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Abstract

In order to identify vital effect on oxygen isotopic ratio, we analyzed at micrometer size scale skeleton microstructures of a
scleractinian coral Acropora, cultured under constant conditions. Measurements focused on the two crystalline units high-
lighted different isotopic signatures. Massive crystals (centers of calcification: COC) exhibit quasi-constant lowest values
whereas fibers, the dominant units exhibit scattered distribution with amplitude of up to 59,,. Fiber oxygen isotopic ratios
(5'%0) range from values similar to instantaneous deposition to equilibrium value. By comparing data obtained on the Acro-
pora specimen and deep-sea corals grown under well constrained conditions, we infer that the scattered 5'0 aragonite fibers
indicate precipitation through kinetic precipitation. Thus, we argue for inherent biological feature typical to all coral genera.
Modalities of COC formation remain ignored.

The different isotopic signature of two mineral microstructures present in close proximity in coral skeleton can only be
explained by compartment depositions related to different organic environments. Indeed, multiple secondary electron micros-
copy (SEM) observations favor interaction between mineral and organic matrix surface. Moreover, atomic forcing micros-
copy (AFM) investigations demonstrated thermodynamic changes induced by mineralization in presence of organic
compounds. The combination of our results with previous published ones from biological studies, allows us proposing a con-
sistent model of fiber skeleton formation. The prerequisite step of mineral growth unit precipitation would be initiated by
organic matrix secretion, which defines spatial extension. Specific carriers supply ionic compounds of the crystals to ensure
local supersaturation. However, possibly controlled by organic molecules, ionic amount would be limited, implying the super-
saturation decline over the time. This could explain the progressive decrease of the coral growth rate. In this case, vital effect
should not only bias isotopic fractionation through biological activity but the mechanism of skeleton deposition is imposed by
specific chemical and/or physical conditions due to the presence of organic molecules. These conclusions derive from obser-
vations performed at high resolution.

Therefore, isotopic ratio measured on millimeter scale for paleoclimatic purposes, result of the average of strongly heter-
ogeneous values. It could explain vital effects shown by geochemical time series derived from tropical coral skeleton, including
the high species and/or colony variability.
© 2009 Elsevier Ltd. All rights reserved.
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1993; Dunbar et al., 1994; Wellington et al., 1996). How-
ever, the geochemistry of the coral skeleton, like most other
biogenic minerals, is influenced both by environment (tem-
perature, light, salinity, etc) and by biological activity (res-
piration, feeding, spawning, calcification) (Weiner and
Dove, 2003), often referred to as ‘“vital effect” (Urey
et al., 1951). Vital effect could also include photosynthesis
(Reynaud-Vaganay et al., 2001; Grottoli, 2002) as some
corals live in symbiosis with algae (zooxanthellae). Analyses
carried out at millimeter scale have improved our under-
standing of the geochemistry of the coral skeleton, but they
did not take into account its microstructure, which is more
complex than previously thought.

From a microstructural viewpoint, coral skeletons are
composed of two main components, the centers of calcifica-
tion (COC) and fibers. Ogilvie (1896) was the first to de-
scribe COC as the points from which fibers diverge. Then
Le Tissier (1988) and Hidaka (1991) identified structural
differences between fibers and COC. More recently, it was
shown that COC and fibers did differ in size and shape,
and also in their associated biochemical environment (Cuif
et al., 2003).

Rollion-Bard et al. (2003a) performed the first microm-
eter-scale isotopic analyses using ion microprobe on Porites
lutea. Though isotopic data seemed to be distributed
according to morphology, unfortunately, the authors could
not characterize isotopic data of individual crystal unit in
Porites, due to the small size of the microstructures (less
than 10 pm) compared with the spot size of ion microprobe
(between 30 and 50 um). In contrast, with larger crystal
units, it was easier to show differences between fibers and
COC using natural specimens of the deep-sea coral Lophe-
lia pertusa, (Rollion-Bard et al., 2003b; Blamart et al., 2005;
Lutringer et al., 2005), or more recently of the zooxanthel-
late coral, Colpophyllia sp. (Meibom et al., 2006).

The first aim of this study was to characterize the isoto-
pic signature of fibers and COC in the tropical coral Acro-
pora sp., cultured under the controlled and constant
conditions originally proposed by Marubini et al. (2003).
As environmental conditions were kept constant, the ob-
served variability may be due to biology. We examined
the relationship between morphology and isotopic ratio.
Our aim was to check if the “fusiform crystals” described
by Gladfelter (1982) at the most distal parts of the growing
tips of an Acropora cervicornis could be the same structures
more recently described as COC. The isotope distribution
noted was explained in light of the investigations dealing
with kinetics and thermodynamics of bio-carbonate crystal-
lization due to specific relationships between organic com-
pounds and mineral. On the one hand, biologists have
demonstrated that the formation of coral skeleton is influ-
enced by symbiont metabolism and that the calicoblastic
layer is involved in the secretion of an organic matrix (Gat-
tuso et al., 1999; Allemand et al., 2004; Tambutté et al.,
2007a,b for a review). On the other hand, atomic forcing
microscopy (AFM) allowed the observation of surface pro-
cesses during crystallization at the nanometer size scale
(Reeder and Hochella, 1991; Paquette and Reeder, 1995;
Teng et al., 1999). Previously it was shown that organic
matter interacts with mineral and alters the equilibrium

thermodynamics of the growth surface (Teng et al., 1998;
De Yoreo and Velikov, 2003). Implications on interpreta-
tion of time series data devoted to climatic reconstruction
is examined in the “conclusion”.

2. MATERIAL AND METHODS
2.1. Material

Several small colonies of Acropora verweyi (Archaeocoe-
niina) were cultured following the procedure described by
Reynaud-Vaganay et al. (1999), under constant and con-
trolled conditions at different pH and then carbonate concen-
tration according to Marubini et al. (2003). As such colonies
grew glued onto glass slides. Aquaria were provided with
light from overhead metal halide lamps (OSRAM H-QI
400 W) at an intensity of 300 + 30 pmol m2s~! for 12h a
day. Indeed, to ensure normal growth of symbiotic organism,
irradiance followed a 12 h:12 h day:night cycle (Marubini
et al., 2003). Seawater was heated to 26.5 °C (4-0.2) using a
500 W heater (Rena) connected to an independent tempera-
ture controller (ElliWell PC 902/T). A small aquarium pump
(Rena C20) ensured continuous water motion. Seawater re-
newal in the tanks was equal to 3 I per minute and was ob-
tained from the flow-through system that pumps
Mediterranean seawater from a depth of 50 m. Seawater
5'%0 remained relatively constant both during a diurnal cycle
(1.28%, vs SMOW = 0.01, N = 3) and during the course of
the year (1.29 £ 0.019, vs SMOW, N = 39) (Reynaud-Vag-
anay et al., 1999). Corals experienced a constant pHSWS
maintained at 8.061 + 0.040, with constant alkalinity of
2635 + 3 pegkg ' (Marubini et al., 2003).

2.2. Micro-structural characterization

Morphology of the microstructures was characterized
by observations on a scanning electron microscope
(SEM Philips 505) after gold/palladium coating of sur-
faces prepared by diamond polishing and ultra-light etch-
ing, according to the methods described by Cuif and
Dauphin (1998).

2.3. Isotopic analysis

Ion probe oxygen isotope analyses were performed at
CRPG-CNRS (Nancy, France) using the Caméca ims
1270 ion microprobe. The instrumental settings used are de-
tailed in Rollion-Bard et al. (2007). The present experiment
differs only in the size of the Cs™ primary beam, which was
15 pm instead of 30 pm, without a decrease of analytical
precision. A smaller beam size makes it easier to resolve
the individual growth units earlier recognized in the skele-
ton. The size of the COC ranges between 5 and 10 um,
and as such is slightly smaller than the beam size. The fiber
size is still smaller. Therefore, analysis of COC might in-
clude a few fibers and fiber samples are made of several fi-
bers. Prior to analysis, the sample was polished using
diamond paste down to 1-pm and coated with gold. The
internal reproducibility was better than 40.29, and the
external reproducibility, based on repeated measurements
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of standards, varied between 0.2%, and 0.49%, (15), depend-
ing on the session.

The 3'30 values were calibrated against the isotopic va-
lue given by conventional methods using an Optima-VG
mass spectrometer. Results are given in the conventional
(8%,) notation expressed in per mil against the V-PDB stan-
dard (Vienna Pee Dee Belemnite), where:

3(sample) = (Rsample — R Standard) — 1) x 10°

Reproducibility for oxygen is +0.059,.

The data of the present experiment were compared with
the equilibrium values of inorganic aragonite formed in the
culture conditions. A temperature of 26.5°C and water
3'%0 equal to 1.28%, vs V-SMOW (Reynaud-Vaganay
et al., 1999). We calculated the equilibrium values for these
conditions using O’Neil et al. (1969) and Kim and O’Neil
(1997) who determined inorganic calcite temperature cali-
brations, taking into account the enrichment estimated
for aragonite by Tarutani et al. (1969) and we obtained
880y ppp values of —1.399%, and —1.229,, respectively.
The same calculation has been made using Patterson
et al. (1993) and Grossman and Ku (1986) equations deter-
mined for organic aragonite providing oxygen isotopic val-
ues of —1.12 and —0.37%,, respectively.

2.4. Statistical analysis

The data were analyzed using the program STATGRAF
(StatPoint, Inc., USA). Non-parametric tests have been
used in addition to the ¢ test, because they have the advan-
tage of avoiding assumption on the data distribution. Dif-
ferences are significant at p <0.01, and highly significant
at p <0.001.

3. RESULTS
3.1. Characterization of crystal units

Clearly, SEM observations showed two micro-structural
components. Tiny crystals gathered into bundles and more
massive COC. COC were rounded micro-crystals, 10—
30 um in diameter, randomly oriented. They were more or
less accumulated or in continuous arrangement (Plate 1).
Fibers were elongated mono-crystalline units, few microns
in thickness or less. They seemed to be transversally cut
by dark layers arranged like a growth layer, radiating from
centers of calcification. The shape, size and orientation of
COC and fibers clearly differed.

3.2. Sampling strategy

In the present study, the new skeleton, formed under
controlled conditions, was grown on the glass slide, and
sampled for the calibration of the growth units. COC-en-
riched zones were identified using SEM. To characterize
the isotopic signature of fibers and COC, analyses were fo-
cused on the microstructures earlier characterized on the
newly formed skeleton on two zones (Fig. la—c).

We then focused our measurements around the theca of
the newly formed skeleton (Fig. 2) where Gladfelter (1982)

recognized large amounts of “fusiform crystals”, in order to
highlight the nature of these mineral units. Indeed, coral
skeleton is formed by a collection of tubes inhabited by
individual organism called theca in which vertical sheets,
called septae, radiated. The sampling of the septae aimed
at confirming the presence of both COC and fibers as they
have been identified from SEM observations (Cuif and
Dauphin, 1998).

3.3. 30 measurement

In the newly formed skeleton (Fig. 1d and e), 3'*0 val-
ues in the first zone analyzed ranged between —0.49, and
—3.3%, vs V-PDB for fibers and —4.39,, and —5.49,, for
COC. In another zone (Fig. 1b and c), 3'0 values ranged
between —2.19, and —3.99, for fibers and between —4.39%,
and —5.99, for COC. The isotopic ranges of each micro-
structural unit measured in these two portions of Acropora
were in good agreement, and 3'%0 showed identical proper-
ties. Values were scattered in fiber-rich zones and they were
almost constant in COC-rich zones, with values of
—-5.0+0.39%, (lo) and —4.9+ 049, (1o), respectively
(Fig. 1).

Samples collected around theca, ranged between
—4.2+0.39, and —6.3 £ 0.39, (10) and therefore showed
the lowest isotopic values (Fig. 2). 80 of samples located
along septae were more scattered, ranging from 0.0 4 0.3%,
to —5.5 £ 0.3%, (1o) (Fig. 2).

After verifying data consistency (Table 1 and 2), all iso-
topic measurements were plotted on Fig. 3 according to
their frequency of isotopic values. The total number of data
was low for statistical analysis (n = 64) (Fig. 3a), never the
less the distribution showed two distinct groups. The first
one (39 colonies) was characterized by the lowest values
(around —69%, to —49%,) and the second one (25 colonies)
had higher 3'0 values, ranging from —4%, to 0.24%,.
Taking into account measurement uncertainty, we noted
that the highest measured 8'30 values differed by 1%, from
the isotopic equilibrium estimated at low SST by O’Neil
et al. (1969) and Kim and O’Neil (1997) for inorganic
aragonite (—1.39 and —1.22). These values were however,
closer to those obtained by Patterson et al. (1993) and
Grossman and Ku (1986) for organic aragonite (—1.12
and —0.37). Thus, Fig. 1 shows that COC isotopic signa-
ture was the lowest, and corresponded to the first group
and the fiber values were scattered from quasi-equilibrium
to COC values, and corresponded to the exponential-like
decrease of the second group (Fig. 3a). Crystals measured
around theca (Fig. 3b) were essentially composed of
COC, while septa was constituted both of fibers and
COC (Fig 3c). We noticed that the highest number of data
corresponded to the boundary between values of COC and
fibers.

Therefore, we conclude that even if some fiber contam-
ination occurred in the COC due to spot size, the isotopic
signature of COC was almost constant and equal to
—5.0 4 0.5%,. Fiber 8'%0 values were highly variable but al-
most always lower than —0.379%,, (the maximal value of iso-
topic equilibrium, calculated for organic aragonite
(Grossman and Ku, 1986)). Fiber 5'0 values were always
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Plate 1. (a) Tip of an Acropora colony used for the growth experiments. Typical for the branching Acroporids colonies is the large sized axial
corallite (ax), surrounded by smaller budding polyps. Compare to a transversal section in (d). (b and c) Between corallites, the skeletal tissue is
made of anastomosed lamellae, each of them with typical corallian architecture. A median plan, the specific microstructure of which is well
visible in (c) (cf. also (h-1)), is reinforced on both sides by superposed layers of fibrous tissue (cf. (f-g)). (d) Section perpendicular to the growth
axis through a sample comparable to (a) Positions of the axial and secondary budding corallites are clearly exposed, as well as the importance
of the inter-corallite skeleton. (e) Section of an inter-calicinal lamella perpendicular to the colony growth axis. The specific microstructure of
the central part of the section is well exposed (arrows), surrounded by the concentric fibrous layers. (f-g) Fibrous tissues showing the layered
mode of growth. (h-i) The specific microstructure of the early mineralization zones, at the growing distal areas of the septa and inter-calicinal
lamellae. The crystallization process developed in these regions results in tiny crystals, randomly oriented, forming small densely packed

nodules (the so-called centers of calcification = COC).

higher or equal to —59,,, compared to the COC isotopic
signature.

4. DISCUSSION

The present study, confirms that there is a strong rela-
tionship between isotopic value, crystal shape and skeleton
morphology. Crystals called “fusiform” by Gladfelter
(1982), according to their shape, show the same isotopic
values (19 data points on Fig. 3b) as COC. We distinguish
in septa both COC (10 data) and fibers (12 data) (Fig. 3c).
This confirms microscopic observations of septa (Cuif and
Dauphin, 1998) showing discontinuous COC surrounded
by fibers.

Low isotopic values, as those observed in Figs. 1 and 2,
could have been due to contamination by some organic
matter. Indeed, organic matter is intimately associated with
the mineral (Gaffey, 1988; Cuif et al., 1999; Tambutté et al.,
2007a,b, for a review). Coral organic matter isotopic com-
position usually ranges from —139, to —209, (Grottoli

et al., 2005) and can affect aragonite 5'%0 by depleting it.
However, no organic matter has been observed by SEM be-
cause its amount is low compared to the mineral fraction,
estimated to vary from 0.01% (Constanz and Weiner,
1988) of the total dry skeleton weight (Wainwright, 1963),
to 0.6% (Boiseau and Juillet-Leclerc, 1997) and 2.5% when
internal water is included (Cuif et al., 2004). Moreover,
when there is a contamination by organic matter in oxygen
isotopic measurements by ion microprobe (Rollion-Bard
et al., 2003b), there is a relation between oxygen intensity
and 8'®0 values, which is not observed here. Therefore,
we conclude that organic matter was not an important con-
taminant in our measurements. The absence of organic
matter observed by SEM also eliminated contamination
by fungi or micro-boring organisms (McIntyre and Towe,
1976; Le Campion-Alsumard et al., 1995; Nothdurft
et al., 2007a).

This study differs from earlier published papers dealing
with isotope micro-measurements (Rollion-Bard et al.,
2003a,b; Meibom et al., 2006) in that the analyses were
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Fig. 1. SEM observations of the cultured Acropora skeleton. (a) View of the newly formed skeleton. The white circle highlights the initial
nubbin location. Two closely imaged regions are focused (¢ and d) and show COC underlined by white arrows localized by a slight etching.
The remaining skeleton is formed by fibers. The numbers on (b and d) corresponds to ion probe spots plotted on (f) (#10 is a duplicate of #9).
On (f), 380 are plotted versus the sample number. 5'*0 measured from COC are the lowest and almost constant, while the 8'30 values of the
fibers are scattered between the isotopic equilibrium value and the COC isotopic signature.

performed on aragonite deposited in controlled and quasi-
constant conditions. The difference between the consistency
in the isotopic signal of rounded crystal and the scattering
of the fiber signal lead us to conclude that each crystalline
microstructure shows a specific isotopic signature. In addi-
tion, constant COC 3'0 suggest that, it could only vary
with environmental factors even though its absolute value
is in isotopic disequilibrium and affected by biomediation
of aragonite. In opposite, inherent fiber §'%0 variability
can be regarded as biological influence.

4.1. COC and fibers identification

In another coral species, Colpophyllia sp., (Meibom
et al.,, 2006) have also measured a lower 3'®0 signal in
COC than in fibers. We agree with these authors who con-
cluded that COC were deposited out of equilibrium. As in
our experiment, Acropora colonies were cultured under a
constant environment, as such we can compare the 3%0
distribution in Acropora with the distribution observed in
deep-sea corals, which also grow under constant conditions,
such as Lophelia pertusa (Rollion-Bard et al., 2003b;

Lutringer et al., 2005), or other deep-sea coral skeleton,
Despophyllum cristagalli (Adkins et al., 2003). COC consti-
tute trabecula both in deep-sea and tropical corals (Noth-
durft and Webb, 2007b) and 5'0 distribution (ranging
between COC and fibers values) is identical for both coral
genera. Thus, high scattering of fiber §'%0 is not only inher-
ent to tropical corals but also to those found in the deep
sea. The existence of two types of crystals deposited follow-
ing distinct processes would be a property common to all
coral genera.

In the study by Adkins et al. (2003), COC and fiber crys-
tals were not distinguished, thus, in order to combine high
5'%0 variability (strongly correlated with 8'3C) and low
3180 off the linear 8'0 and 8'*C trend, appearing like
the lowest limit, they were obliged to assume that all crys-
tals were formed following a single mechanism. This led
them to assume that kinetics could not control isotopic
fractionation, as Smith et al. (1997, 2000) claimed it. They
rather suggested that 3'80 was biologically induced
through a pH gradient associated with the presence of
respired CO2 (Adkins et al.,, 2003). If we assume that
the mechanisms of COC and fiber deposition and the
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Fig. 2. The oxygen isotopic values measured around the growing tips (underlined by green circle) of Acropora, where Gladfelter (1982)
recognized fusiform crystals, indicate that they have a close isotopic signature (—5 4 0.3%,) to that of COC (—4.9 + 0.49,,) identified on the
newly formed crystal. Samples from septae (in blue) reveal both scattered low values specific to COC and isotopic values measured on fibers,
which ranged from the equilibrium value to the limit defined by COC, as was expected (Cuif and Dauphin, 1998). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this paper.)

Table 1

Range of oxygen isotopic composition of the skeleton microstructures on cultured Acropora. N is the number of analyzes, m the mean values,

o the standard deviation.

All Acropora Lophelia

FIBERS COC SEPTA THECA FIBERS CcoC
N 65 12 10 23 20 17 16
m —4.0 -2.6 -4.9 =35 -5.0 0.7 -2.6
14 1.4 1.1 0.5 1.3 0.6 2.2 1.2
Max 0.2 —0.4 —43 -0.2 -39 4.4 1.1
Min —6.0 —4.0 —6.0 -53 —6.0 -3.0 —4.5
Mode =55 -33 =51 -3.7 =55 -0.5 -2.8

associated isotopic fractionations differs, it is possible to
separate crystals showing high 8'30 and §'*C values from
those characterized by variable low 3'C and 8'%0 values,
as they have been described by Adkins et al. (2003). By
assuming that 8!'B is a pH proxy, 5''B measurements in
Lophelia pertusa (deep-sea coral) microstructures (Blamart
et al., 2007) demonstrated that internal pH calculated for
COC was not that expected by Adkins et al. (2003). Indeed,

the model developed by Adkins et al. (2003) supposed that
COC were deposited under high pH conditions, whereas
measurements indicated low ones (Blamart et al., 2007).
Therefore, '%0 and 8'°C correlation observed in the less
dense skeleton portion of deep-sea coral skeleton corre-
sponds to the portion of the skeleton rich in fibers (Adkins
et al., 2003; Rollion-Bard et al., 2003b; Lutringer et al.,
2005). While our data derived from tropical coral fiber do
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Table 2

Results of the #-test (Student’s test) and two non-parametric tests:
KS (Kolmogorov—-Smirnov) and Mann-Whitney test. All the tests
are highly significant.

Acropora Lophelia
FIBERS/COC THE/SEPT FIBERS/COC
t HS HS HS
KS HS HS HS
Mann—Whitney HS HS HS

not include §'*C measurements, nothing prevents us from
agreeing with the kinetic precipitation for deep-sea corals.
This similarity between symbiotic and non-symbiotic corals
could compromise the assumption of an active role of pho-
tosynthesis in determining isotopic fractionation (Rollion-
Bard et al., 2003a).

4.2. The kinetic assumption

High scattering of isotopic and trace element data in fi-
bers has previously been described (Rollion-Bard et al.,
2003a,b; Meibom et al., 2004, 2006, 2007; Cohen and
McConnaughey, 2003). Rollion-Bard et al. (2003a) gave a
first explanation of the high 8'30 scattering using a symbi-
otic coral (Porites lutea) and 8''B measurements by ion
microprobe. 8''B values indicated that internal pH, be-
tween calicoblastic cells and skeleton could vary between
7.1 and 9, which are in good agreement with local

15 4

10

frequency
|

all samples

measurements performed under light and dark conditions
(Al-Horani et al., 2003). To calculate deposit duration,
which would agree with the measured 3''B-3'%0 values,
the oxygen ratio ranging from ““initial disequilibrium with
H20” to isotopic equilibrium, Rollion-Bard et al. (2003a)
supposed that aragonite was deposited in thermodynamic
equilibrium and thus, used equilibrium constants.

Precipitation duration was thus estimated to be at least
1 h. This disagrees with the radioactive labeling measure-
ments performed by biologists. Skeleton precipitation in a
solution containing **Ca demonstrated that radioactive
atoms were incorporated after only a few minutes (Tam-
butté et al., 1995, 1996; Furla et al., 2000). This confirms
that, in opposite with what is suggested by Rollion-Bard
et al. (2003a), 3'%0 fiber scattering does not need pH
change related to photosynthesis activity and that 5'%0 fi-
ber distribution in symbiotic and asymbiotic corals may
be similar.

However, some portions of the skeleton may be slowly
deposited (Raz-Bahat et al., 2006), and internal pH may
play a prominent role in isotopic fractionation. We there-
fore agree with McConnaughey (1989b, 2003), Cohen and
McConnaughey (2003), Sinclair (2005), Allison et al.
(2005), Gaetani and Cohen (2006), and Rollion-Bard
et al. (2003a) who favored a kinetic process for coral skele-
togenesis. The isotopic oxygen disequilibrium of COC de-
rived from the present study and the one performed by
Meibom et al. (2006) seems to disagree with experiments
showing that COC Sr/Ca corresponds to the equilibrium
value (Cohen et al., 2001; Cohen and McConnaughey,

o I

-5 -4 -3 -2

Theca
##3 calibrated COC
### calibrated fibers

% Fibers
»

I -3 I -2 . -1 I 0I
"0 %, vs PDB

0

c Septa

Fibers

A 7

z, V., %, 1
3 2 a1 0

Fig. 3. Histogram of 5'%0 values: the number of measurements is plotted versus their isotopic ranges, from —6%, to —5%, and from 0%, to
19%,. On a) all the data are plotted, showing high number of low values (between —69%,, and —49%,,). From this value, the number of higher
values is decreasing until a value close to isotopic equilibrium. The higher number of low 3'®0 compared to the others is an artefact due to
sampling. On (b) and (c) the values measured around the theca (green) and septa (blue) are compared with the calibrated data. We infer that
the theca is essentially formed by COC, while the septae consists of the mixture of both COC and fibers. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this paper.)
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2003). However, biological investigations using *°Sr on
Stylophora pistillata have demonstrated that incorporation
of Sr?" is inversely correlated with the rate of calcification
(Ferrier-Pages et al., 2002). Thus, the maximal disequilib-
rium degree for aragonite could correspond with Sr/Ca
equilibrium, which is consistent with kinetic assumption.
This indicates that in order to interpret the chemical signa-
ture of coral skeleton the incorporation mode of each ele-
ment needs to be taken into account, which is strongly
controlled by biology. As such the present discussion will
be only focused on the oxygen isotopic ratio. Other exper-
iments including trace elements and stable isotopes would
be necessary to make further conclusions (Shirai et al.,
2008).

COC of cultured Acropora are deposited in the highest
degree of isotopic and thermodynamic disequilibrium
(Zeebe and Wolf-Gladrow, 2001) and their 8'%0 variability
depends only upon external factors while fibers experience
all kinetic conditions (from the highest degree of disequilib-
rium to the equilibrium), without any relationship with
external forcing. We must explain how two close crystals
may be precipitated following distinct patterns.

4.3. Biomineralization

We cannot explain the existence of two mineral deposi-
tion processes and intrinsic high variability of chemical data
observed in coral skeleton without taking into account new
biological advances. Conversely to the common geochemist
concept for which coral skeleton formation is a chemically
dominated process, biologists argue in favor of a biologi-
cally controlled biomineralization (Goreau, 1959; Johnston,
1980; Lowenstam and Weiner, 1989; Allemand et al., 2004).
Newly formed coral aragonite is deposited at the interface
between the calicoblastic layer and the skeleton (Allemand
et al., 2004). Biologists using '*C labeled molecules and a
pharmacological approach suggested that a prerequisite
step of calcification could be the organic matrix biosynthe-
sis (Wainwright, 1963; Young et al., 1971; Allemand et al.,
1998). Though modalities of formation and transport of or-
ganic matrix compounds are not totally understood, cali-
coblastic cells should play a determinant role in this
phase of calcification (Goreau, 1959; Johnston, 1980; Puv-
erel et al., 2005). The intimate relationship between coral
tissue anchored to skeleton by specialized cells called des-
mocytes and organic matrix, is well highlighted by immu-
nolabeling with antibodies (Tambutté et al., 2007a,b).
Unfortunately, among molecules constituting the organic
matrix, only galaxin has been identified (Fukuda et al.,
2003).

By observing fiber arrangement on Plate 1 we notice that
the needle-like crystals oriented in the same direction and
arranged in successive layers around COC, strongly differ
from crystalline organization shown by an inorganic min-
eral (Goreau, 1959; Johnston, 1980). These features are rec-
ognized characteristics of mineralization performed under
organic control (Mann et al., 1993). Investigations con-
ducted in mineralogy, at crystal scale, using AFM (Reeder
and Hochella, 1991; Paquette and Reeder, 1995; Teng et al.,
1999) demonstrated that calcite precipitated in the presence

of aspartic acid, abundantly present in coral organic matrix
(Allemand et al., 1998; Cuif et al., 1999; Grassmann et al.,
2003), lead to crystallization governed by thermodynamic
disequilibrium. Indeed, Teng et al. (1998) demonstrated
that: “the primary effect of aspartic acid on crystallization
is to alter the equilibrium thermodynamics of the growth
surface”. Therefore, the presence of organic molecules in
proximity to the coral skeleton could explain why the min-
eral formation is in chemical disequilibrium and thus, in
isotopic disequilibrium.

4.4. Possible origin of the dual isotopic fractionation

The organic matrix strongly linked to the skeleton is well
preserved through time. For example, 3'°N isotopic signa-
ture of organic matrix allowed Muscatine et al. (2005) to
demonstrate that a Triassic coral was symbiotic. Skeleton
AFM observations revealed that the organic matrix coated
the 50-100 nanometer grains that built crystals in COC and
fiber bundle (Dauphin, 2001; Cuif and Dauphin, 2005).
Moreover, investigations using XANES (X-ray Absorption
Near Edge Spectrum) at high resolution (sub-micron) make
it possible to separate two states of organic sulfate, one in
the organic matrix coating COC and another one in matrix
surrounding fiber bundles (Cuif et al., 2003). This indicates
that compounds of organic matrix differ following the type
of crystal coated. Recent nano-SIMS measurements of car-
bon and sulfur supported this observation (Meibom et al.,
2007). The discrepancy of a chemical environment sur-
rounding each crystal type might induce different deposi-
tion processes. Therefore, the organic matrix might be
responsible for the precipitation of COC versus fibers and
their different isotopic fractionation. Such hypothesis
needed to suppose that COC are totally isolated from fibers
(Meibom et al., 2006) as shown between each fiber bundle
(Tambutté et al., 2007a,b).

The hypothetical concepts of a “common carbon pool”
(Goreau, 1977) or later of “a calcifying fluid” (McConn-
aughey, 1989a.b; Swart et al., 1996; Adkins et al., 2003; Co-
hen and McConnaughey, 2003), created for justifying
metabolic impact on skeleton, are not consistent with such
an assumption.

Due to a lack of evidence, we cannot infer a more precise
deposition mechanism of COC than an extreme isotopic
disequilibrium. Although COC isotopic signature is similar
to the lowest isotopic values shown by fibers, we cannot
assimilate their respective deposition mechanism. Indeed,
the great discrepancy of their shape indicates that they have
strongly different formation processes.

4.5. Fiber deposition

Although the studied coral species and the derived calci-
fication models differ following the authors, Gladfelter
(1982), Barnes and Lough (1993), Cuif and Dauphin
(1998), Raz-Bahat et al. (2006) suggested that aragonite
deposition is operated at least into two stages. First COC,
(or fusiform crystals) are deposited and form a framework,
which is reinforced in a second stage by needle-like crystals.
The model proposed by Raz-Bahat et al. (2006) is more
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complex but there are still two growth steps: One associated
with coral tissue expansion and the other one associated
with skeleton accretion. We notice that these latter authors
suggested an intrinsic process controlling skeletogenesis
even in the absence of photosynthesis. This is in agreement
with our earlier remark stressing that the high 8'80 scatter-
ing of fibers was both observed on symbiotic (Rollion-Bard
et al., 2003a; Meibom et al., 2006) and non-symbiotic corals
(Rollion-Bard et al., 2003b; Adkins et al., 2003; Lutringer
et al., 2005).

Observation and comparison of coral tissue (after decal-
cification) and skeleton microstructures of Stylophora pistil-
lata, using Field Emission Scanning Electron Microscopy
(FESEM), underlined a strong morphological correspon-
dence between soft tissue and skeleton (Tambutté et al.,
2007a,b). Even at the microscopic level, calicoblastic cells
(shown to secrete organic matrix) correspond exactly to
the shape of fiber bundles, horizontally or vertically distrib-
uted (Tambutté et al., 2007a,b). Such a compartment-like
structure had been yet observed on other coral species
(Johnston, 1980; Brown et al., 1983; Gladfelter, 1983; Gol-
berg, 2001). Each fiber bundle would be individualized by
organic matrix network-like.

This could suggest that fibers contained in a single bun-
dle are formed in a volume more or less isolated by organic
molecules. Under these conditions the main external con-
trol of fiber formation of a single bundle could result in
the supersaturation of calcium carbonate in such an indi-
vidualized volume (De Yoreo and Velikov, 2003). By sup-
posing that fibers are deposited according to this model,
the high 8'0 variability would be due to fluctuation of
mineral growth rate induced by the organic environment
(De Yoreo and Velikov, 2003) and controlled by physical
and chemical conditions, created by metabolic activity in-
side the organism. Photosynthetic activity may also contrib-
ute to isotopic variation by creating specific chemical
conditions such as pH. The aragonitic nature of the coral
skeleton does not change our assumptions.

The low 3'®0 data of COC and the lowest values shown
by fibers could correspond to the “initial disequilibrium
with H20” implied by an ““instantaneous” deposit (Rol-
lion-Bard et al., 2003a; McConnaughey, 2003). Fig. 3 shows
that the isotopic range between the two limits mentioned
earlier is covered by our data and could indicate that calci-
fication rate varies from instantaneous formation to rate
necessary to reach equilibrium. Deposition rate variations
could drive to isotopic scattering, which covers all degrees
of disequilibrium.

Raz-Bahat et al. (2006) observed on growing Stylophora
this high variability of deposition rate. However, it is
important to underline that the kinetics of crystal growth
is not directly related to calcification rates characterized
at higher size scales, such as calcification or the amount
of aragonite deposited and linear extension of the corallites
per time unit, combined to determine skeleton density
(Lough and Barnes, 2000). Allison and Finch (2004), by
measuring and comparing Sr/Ca microstructure distribu-
tion in layers grown at different extension rates demon-
strated that there were no noticeable differences in COC
and fibers chemical signatures. Naturally, the time units

of skeleton thickening by fibers or elongation ensured by
COC (Plate 1) (Nothdurft and Webb, 2007b) and density
bands formation are not of the same order.

5'%0 values correspond to deposition rates from instan-
taneous to equilibrium precipitation. This suggests that
there is a limiting factor implying a progressive depletion
of supersaturation conditions and thus of deposition rate.
We have to suppose that there is a finite concentration of
Ca’t or CO5>~ the “individual fiber bundle” volume.

4.6. The sub-calicoblastic space: a still obscure concept

Although numerous observations have been carried out
on several coral species, using different techniques, the cal-
cifying fluid concept still remains poorly understood: Noth-
ing is known about its composition and the interface
between the calicoblastic layer and the skeleton appears
too small to contain any fluid (Allemand et al., 2004; Tam-
butté et al., 2007a,b; Meibom et al., 2008).

The mechanism of calcium transport from seawater to
the calicoblastic ectoderm is still a matter of debate. It is
generally suggested that the transepithelial calcium trans-
port involves at least one transcellular pathway across the
calicoblastic epithelium as the site of active transport
(Tambutté et al., 1996; Marshall, 1996; Allemand et al.,
2004). In addition, Ca®>" ATPase is assumed to play an
active role in calicoblastic cells (McConnaughey and
Whelan, 1997; Zoccola et al., 2004). Clode and Marshall
(2003) using FESEM and X-ray microanalysis, observed
nodules possibly corresponding with Ca-rich region in
close proximity to the calicoblastic cells and thus to the
organic matrix. It is indeed well known that proteins iso-
lated from sites with biomineralization notably negatively
charged aspartic acid-rich molecules, are preferentially
bound to cations such as Ca®>" by electrostatic interac-
tions (Weirzbicki et al., 1994; Shin et al., 2000). Thus,
amino-acid side chains are known to mediate specific
interactions with calcite steps and surfaces (Addadi and
Weiner, 1985; Orme et al., 2001; Elhadj et al., 2006).

In order to ensure the supersaturation of the calcification
site, and to allow for rapid deposition of the framework
deposited for newly formed skeleton (Gladfelter, 1982;
Barnes et al., 1993; Raz-Bahat et al., 2006), HCO3; and
COs>"need to be transported to the skeleton-calicoblastic
interface. Specific carriers would allow a faster and regulated
transport of HCO3 ™ and CO5%~ towards the extracellular cal-
cifying medium, the relative ionic distribution being regu-
lated by H' transport (for example the Ca®'-ATPase
which is a Ca®>"/H" exchanger, Cohen and McConnaughey,
2003). In addition, the majority of the carbon (70%) used for
CaCO3 formation may originate from respired CO2 (Erez,
1978; Furla et al., 2000). Futhermore, carbonic anhydrase
is thought to facilitate calcification by removing CO2 after
CaCO3 deposition (Goreau (1959) or by speeding up CO2
conversion into CO5>close to calicoblastic layer (Tambutté
et al., 1986; Furla et al., 2000; Al-Horani et al., 2003) or by
regulating internal pH (Al-Horani et al., 2003; Moya et al.,
2006). However, since DIC is used both for photosynthesis
and calcification, the inter-relation is complex (Allemand
etal., 2004). We maintain that an active mechanism of trans-
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port should be involved to supply carbon to the site of calci-
fication as the supersaturation condition is necessary.

Bone or dentin phosphate is a biomineral that is much
more documented than coral skeleton. This material has
showed that mineral precipitation might occur in a small
area as pores existing between molecules of organic net-
work (Veis, 2003). In these conditions there is a strong sim-
ilarity between shapes of organic framework and the
skeleton, similar with what has been observed by FESEM
on the Stylophora pistillata skeleton (Tambutté et al.,
2007a,b).

In asserting that Ca?" and/or carbon species would be
confined by organic matrix macromolecules in small quan-
tities, there may be sufficient amounts to initiate “instanta-
neous” crystallization. If Ca®" and/or carbon species are
not renewed, the supersaturation conditions deplete, which
lead to the decrease of deposition rate and thus, an isotopic
fractionation of fibers kinetically controlled. Many condi-
tions remain to be checked to confirm such a scenario,
but this is consistent with our present understanding of cor-
al biology, the process of the mineralization of its skeleton
and our isotopic data.

To summarize coral biomineralization: Oxygen isotope
analyses of skeleton microstructures shed in light how
chemical and/or physical processes might be adapted by
biology to form crystals characterized by specific shapes
and distributed following a hierarchical arrangement. In
the case of coral skeleton, aragonite crystal deposition is
controlled by surface reactions created by organic matrix.
Mineral precipitation adheres to supersaturation law and
isotopic fractionation is controlled by the rate of the depo-
sition depending upon local chemical environment related
both to metabolic activity and environmental parameters.

The present study, stresses that vital effect is not re-
stricted to a bias added to inorganic aragonite isotopic ratio
by coral metabolic activity but we demonstrated that the
presence of organic molecules has the capability to control
the mineral deposition mechanism. Moreover, the nature
and the relative amounts of these organic molecules are
able to modulate geochemical response. Probably, the influ-
ence of external factors is superimposed on the chemical
signature of coral biomineral genetically determined.

5. CONCLUSIONS: CONSEQUENCES ON CLIMATIC
STUDIES

The main vital effect highlighted by this study corre-
sponds to the offset in the isotopic composition of coral
skeleton relative to the equilibrium with seawater. Indeed,
these samples are made of heterogeneous mineral micro-
structures. The measured macro-sample 8'%0 results from
the integration of highly scattered isotopic values influenced
by both biological and external factors. As it has been dem-
onstrated by Rollion-Bard et al. (2003a), the macro-mea-
surement is the average of values almost only including
3'80 lower than the isotopic equilibrium, which explains
the systematic negative offset presented by isotopic
macro-sample values. The potential heterogeneity of sub-
samples also justifies the low reproducibility of coral sam-
ples compared with standards.

The measured macro-sample 580 also depends upon
the relative proportion of COC and fibers. This could jus-
tify that 8'%0 versus SST calibrations calculated from an-
nual measurements performed on several specimen differ
according to taxonomy (Weber and Woodhead, 1972). This
also offers an explanation regarding the isotopic variability
shown by different morphologic parts of the skeleton (Land
et al., 1975).

We noticed that micro-measurement significance could
not be compared with that of a sample collected at millime-
ter scale. The isotopic value derived from thin growth layers
similar with the microstructure shown on Plate 1, likely
does not indicate conditions prevailing in seawater but
rather provide information about the internal conditions
created at this specific location of skeleton and by biologi-
cal activity at the time of precipitation. Chemical data be-
comes relevant in terms of external variability when
measurements integrate a long enough time sequence as
well as fragments large enough to partially remove variabil-
ity due to biology and morphology. Monthly periodicity
exhibited by micro-samples collected following a linear pro-
file of a “wild” coral by §'%0 measurements (Rollion-Bard
et al., 2003a) as well as by Sr/Ca analysis (Meibom et al.,
2003) could indicate that sample data representing one
month is the limit to get relevant information in term of
environmental indicator. In the present study, we demon-
strated that the chemical value used as climate proxy at
macro-size scale might provide at the micro-size scale, vital
information about the deposition process of the crystals.
We highlighted that the chemical process prevailing during
fiber coral skeleton deposition is a kinetic one. In the Por-
ites skeleton this crystal type prevails, however this is not
consistent with the commonly accepted assumptions made
by geochemists. We have now to explain how macro-sam-
ples collected along the main growth axis of a massive coral
head seem to adhere to SST following a quasi-isotopic equi-
librium with seawater.

We demonstrated that several factors of biological and
environmental origins are potentially capable to affect
chemical measurements conducted on coral skeleton, and
as such, climatic reconstructions should be derived from
multi-proxy data using more complex relationships than
linear empirical equations. According to this rationale, we
applied neural networks to multi-proxy time series and
reconstructed accurate sea surface temperature and salinity
variability, back in time (Juillet-Leclerc et al., 2006). This
method has the capability to decipher from several proxy
data series measured on a single aragonite sample, for each
environmental factor, the portion of the signal due to envi-
ronment and the portion caused by biological activity. As
sampling is performed continuously along similar corallites,
the biological filter remains the same during the time. This
reconstruction proves that by taking into account biologic
specificities of coral skeleton we keep considering coral as
the best tropical climate recorder.
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