
of h'gher surface exter!5|on and limited productlw_ty. seasonal SST and seawatéfO variations (Fairbanks and
This experiment, which allowed for the separation of tem- Dodge, 1979: McConnaughey, 1989a). Because it exhibited
.peratulre apd light effects on the coral, highlighted the signif-4 strong seasonal signal such a sampling has been system-
icant light influences on both skelet&t®0 ands*>C. The  aically used for paleoclimatic reconstructions of SST from
high scattering of inter-colony®0 observed at one site coral 180 measurements (e.g., Cole et al., 1993; Quinn et
could. bg due to the differing photosynthetic responses ofa|_' 1993; Dunbar et al., 1994). However, many heads of
symbiotic algal assemblages. Porites lobatagrowing in close proximity at Clipperton Atoll
We compared our results with observations by Gladfeltershowed isotopic discrepancies of up to 0.4%. (Linsley et al.,
on Acropora cervicornis(1982). Both set of results high- 1999), equivalent to a & isotopic effect for the same pe-
light the relationships between coral-growth rates, micro-riod using thes!80/SST relationship estimated by Gagan et
structures and photosynthetic activity. It appears that exteng. (1994). This discrepancy reached 1.28%o (more tHa2)6
sion growth and skeleton thickening are two separate growthor Poritesspp. from the Gulf of Agaba (Felis et al., 2003).
It was concluded that®0 concentrations were also colony
dependent, this effect being commonly called the “vital ef-

Correspondence toA. Juillet-Leclerc fect” (Urey et al., 1951). Moreover, isotopic profiles may
BY (anne juillet-leclerc@Isce.ipsl.fr) also change according to the axis sampled on a single coral
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head (Maier et al., 2004). Such sources of variability couldally considered averaged metabolic and chemical data from
strongly compromise the validity 8880 as an accurate en- several colonies (Grottoli and Wellington, 1999; Reynaud-
vironmental proxy. Vaganay et al., 1999, 2001; Grottoli, 2002; Suzuki et al.,
Compared to the skeleté}8O signature, interpretation of 2005). However, individual metabolic and isotopic responses
the variability of the carbon isotopic ratié'€C) within coral  can differ markedly. For instancéjcropora nubbins col-
skeletons has long been a matter of debate&C variabil- lected from a single parent colony and cultured in controlled
ity has therefore scarcely been considered for climatic re-SST conditions exhibited an inter-colony variability of 1%o
construction (Guzman and Tudhope, 1998). In contrast tqReynaud-Vaganay et al., 1999). This has been confirmed
8180, which was assumed to essentially depend on externdbr culturedPoritessp. (Suzuki et al., 2005), which showed
factors,513C has been generally considered as affected bysimilar variability at various temperature settings. In culture
coral physiology either via respiration rate (McConnaugheyexperiments, as in the field, coli*C showed larger inter-
et al., 1997), or via the photosynthetic activity of the sym- colony variability thans180, often>2%. (Reynaud-Vaganay
biotic zooxanthellae (Swart, 1983; McConnaughey, 1989a)et al., 1999; Suzuki et al., 2005).
Different observations led Goreau (1977) and Erez (1978) The present work is based on data previously published by
to propose two different models to explain carbon isotopicReynaud-Vaganay et al. (2001), which examined the effect
fractionation. The first author observed tl3&®C increased  of light on the mean skeletal isotopic signaturé$Q and
with augmented light level. Indeed, algae and coral weres!3C) of several nubbins ohcroporasp. The effect of light
thought to extract their inorganic carbon from the same reserwas also measured on metabolic activities, such as photosyn-
voir for both photosynthesis and calcification processes. Aghesis, respiration, calcification rate and surface extension. In
photosynthesis is the faster reaction, lighter carbon isotopesontrast with the preceding study, we now examined the in-
were used preferentially; thus, the reservoir enrichet?@®  dividual coral responses. The results of this experiment con-
caused #'3C increase with light (Goreau, 1977). The sec- ducted onAcroporawere then compared with observations
ond author, after the observing the opposite, i.e., $43E made by Gladfelter (1982) and we considered the possible
decreased with light, proposed that during intense photorelationship between skeletal growth and the relative roles
synthetic activity, it was possible that corals incorporatedof two crystalline microstructures. Finally, for climatic pur-
depleted metabolic carbon into their skeleton (Erez, 1978)poses, we compared the effects of a change in light intensity
None of these assumptions has been yet validated. on a branched colony versus the time response of samples
To explain the positive correlation between oxygen andcollected along the main growth axis Bérites
carbon ratio, McConnaughey (1989a, b) assumed that the
kinetic isotopic fractionation was strongly linked with cal-
cification rate. After these publications, several theoretical2 Materials and methods
models were put forth explaining how the observed coral-
skeleton isotopic fractionations were derived from a combi-2.1 Biological materials
nation of kinetic and metabolic effects (Heikoop et al., 2000;
McConnaughey, 2003; Omata et al., 2005). The experiment was conducted in the laboratory using
Experiments conducted in the laboratory by Weil et colonies of the branching zooxanthellate scleractinian coral,
al. (1981) showed a negative correlation between skeletafcroporasp. Tips from 24 branches were sampled from a
§13C and light, i.e., the supply of autotrophic energy in the single parent colony. The specimens were glued onto glass
coral Montipora Conversely, field experiments conducted slides (3<6x0.2cm) using underwater epoxy (Devgosis
by Swart et al. (1996) exhibited only weak correlations be-described by Reynaud-Vaganay et al. (1999), and randomly
tween skeletab3C and the supply of autotrophic energy, distributed in two aquaria (15L). The tanks were supplied
measured as tHe/Rratio (photosynthesis/respiration). Grot- with heated Mediterranean seawater {24 pumped from a
toli and Wellington (1999) later found a negative correlation depth of 50 m. The seawater renewal rate was approximately
between skeletail3C and the heterotrophic energy supply five times per day and the seawater was continuously mixed
in the zooplankton and a positive correlation with light, i.e., with a Rena pump (6 L mint). Metal halide lamps (Philips
the autotrophic energy supply. In additio$t.>C variabil- HPIT, 400 W) provided light of 260 or 130 umolths!
ity seemed decoupled from coral growth (Grottoli, 2002). on a 12:12 photoperiod. Seawater was continuously aerated
Among these studies, only the laboratory experiments ofwith outside air. The culture temperature (Z5 was con-
Weil et al. (1981) deciphered the relations between the lightrolled to within+0.1°C using a temperature controller (EW,
and temperature effects and could document the effect of &C 902/T).
single factor on metabolic activity and thus provide clear re-  All colonies were initially cultured for six weeks under
sponses for the isotopic fractionations of oxygen and carbona light intensity of 130 umolm?s~! (referred to as Low
It has been generally assumed that the geochemical re-ight, LL). Thereafter, colonies were cultured for six ad-
sponse derived from several colonies is more significant thamlitional weeks under a light intensity of 260 pmot st
data provided by a single colony. Thus, authors have usu{High Light, HL). At the completion of each period and to
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determine the isotopic composition, the newly deposited ringthen normalized to the skeletal surface area as estimated by
skeleton which formed on the glass slide was collected withthe aluminum-foil technique (Marsh, 1970).

a scalpel (Reynaud-Vaganay et al., 1999), dried overnight at

room temperature and stored in glass containers pending is-4 Growth rates

topic analysis. 241 Calcificati ¢
During the experiment all potential variables (other than™" ™ aicification rate

temperature apq light) such as_the chemical properties of S€&orals were weighed using the buoyant-weight technique
water (pH, salinity. ..) were strictly controlled and kept con- (Jokiel et al., 1978; Davies, 1989) at the beginning and end
stant. of the experiment. The calcification rate was measured using

) the following formula:
2.2 Measurements of environmental parameters

n Pn

Irradiance was measured using ar 4quantum sensor (Li- G= \/;o_ 1
Cor, LI-193SA) once a week (Table 1). Temperature (pre-
cision: +£0.05°C) was logged at 10-min intervals using a Whereg is the calcification rate; is the number of the cul-
Seamon temperature recorder. ture daysP, is the dry weight aftern days of culture and

Light intensities used in this experiment (130 and S the initial dry weight. Such a value indicates the percent-
260 pumoles photonsT@s~1) correspond to 5.6 and @ge of weight increase relative to the initial weight per day.
11.2moln2d-1, respectively. Davies (1991) estimated
that during a typical sunny day on a tropical reef a coral
receives about 14.4molmd=! of sunlight at a depth of
three meters in turbid water. On a cloudy day, the coral
receives about 6.2 molmd d~1 of sunlight. Thus, the light
intensities in our experiments imitated a range from quite
low to very strong natural illumination levels.

2.4.2 Surface extension

Measurements are performed on the skeleton formed on the
glass slide (Marsh, 1970). Thus, the corresponding size in-
crease is the surface occupied by the newly-formed skeleton,
receiving light perpendicularly.

2.3 Photosynthesis and respiration 2.4.3 Thickening

Photosynthesis and respiration were measured using th&hickening refers to the addition of new aragonite filling-in
respirometry technique, which consists of measuring thePOrosity or strengthening skel_etal structure without notice-
changes in oxygen concentration during the incubation. ~ able horizontal surface extension.

The experimental sequence was identical for each coral;
each nubbin was taken from the culture aquarium, place

in a Perspex chamber (240ml) containing filtered sea-ryq sotopic values were calibrated against those determined
water, for a 30'mn'$ Pie—mcuba@lon in the light (130 or . -onventional methods using an Optima-VG mass spec-
260 pmol photons v s~%, depending on culture condition). 4o meter. Results are given in the conventional notation, ex-

The coral nubbin was then incubated for 1_h in the Samepressed as per mis ¢o) against the V-PDB standard (Vienna
chamber to measure the rate of photosynthesis. The chambg;ee Dee Belemnite), where:

was then flushed and the coral pre-incubated for 30 min in the
dark and then for 1 h in the dark to measure the respiratior§ (samplé = [(Rsample— Rstandard — 1] x 10°

rate. During the incubation, the medium was continuously

agitated using a magnetic stirrer and was changed after eachne external precision, estimated using an internal standard,
incubation. was +0.11 and 0.08%. vs. V-PDB for carbon and oxygen,

The respirometric chamber was kept aPZ5in a thermo- respectively. The reproducibility of carbo_n and oxygen iso-

. , : .~~topic measurements, calculated from replicate coral samples,
static water bath. All incubations took place between 08:00 o .
and 14:00 h. The colonies were subsequently returned to the'as 0.10 and 0.08%. vs. V-PDB, respectively.
culture aquarium. Oxygen concentration was monitored in
the chamber and recorded every 1 min using a data-logges Results
(LI-1000, Li-Cor Inc.). Dissolved @ was measured using
a Ponselle polarographic electrode calibrated daily againsAll data are given in Table 1. This new interpretation of the
air-saturated seawater (100%) and a saturated solution afata reported in Table 1 was based on a comparison of the
sodium sulfite (zero oxygen). Rates of net photosynthesidehavior of each nubbin. Although nubbins were collected
and respiration were estimated using a linear regression ofrom a single parent colony, all measured parameters were

O2 against time. Photosynthesis and respiration values werbighly variable. Measurements of some parameters were

.5 Isotopic measurements

www.biogeosciences.net/7/893/2010/ Biogeosciences, 798832010
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Table 1. Metabolic and isotopic measurements for each colony after 6 weeks of culture. All the nubbins have been submitted successively to
low light and high light intensity during the same duration. For each light value, nubbins showing Nﬁﬁe{t HL than at LL are separated
from the others (see Fig. 1).

# sample " =5 growth rate f(ecm?) |8°0%cvsPDB |8°C%ovsPDB
: (gmolem™h™?) | (umolemh?) %/day surf (cm”) ooV, oov'S
130 pmolcm’h?!
22 0.27 -0.37 031 36.80 -3.32 -2.05
49 047 -0.27 0.17 12.90 -2.99 -1.94
21 0.38 -0.28 0.33 41.70 -2.95 -1.26
23 O1C 130<8"Ciago 0.22 -0.16 0.30 35.50 -3.16 -1.99
55 041 -0.62 0.20 14.90 -3.04 -2.01
66 0.13 -0.20 0.22 22.40 -3.07 -1.79
68 0.20 -0.40 0.37 16.20 -3.18 -1.41
48 0.34 -0.23 0.20 -3.28 -2.67
24 0.09 -0.44 0.33 -3.20 -1.99
50 0.51 -0.46 0.21 9.70 -3.00 -2.50
67 BUCL>0 Cae| 027 -0.54 023 12.10
57 0.29 -0.17 0.02 17.70 -3.03 -2.53
58 0.29 -0.25 0.18 14.70 -3.29 -2.52
27 0.36 -0.34 041 20.90 -3.06 -2.14
26 0.09 -0.15 0.40 2540 -2.95 -2.03
260 ymolcm’h’

22 0.57 -0.34 26.10 -2.83 -2.08
49 042 -0.25 0.66 8.30 -2.16
21 0.54 -045 19.20 -2.82 -1.88
23 8UCL<dChe| 053 023 24.60 -3.00 236
55 042 -0.26 0.66 13.60 -2.78 -2.17
66 0.29 -0.24 0.58 17.50 -2.93 -2.44
68 0.31 -0.33 10.00 -2.69 -1.66
48 047 2050 0.78 12.50 2.93 175
24 1.01 -0.65 8.30 -2.52 -1.50
50 0.94 -0.64 0.60 8.20 221 -0.76
67 BUC, >0 Che| 255 -0.31 5.10 235 097
57 1.34 -0.51 0.64 6.30 -2.98 -2.24
58 0.57 -0.24 0.63 8.20 -2.79 -2.09
27 0.53 -0.29 14.00 -2.50 -1.49
26 0.26 -0.22 8.60 -2.66 -1.78

lacking due to difficulties related with experimental condi-  Figure 1b clearly indicates that light increase led to inten-
tions (Table 1). Herein, we examined metabolic and isotopicsified net photosynthesis and increased calcification (in terms
data provided by a single colony successively submitted toof percentage of growth per day), but also led to a decrease of

the two light conditions (from LL to HL; Fig. 1). surface extension arsd80 enrichment. Respiration variabil-
. ity showed identical range during the two light conditions.
3.1 The effect of light The §13C change was more confusing with half of the nub-

) ) ] bins exhibiting increased values and the other half showing
We note that metabolic and chemical data are highly scatyecreased values between low and high light.

tered (Fig. 1la). For instancePnet variability was lower

at LL (0.5 umol cnr? hil) than at HL (the amplitude was 3.2 Partitioning into two groups

>2 umol cnr2h~1), likewises'80 varied by 0.5%0 at LL and

1%0 at HL. But respiration variability was high for the two We expected an unique response, thus in order to high-
light conditions, from—0.6 to—0.2 pmolcnt?h~1, as well light our results, we divided the nubbins into two groups:
ass813C values showing for the two conditions around 1.5%. those showing 413C increase from LL to HL (the expected
of amplitude. The trend shown by all nubbins between LL response according to the global carbon-pool assumption,
and HL was identical for all the measured parameters, excepBoreau, 1977) (Fig. 1c, light color) and those showid*e

for R ands13C. The significance of a unanimous metabolic decrease (i.e., the expected response in case of uptak@ of
or chemical response is stronger than a trend revealed aftetepleted metabolic carbon, Erez, 1978) (Fig. 1c, dark color).
averaging data.

Biogeosciences, 7, 89966, 2010 www.biogeosciences.net/7/893/2010/
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Fig. 1. Values of measured metabolic and geochemical paramét@iéalues of each nubbin are plotted for high and low light. Light (dark)
color corresponds with colonies showing higher (lowdAC at HL than at LL. To underline the individual variability shown by one nubbin,

HL and LL dots are linked(b) At each light condition values of all nubbins have been averaged. Darker bars are associated with LL and
lighter ones with HL (plotted error:@). We notice that in this cas®, or $13C were almost identical at LL and Hic) Averaged values for

each light condition calculated after splitting nubbins into two groups: light (dark) color corresponds with colonies showing higher (lower)
813C at HL than at LL. Darker bars are associated with LL and lighter ones with HL (plotted esrpr: 2

At LL (Fig. 1c, darker bars), the two groups exhibited sim- colonies (Fig. 1b) (Reynaud-Vaganay et al., 2001). We
ilar net photosynthesis, respiration, growth rate ahtD. noticed that all intermediate values between the highest
Values were more scattered for surface extensionsar@. and lowests13C-differences between LL and HL were
By examining the responses at HL (Fig. 1c, lighter bars), werecorded. This explains why the difference in tH€C av-
realized that metabolic and isotopic values shown by theserage (Fig. 1b) was not significant (Reynaud-Vaganay et al.,
two groups presented common features. Colonies showin@001).
lower §13C at HL than at LL (Fig. 1c, dark color, lighter bar) We plotted on Fig. 2 all the possible relationships between
were associated with larger surface extension and the otheithe measured parameters. There is not noticeable correla-
characterized by highéf3C than at HL (Fig. 1c, light color, tion. In opposite to what is usually thought, there is no clear
lighter bar) exhibited the smallest surfaces. correlation betwee#3C andP,et, neither betwees!3C and

Colonies displaying highes!3C at HL (Fig. 1c, light K.
color, lighter bar) showed higher photosynthetic activity and
the most enriched'®0 and §1°C values. Surface exten-
sions of the nubbins showing low&¥3C (Fig. 1c, dark color,

3.3 Duality of metabolic and isotopic responses at HL

X The partitioning of the colonies into two groups, according to
lighter bar) were almost all greater than that measured oo s?gn of thesgl3C change between LL%ndﬁ)ﬁL underlinges

. . . 3
tmhz;:ut; zglsatstmlc_)wllzr;gr] S\'g:‘i‘: Crgﬁt ?V\l':?ys i(;wgret;ragntgztarkvarious metabolic responses previously ignored.
' groups (Fig. 1a, At HL, the nubbins showing lowes!3C (Fig. 1c, dark

color, lighter bar), the weight of colonies at least doubled . L
; . . . . color, lighter bar) corresponded to lower productivity asso-
during the incubation, while surface extension was weaker

by ca. 40% (Fig. 1c). Th&'80 of all colonies increased, the ciated with the highest surface extension (Fig. Bjet and
eﬁrichment (beigng rrzore pronounced for colonies showing ansurface extensiors) are roughly linearly correlated:
increase is13C (Fig. 1c, light color, lighter bar). S =0.01. Pyet+0.25 with R2=0.46 for N =8 1)

The averaged values calculated after partitioning were _ .
more significant than earlier values published for all theWhereN is the number of nubbins.

www.biogeosciences.net/7/893/2010/ Biogeosciences, 798832010
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Fig. 2. Comparison of all measured metabolic and isotopic parameters. Circles correspond to data obtained at LL, diamonds to HL. Clear
(dark) symbols are associated to colonies showing lower (high&g) at HL than at LL. Linear correlation is clear betweBgt and R for
the highest values afnet, between surface and growth rate and betwd€ andsi3c.

At HL, colonies showing highet'3C (Fig. 1c, light color, 3¢
lighter bar) were those displaying higher productivity associ-
ated with the lowest surface extension (Fig. 3). The parame-
ters are also weakly correlated:

P,.=-0.17 * surface +2.48
R*=048

S =—0.17- Pnet+2.48 with R>=0.48 for N =7 (2)

P.« (pmol/cm?*/h)

The correlation coefficients were not significant; however

they do not invalidate the suggestion of two different behav- | Py =001 * surface +0.25

iors related to light intensity. Under HL, corals may display o e
one of the two behaviors linked with photosynthetic activity: - —-$-oos -

either photosynthesis activity slightly increases and surface ¢

extension remains noticeable (although lower than at LL) °, ” % %
or photosynthesis is clearly enhanced and surface extensiol I

strongly reduced.

Ph(.)tosynthe'tlc act|V|ty'and respiration were correlated forFig_ 3. Photosynthetic activity versus surface covered by new-
colonies showing the highest photosynthesthe(> 0.6)  formed aragonite at HL. Darker symbols correspond to colonies
(Fig. 2). However, as there were only four data points, showing highers'3C at HL than at LL. Phet values measured
this relationship needs to be confirmed by additional experon colonies showing lowes13C than at LL, are limited to
iments. There was no correlation between isotopic data and.6 umolcmr2h~1 and are associated with development on larger
metabolic indicators (Fig. 2). surface than colonies showing highﬁéPC than at LL and respond-

For §13C versuss180 (Fig. 4), there was no relation at ing with higher photosynthetic activity, though all the nubbins re-
LL (circles) but at HL (diamonds) the relationship was sig- spectively almost doubled their skeleton weight._ C(_)r_relation coeffi-
nificant: §13C=1.925180+3.41 with R2=0.86 for N=14 3) cients of the Ilngs plotted on the figure are n.ot.5|gn|f|cant., however,
(Fig. 4). We note that skeletal®0 values were also more full and empty diamonds clearly show two distinct behaviors.
positive in those showing a more positi§&’C at HL than
at LL (clear circles), whereas the oth&t®O values were

Biogeosciences, 7, 89966, 2010 www.biogeosciences.net/7/893/2010/
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0.5 o experiment, however, used different species displaying dif-
skeleton richer in fibers ferent metabolic specificities and moreover, temperature and
light effects were mixed. Thus, the data could not be com-
pared and it could not demonstrate the solely photosynthetic
influence. Other factors could explain the difference of Ca
at HL incorporation, e.g., temperature or differences in calcifica-
FE=19228%0 + 341 tion rate among species. Conversely, our experiment avoided
K086 the temperature effect and examined the response of nubbins
originating from one species, even a single parent colony,
thus all were supposed to present identical metabolic and
<keleton richer in COC morphological characteristics.
-3-0_15 = Y o As the experiment was conducted on nubbins originating
) - - - from a single parent colony the isotopic scattering observed
8"0 %o vs PDB might be compared with inter and even intra-colai{O
variability exhibited byPoritescollected at Clipperton (Lins-
ley et al., 1999) or in Indonesia (Maier et al., 2004). More-

significant correlation coefficient. The highé480 ands13C data  °VE" b); consldgrlndg ISOtOp;.C ﬁﬁgcts O.f a smglﬁ nubbln_juc-
correspond to the nubbins responding strongly to HL. These sam"eSSIVely su mitted to two light intensities we have an iden-

ples could be rich in fibers, whereas the samples showing both lowfical @pproach than when we e).(amimjégo variation along
5180 ands13cC could be richer in COC. close corallites representing mineral deposited during two

successive months. The results obtained showed that the av-
erage of several responses could mask the significance of the
roughly within the same range as for LL (Figs. 2 and 4). In- individual behavior (Weil et al., 1981; Grottoli and Welling-
deed, at HL fews*®0 showed lower values than3.0%o. ton, 1999; Grottoli, 2002).
We highlighted the unexpected light effects éH0O
(Reynaud-Vaganay et al., 2001). The discrepancies i+.2 Light effects on growth
metabolic behavior at HL exhibited B}3C variability were
also not expected. We sought to highlight how modificationsIncreased light was systematically associated with an in-

in the host metabolism may impact chemical properties ofcrease of skeletal weight and a decrease of surface exten-
the coral skeleton. sion of newly-formed skeleton during identical duration.

The coupled effects generated an increase in skeletal den-

sity. Acroporausually does not show clear annual density
4 Discussion bands; however, this experiment presents proof that light af-

fects Acroporadensity. This could also be related to obser-
This experiment confirmed that calcification is light- vations made orPorites most often producing low-density
enhanced (Goreau and Goreau, 1959; Chalker, 1981; Gapands during winter (Lough and Barnes, 2000), but it is im-
tuso et al., 1999) because each nubbin showed an increas@@rtant to keep in mind that, in the field, light effects may be
calcification with increased light. At HL, all nubbins at least obscured by other factors such as temperature and/or repro-
doubled their initial weight in respect with calcification at ductive cycles (Mendes, 2004).
LL, whereas surfaces covered by the newly-formed skeleton This light effect observed can provide an explanation for
remained smaller. As such, we consider that surface extendata from the Caribbean Sea. Whiglontastrea annularis

-1.0

8"C %o vs PDB
n

Fig. 4. §180 value of individual specimen plotted agaidstC.
At HL (diamonds)s180 ands13C are linearly correlated, with a

sion is light-suppressed. was submitted to unfavorable conditions (lower light and an-
thropogenic influence), they appeared to “sacrifice skeletal
4.1 Metabolic imprint on skeleton chemistry density while maintaining or increasing skeletal extension,

despite having a lower calcification rate” (Cru#ienm et al.,

The culture technique used here allowed us to separate ten2003) (see also Carricart-Ganivet, 2004). Although in our
perature from light effects on the skeletal isotopic signatureexperiment we measured surface extension and not linear
and metabolic parameters. Clode and Marshall (2004) havextension, these field observations are roughly in agreement
tested the role of light on the calcification rate of a zoox- with what we observed at LL. Is the extension an expression
anthellate Galaxeg and azooxanthellateDgndrophyllig of growth compensation when luminosity is insufficient, or
coral, using thé®®Ca technique.Galaxeaand Dendrophyl-  is there a competition between the two growth rates? At LL,
lia presented similar G& incorporation versus temperature the extension rate was always higher than at HL (Fig. 2), and,
over the range of 18-2%, and authors have concluded that at HL, when photosynthesis was intense, extension was re-
the calcification process was affected by temperature but waduced (Fig. 3). Nubbins showing higher extension than the
probably not associated with photosynthesis. This previousther colonies at LL seemed to roughly keep this specificity
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at HL without being able to produce strong photosynthetic
activity. However, among these colonies, there was a positive
correlation between extension and net productivity (Fig. 3).

The partitioning of the colonies into two groups stresses
that the two growth features, surface extension rate and
weight of deposited aragonite per time unit (calcification
rate), are distinct processes (Fig. 1c). It has been noted previ-
ously that these two measurements of coral growth are not re-
dundant and may provide complementary information (Scof-
fin et al., 1992). However, we wanted to understand why
nubbins originating from one parent colony presented two
different behaviors.

4.3 The role of zooxanthellae

Earlier we noted that thé'3C responses exhibited all in-
termediate values between the two extremes, likewise, the
metabolic responses, especially photosynthesis and surface
extension were highly scattered (Fig. 1). By examining Fig. 5
we observe that one side of the colony (A side) presented
thickened skeleton (not expanded on the glass side) sur-
rounding the axial corallite. This illustrates the growth mode
called “thickening” in the first part of this article, which

is observed on the inter-corallite spaces and at the base of
corallite. The other side of the axial corallite (B side) is

composed of newly—formgd corallltesl(J.UIIIet-LecIerc etal., aragonite is deposited on the colony and the glass slide. On side A,
2099)' By_ comparison with the description A€ropora hy- the layer of new mineral is reduced and thick, whereas on side B
acinthusgiven by Nothdurft and Well (2007), they could be i extends further the initially stuck nubbin and new corallites are
called radial corallites, which are growing vertically in the vyisible. We cannot attribute such a discrepancy to different light
field. The surface extension measured during our experimenhcidences, on the glass slide, all the portions of the new-formed
might be assimilated to linear extension. We suggest that thekeleton received identical light intensity. On the A side at the level
aragonite collected on the glass slide (Fig. 4) integrated variof the section of the branched coral is essentially formed by fibers
able amounts of skeleton fragments, with metabolic and als&apable to thicken the skeleton under HL. On the B side, the section
isotopic measurements integrating the relative responses; thf the branch coral contain COC, of which growth is light-repressed.
could also explain the large scatter of our data. Such portion of nubbin could be much more developed under LL.

Although we did not measure algal abundance, we could

relate the different growth modes observed at HL to highly 813C contained greater amounts of aragonite forming the ra-

v_ariat:cle efficier;]cy"of phqtosynth_esczs déje to differeﬂt delr(‘sli'dial and central corallite tips according to observations made
ties of zooxanthellae. Figure 3 indeed suggests that ske 5y Weber et al. (1976).

tons showing the maximal extension are poorer in algal den-

sity, I.e_a_din.g 10 a lowPner V\./eber. et al. (1976) stressed this tive, respiration proportionally decreased (Fig. 2). This ob-
specificity inAcropora cervicornis They observed that the servation could be due to a part of the respired,@@-
abundance of symbiotic zooxanthellae increased from the ti[?ng used for photosynthesis, as in the carbon-translocation

to the base of a branch. They associated this difference Wmﬁypothesis of Muscatine and Porter (1977). However, we
rather confused isotopic behaviors for O and C. This Obserhave no information to document a mechanism linking the

vation, which supports our interpretation, could be counter-natabolic activity of algae with coral metabolism leading to

intuitive. Indeed, the upper surface of the coral, where skele-modifications in skeletogenesis.

togenesis seems to start, receiving more direct light incidence
could be supposed to be richer in algae than the sides 0f 4 |s there competition between photosynthetic activity
CO|OnieS, Wh|Ch I’eceive IeSS intense I|ght and surface extension?

We assumed that the highest O and C isotopic values were
provided by samples essentially composed of skeleton porFigure 3, obtained with samples maintained at HL, highlights
tions corresponding to the sides of corallites or to the skele-an inverse relationship between photosynthesis and surface
tal zone called inter-corallites, having the ability to strongly extension. Indeed, the group of colonies showing reduced
photosynthesize, while the samples characterized by lowphotosynthesis angf3C depletion with the augmented light

Fig. 5. Acroporanubbin after few week growth at HL. New-formed

It seems that at HL, when photosynthesis was clearly ac-
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also presented an increase in surface extension, while theisms: first extension and secondly progressive filling-in of
group showing an active photosynthesis was characterized bthe previously deposited structure (Raz-Bahat et al., 2006).
the lowest extension. On one hand, this could illustrate com-

petition between surface extension and photosynthetic activ4.6  The link between light, skeletal microstructures and

ity at HL, while, on the other hand, it could indicate that there growth modes

are two biomineralization strategies: submitted to HL, some

parts of the skeleton are dedicated to spatial growth and thésotopic measurements conducted at the micrometer scale
others to strengthening skeletal structure. We note that th@n culturedAcropora similar to the colonies studied here,

relative growth weight doubled in both cases. (Juillet-Leclerc et al., 2009) confirmed that the fusiform
crystals stressed by Gladfelter (1982), abundant around the
4.5 Axial and lateral portions of a corallite theca ofAcropora were identical with centers of calcifica-

tion (COC) or early mineralization zones (EMZ) like those

Gladfelter (1982, 1983, 1984) investigated the skeletalobserved along the trabecula by other authors (Cuif and
growth pattern ofAcropora cervicornis She described the Dauphin, 1998, 2003; Raz-Bahat et al., 2006; Nothdurft and
walll of an axial corallite, surrounding the calyx, formed by Webb, 2007).
vertical spines connected together tangentially and radially Although earlier observations and the present study are
by a porous mineral (Gladfelter, 1982). She identified twobased on two different size scales, our experiment indicated
different growth units: massive, randomly oriented crystals,that coral growth followed one main axis and a perpendic-
called fusiform crystals, and numerous needle-like crystalsular plan corresponding to two separate processes. Our re-
projecting in many directions from the fusiform crystals. She sults also suggest that extension ensured by COC is light-
noted that the needles, which were gathered into bundlesuppressed whereas thickening, in term of filling-in or con-
oriented perpendicularly to the spine, showed a progressiveolidation by fiber bundles, is light-enhanced. Photosynthetic
filling-in of pore space from the tip of the corallite to the activity of the lateral portion of a corallite, assumed to be
base. She deduced from these observations that skeletogeless exposed to light, was more intense than at the coral-
esis could be the result of two processes: the deposition ofite tips because the sides would be likely richer in algae
fusiform crystals and the progressive thickening of the ini- (Weber et al., 1976). The same paradox at the crystal scale
tial framework by needle-like crystals. She attributed thesewas stressed i8tylophora pistillataobservations by combin-
two modes of deposition to a dichotomy in growth axes: theing Field Emission Scanning Electron Microscopy (FESEM)
axial growth most often expressed as a linear extension reand supplementary fluorescence techniques (Tafmbutdil.,
sulting from the deposition of fusiform crystals, with lateral 2007).
accretion by fibers ensuring the strengthening of the skeleton As shown in Fig. 5, there was a side (A side) where the
(Gladfelter, 1982, 1984). These investigations led her to connewly deposited mineral corresponded essentially to accre-
clude that the first step of skeletogenesis was performed duttion of fibers with some spinules containing few COC but
ing the night, while the main parameter influencing the sec-free of calyces, forming a thick and dense aragonite layer
ond was the duration of sunlight per day (Gladfelter, 1983). around the axial polyp, while on the other side (B side) the

The differentiation of coral-skeleton growth relative to its new mineral was rich in new calyces with COC at their tip
shape could be a specific feature of branched corals such ad also in the radial septae. Thus, the relative proportion be-
Acropora Skeletal structure has also been studieBdrites ~ tween COC and fibers depends on the location of the nubbin
(Barnes and Lough, 1993). Like Gladfelter (1983), thesesection, which explains why superficial extension of several
authors also proposed skeletal development in two stepsiubbins may be as different as noted during this experiment.
Lough and Barnes (2000) observed different rates of extenduillet-Leclerc et al. (2009) demonstrated that, in a colony
sion and calcification between the top and sides of coloniegrown at constant conditions, CO280 is almost constant
in numerous massivBorites from the Great Barrier, which  and centered on the lowest value, while fiBElO varies over
led them to attribute the observed discrepancy to light avail-a 5%c.-amplitude range, from the equilibrium value to the
ability. Like Gladfelter (1982), they noted the coral growth lowest one, the latter isotopic behavior likely being linked
dichotomy. with kinetics of deposition process. This could explain the

SEM microstructural observations of several coral gen-high variability exhibited by nubbins from a single parent
era led Cuif and Dauphin (1998) to also suggest that coralcolony due to the highly variable relative crystal amounts,
skeleton deposition operated into two successive steps. Alswhich is a crucial factor determining isotopic value. Addi-
from SEM observations, Nothdurft and Webb (2007) un- tionally, the skeleton developed on the glass slide received
derlined common features and discrepancies shown by sevdentical light over the whole surface (which is not the case
eral coral genera, the presence of two growth units and twan the side of a wild colony), thus, the effect on the different
growth modes appearing as common features to everyongaortions of the skeleton is amplified.
At another size scale, it has been demonstrated that calcifi- We emphasize that, in the caseAafroporg the space be-
cation of Stylophora pistillataalso operates by two mecha- tween each calyx is more developed than in other genera such
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asPorites(Nothdurft and Webb, 2007). This skeletal differ- mary skeletal carbon origins then changed between LL and
ence may also likely serve to amplify the discrepancies beHL, and the global effect on th#3C values of “bulk” sam-
tween several nubbins. ples was variable.

4.7 Relationship between growth and isotopic values 4.8 §180 and 513C correlation

We demonstrated that HL enhanced fiber formation (Juillet-The highs180 ands13C correlations of seasonal samples and
Leclerc et al., 2009). Therefore, knowing t#a£0 in fibers  samples collected horizontally arouRdvona clavusieads
is always higher thaa'80 in COC, we suggest that the sys- and simultaneously deposited led McConnaughey (1989a
tematic positives180 response to light increase (Fig. 1a) was and b) to assume kinetic isotopic fractionation in the coral
due to fiber enrichment in all the colonies. This conclusionskeleton. The distribution af'0 ands3C in Poritesarag-
is supported by the fact that the positive isotopic responsenite sampled along the faster growing axis appeared to be
was more pronounced in colonies responding actively to lightcaused by the relative variability of temperature and light.
through photosynthesis (Fig. 1c). Additionally, we note that The two interpretations were consistent: the upper surface
when photosynthesis was strongly acté#0 signature was  of the coral head received more sunshine, thus grew faster
higher. Moreover, the oxygen reservoir was isotopically con-and showed depletedd®0 while the lateral surfaces, receiv-
stant over the incubation period, as the atoms came from sedng less light, exhibited a slower growth rate and high€o
water where they are abundant. (McConnaughey, 1989a). Therefore, it has been concluded

Meibom et al. (2006) showed that the CO23C of  that whens?®0 ands13C were correlated this could indicate
Colpophylliasp. were lower than that of the fibers. This the skeleton deposition following a kinetic process; negative
could explain why at HL, colonies strongly sensitive to pho- oxygen fractionation has been associated with high growth
tosynthesis (likely richer in zooxanthellae) exhibited higher rate and high light$'80 being affected by temperature and
values than the others. At LL, th#3C of colonies richer  §13C by photosynthesis. Our experiment highlights that it is
in COC would then be lower than those containing mainly not so simple.
fibers. Curiously, we observed the opposite (Fig. 4). In addi- 180 ands13C are both affected by light (Fig. 1). How-
tion, these nubbins showed lowseC at HL (Fig. 4). Inthe  ever, light effects are not equivalent on all skeletal mi-
case of carbon, the origin of the atoms might vary betweercrostructures and thus the isotopic analyses are more or less
the two conditions. Indeed, Rollion-Bard et al. (2003a) impacted by the integration of micro-isotopic signatures.
demonstrated that®0 ands'3C measured in a single sam- This leads to non-homogeneous isotopic distribution, with
ple at the micrometer scale were not always correlated. Wetrong variations according to the morphology. Linear exten-
previously noted that the results considered in the presengion and calcification are distinct kinetic processes, respond-
study were formed by the integration of numerous isotopi-ing differently to light. Thus, relationships between kinetics
cally heterogeneous microstructures. At the macro scale, dugnd isotopic fractionation and between kinetics and light are
to natural integrationj*®0 ands*3C may thus be correlated. more complex: iPAcroporasampled at the macro-scale, the
Therefore, to explaid!3C variations, we must assume that, kinetic imprint on isotopic fractionation due to fiber growth
in addition to the fractionation due to kinetic processes, theis sensitive because fibers are the most numerous skeletal
carbon reservoir has to differ. Biological investigations us- components. Only oxygen is purely fractionated through a
ing double labeling*C and®Ca) (Erez, 1978; Furla et al., kinetic process33C is determined by the combination of
2000) demonstrated that in the case of active photosynthesiseservoir change and kinetic fractionation according to the
the amount of carbon present in the symbiotic system is nometabolic activity. We note that oxygen and carbon isotope
sufficient to sustain physiological activities, and this lack of correlation was essentially significant under HL because it
carbon is compensated by an increase of seawater-uptake Ryas only in these conditions that photosynthesis activity and
the coral tissue. Considering that Dissolved Inorganic Car-thus thickening, responsible for the O and C correlation, was
bon DIC seawate3!3C is much higher than metaboli¢3C,  really active (Fig. 4).
skeletals3C should be enriched, supporting the macroscale
observations. 4.9 Consequences for paleoclimatic investigations

In addition, deposition processes of each crystal type dif-
fer as well as their isotopic signatures (Juillet-Leclerc et al.,The present experiment performed on cultukcropora
2009). Therefore, we also can explain isotopic discrepan-ighlights the behavior of a single coral clone, potentially
cies existing between different nubbins (Fig. 1). Some ofinhabited by different concentrations of zooxanthellae and
our samples contained mainly fibers, thus showing at HL armaintained under two light conditions. Each aragonite mea-
increase 06180 ands13C associated with the lowest exten- surement includes an axial corallite plus some radial coral-
sion rate (Fig. 1c). For the other nubbins richer in COC, HL lites. Our conclusions make sense only by comparing the
enhanced only the growth of their fibrous portion, enriching same initial corallite subject to different conditions. Al-
thes180 signature but decreasing the extension rate. The prithough morphology and micro-structure distribution differ
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betweermcroporaandPorites the conclusions inferred from We note that linear extension and®O are affected by
our study may be extended to the time series usually devellight in the same way; the direct temperature effect and that
oped forPoritespaleoclimatic studies. caused through photosynthesis are opposite. It would be in-

The common sampling method used for paleoclimaticformative to comparé®0 and linear-extension fluctuations
studies systematically follows the major growth axis of the over a year, but extension variability is not easy to measure
coral. By examining samples collected on a profile overover ayear. The light influence 6A3C is more complex and
time, we record the chemical response to environmental seadepends on the corallite portion sampled.
sonal changes of corallites derived from identical clones and Our findings help explaining the contrasting observations
probably inhabited by similar symbiont assemblages. Addi-made on different colonies (Goreau, 1977; Erez, 1978).
tionally, this means that the sample profile corresponds to ailowever, on aPoriteshead, as sampling is centered along
area where COC constitute the largest portion of microstructhe main growth axis where COC are abundant, a A%
tures and where photosynthetic activity influence is reducedgdecrease is almost always recorded with light enhancement
in contrast to the initial assumptions commonly formulated. during the summer (Swart et al., 1996).

This confirms conclusions earlier proposedAaroporaand
probably for other genera (de Villiers et al., 1995; Cardinal et
al., 2001) that extension is not linear during the year. We ad
that extension decreases with more light. Thus, we should
take into account such a feature to correctly record and con-
vert environmental changes in a given chronology. This em-
phasizes the importance of the sampling mode along coral-
lites always being oriented along a similar direction during
the study period and showing an apparent continuity by X-
ray imaging.

In contrast with the commonly held belief, linear exten-
sion of coral does not respond positively to light. We cannot
apply systematic corrections 8380 as proposed by Maier
et al. (2004). However, we must assume that metabolic ac-
tivity, essentially photosynthetic activity, is roughly repro- 2. Both §180 ands'3C are impacted by light. In the field,
ducible each year, even when the algal assemblage is slightly  light-induced increase i680 is masked by the temper-
modified over time. Two adjacent areas horizontally sampled ature effect.$13C may increase in the lateral corallite
on a single coral head may host different algal assemblages  portion while simultaneously decreasing at the apex.
and algal concentrations and this could explain the great vari-
ability in isotope signals as reported by Linsley et al. (1999),
Felis et al. (2003) and Maier et al. (2004).

At the millimeter scale, it would be difficult to ob-
serve simple relationships between isotopic signatures and
metabolic activity due to the presence in the bulk sample of 4. Significant correlations betweet!®0 and §3C were

Summary

1. Rates of photosynthesis are not constant or equal on
the surface of a coral skeleton. Zooxanthellae could
also be more abundant on the sides than on the apex
of corallites. Light enhancement leads to decreased ex-
tension rate and increased aragonite weight deposited.
Thus, HL causes a skeleton-density increase. Although
the absence of algae on the apical part of the skeleton
is counter-intuitive following classical geochemical hy-
pothesis, several lines of evidence suggest this conclu-
sion.

3. We did not observe a direct correlation between
metabolism and isotopic data. This could be attributed
to the systemic mixture of microstructures, for which
the relative ratios varied in the measured samples.

variable relative amounts of crystals characterized by differ- likely due to the kinetic deposition process of fibers
ent isotopic fractionations. (Juillet-Leclerc et al., 2009) and are not directly related

As light and temperature often vary in parallel but have  to classical growth-rate measurements, density and lin-
opposite effects, the amplitude 6f20 fluctuations only ear extension. The strong relationships between oxygen
due to temperature will always be smoothed by the effect  and carbon isotopic fractionation, growth rate and light
of light through photosynthetic activity. This could explain are much more complex than previously thought.

the observed high variability of time series and calibrations ) ] ) ) o
(Wellington et al., 1996; Linsley et al., 1999; Maier et al., °- Lightinfluence on O and C isotopic ratios is part of a

2004). It could also explain the correlation &0 versus vital effect, essentially inducing high colony variabil-
SST showing lower absolute slope values thah20%oFC ity and also horizontal variability on the surfaces of
(Juillet-Leclerc and Schmidt, 2001; Suzuki et al., 2005).  colonies in some species (McConnaughey, 1989). This
Thickening of the corallite wall could also smoatHO by could be due to the variable abundance of zooxanthel-
the addition of aragonite fibers. Due to a specific morpholog-  1a€, variable light incidence and/or the sampled morpho-
ical organization, especially a reduced inter-corallite surface, ~ l0gical parts of corallites.

this effect would likely remain limited foPoritescompared ¢ variability of isotopic ratios is significant over the time
with Acroporg sampling along the axis of maximum growth only when measurements are performed along individ-
rate would also reduce this effect. ual successive specimens, in this case corallites.
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These results provide evidence underlining the importance tastraea annularisand Montastraea faveolatabiological and
of the coral-algae symbiosis in coral-reef formation, espe- environmental controls, Mar. Biol., 143, 491-500, 2003.
cially concerning the strong and complex relationships be-Cuif, J.-P. and Dauphin, Y.: Microstructural and physico-chemical
tween calcification and photosynthetic activity (Gattuso et characterisation of centres of calcification in septa of some Scle-
al., 1999). Estimation of the relative importance of temper- _ "actinian corals, Pal. Zeit, 72, 257-270, 1998.

ature and light effect on skeletal isotopic signatures will be CUf: 3-P- Dauphin, ., Doucet, J., Salome, M., and Susini, J.:
. . . XANES mapping of organic sulphate in three Scleractinian coral
investigated further in the future.

) . . skeletons, Geochim. Cosmochim. Acta, 67, 75-83, 2003.

. Vital effects are particularly compl_ex in corals due.to the Davies, P. S.: Short-term growth measurements of corals using an

impact of the zooxanthellate metabolism on the chemical fea- 5¢cyrate buoyant weighing technique, Mar. Biol., 101, 389-395,

tures of the coral skeleton and the collective growth of a 19g9.

colony of multiple organisms. However, as we highlighted de Villiers, S., Nelson, B. K., and Chivas, A. R.: Biological controls

here, each specimen shows its own signature. Such a prop- on coral Sr/Ca and'80 reconstructions of sea surface tempera-

erty is not a coral specificity, indeed inter- and intra-specimen  ture, Science, 269, 1247-1249, 1995.

variability of Mytilus edulisand Pecten maximudas still ~ Fairbanks, R. G. and Dodge, R. E.: Annual periodicity of the

been stressed by Freitas et al. (2008). 180/160 and 13C/12C ratios in the cokbntastrea annularis
Geochim. Cosmochim. Acta, 43, 1009-1020, 1979.
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