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Effect of CaCOg (aragonite) saturation state of seawater on calcification of
Porites cor al
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Using living corals collected from Okinawan coral reefs, laboratory experiments were performed to investigate the
relationship between coral calcification and aragonite saturation $atef(seawater at 2&. Calcification rate of a
massive coraPorites luteacultured in a beaker showed a linear increase with incredsinggnivalues (1.08-7.77) of
seawater. The increasing trend of calcification ra)efdr Q is expressed as an equatians aQ2 + b (a, b: constants).
WhenQ was larger than ~4, the coral samples calcified during nighttime, indicating an evidence of dark calcification.
This study strongly suggests that calcificatiorPofites luteadepends of of ambient seawater. A decrease in saturation
state of seawater due to increap€D, may decrease reef-building capacity of corals through reducing calcification rate
of corals.
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As a result of coral calcification (Eq. (2)), thg;qonitOf
seawater is altered through releasing,@Osurrounding
Aragonite (CaCQ) is accumulated in coral reefs byenvironments. The elevated @ marine environments
calcareous organisms like corals through Caf@duc- lowers pH through decreasing GOconcentration and
tion (calcification). Such coral calcification plays an im{eads to a decrease éhof seawater.
portant role in constructing reefs in warm shallow-water The relationship between coral-reef calcification and
in which many organisms grow. Since a decrease in coflof seawater has been reported through field observa-
calcification leads to a decrease in reef-building capacitions. Broecker and Takahashi (1966) observed that pre-
of corals, it is important to elucidate factors controllingipitation rate of CaC@on the Bahama Bank was pro-
coral calcification. As a chemical factor controlling coraportional to the degree of supersaturation, as a second-
calcification, Ohde and van Woesik (1999) suggested thaitder reaction. Smith and Pesret (1974) pointed out that
coral calcification depends on the saturation state of sweral calcification in the lagoon of Fanning Island was
face seawater with respect to aragonite. The saturatiaffected by the carbonate mineral saturation state. On a

INTRODUCTION

degree of seawatef(,,4onird IS defined as: coral reef flat of Okinawa, Ohde and van Woesik (1999)
also observed that calcification rate increased with the
Q = [Ca*][CO* /K g, (1) increase M2, q0nie0f S€aWater during daytime. From a

global viewpoint associated with atmospheric,®0dget,
whereK’, is the stoichiometric solubility product for Kleypaset al. (1999) strongly pointed out that coral cal-
aragonite. Calcium is uniformly distributed throughoutification responds t@ of seawater.
the world’s oceans due to its long residence time x1.1  On the other hand, the relationship between coral cal-
10° years) (Broecker and Peng, 1982), whereas carbagification andQ,,q0nite Of S€AWater was also studied
ate concentration [C$] is subjected to change due tothrough laboratory experiments under controlled condi-
chemical and biological processes in seawater and pod$pns. Gattuset al. (1998) observed a nonlinear increase
bly affectsQ of seawater. Corals are assumed to releagecalcification rate oStylophora pistillatawith increas-
CO, through calcification as follows: ing Q of seawater with a plateau in the rate when satura-

tion state was larger than 3.90. Marubini and Atkinson

Ca* + 2HCO; «» CacQql + H,0 + COT. (2) (1999) also observed that calcification rateRufrites

compressadecreased with decreasin@y,gonite Of
seawater. However, only a few studies have provided clear
relationship between coral calcification and seaw&ter
Copyright © 2004 by The Geochemical Society of Japan. In order to elucidate the relationship between coral
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calcification and,,40nite0f S€QWaLter, we performed labo-seawater as described below.
ratory experiments usingorites luteacultured in a small Four samples oPorites lutea(samples A, B, C and
habitat at 25C. The reasons why we selectarites lutea D) incubated at 28C, were used in this study. The sam-
are: (1) this coral species is widely distributed on coralles were small massive corals shaped as a half sphere to
reefs in the world (Veron, 2000) due to its strong survivdull sphere. The colony sizes are listed in Table 2. A se-
activity, and (2) its skeleton is often used as a recorderwés of laboratory experiments was carried out during
past sea-surface temperature (Sreitlal., 1979; Shemt January 19-24, March 6-9 and May 9-11, 2002 (Table
al., 1996; Mitsuguchet al, 1996; Gagaret al, 1998). 2). The experiments were performed for 6 and 3 hours
Here we present observations on coral calcification during daytime and nighttime, respectively. For an inter-
25°C and variou$2,,4onitevalues of seawater in the labo-val between daytime and nighttime experiments, the coral
ratory. samples received a rest period of ~2 h, immersing into
fresh seawater with aeration.

Depending upon the coral size, 1.0 kg seawater of
various saturation stateQ/,4,nird Was taken weighing

Coral samples dPorites luteavere collected at ~2 m by a balance and poured into a pyrex beaker (1 L). Then
depth from surface water in Mizugama estuary and Rukaone of the selected coral samples was taken from its in-
sho, Okinawa. Fresh seawater was collected frooubation habitat and was immersed in the beaker. The
Ginowan and Mizugama estuary to culture the corals leaker’s opening was sealed by a transparent plastic film
the laboratory. The samples were cultured for a feysaran wrap) to avoid air exchange and evaporation. With
months prior to experiments putting into individual plasthese arrangements beakers were placed in the water bath
tic box with fresh seawater. Seawater was usually reneweti25°C. During daytime experiments, a fluorescent light
every 5 days during coral culturing. Boxes with coral sanwas placed over the beakers as an artificial light. The light
ples were placed in a big plastic tub wherein water tenmtensity umol photon/m/s) was measured by a light
perature was maintained at29.5°C using a cool-water meter (LI-250, LI-COR, USA) at every sampling time (0O,
circulator (CL-80F, Taitec, Japan). Aeration was supplie8 and 6 h) and the average value was calculated for the
continuously to every coral habitat during the cultureespective daytime experiment (Table 2). No light was
During daytime a white-cool fluorescent light (~18 W)provided during nighttime experiments and the water tub
was placed over the coral samples for a photoperiod whs covered by black polyethylene bags which prevented
12 hours a day. The light intensity during culture experpenetration of light from outside.
ments was ~1@mol photon/m/s on average. The light Initial and final values of pH (NBS), total alkalinity
intensity for coral culturing was very low compared with(TA) and salinity of seawater were measured for both
the natural sunlight, because such a light condition waaytime and nighttime experiments. In addition, pH and
one of the best conditions for small coral samples survifA of experimental seawaters were measured every 3 h
ing in a small area (plastic box). during daytime experiments. Soon after collecting experi-

Laboratory experiments were carried out using 4-typmental seawaters, pH was measured 8C2%sing a pH
seawaters of variou®, 4oniteValues, prepared freshly meter (HM-60S, TOA Electronic, Japan) after calibrat-
prior to the experiments. The seawaievalue was con- ing it with NBS buffer solutions (pH 6.865 and 9.180).
trolled by mixing fresh seawater and NaOH solution oWithin a few hours, TA was measured by potentiometric
HCI solution, shown in Table 1. After preparing each sditration with ~49 mM HCI in 0.65M NacCl solution at
lution, salinity, pH (NBS) and total alkalinity (TA) were 25°C (Butler, 1982). The concentration of HCI solution
measured in order to calcula®, ,yonite Values of the was determined using the GG&tandard seawater of the

METHODS

Table 1. Preparation of experimental seawaters. In order to change satu-
ration state £2,,gonitd Of S€aWater, 12M HCI solution or 10M NaOH so-
lution was added into 10 kg of fresh seawater (salinity = 34.6 psu)

Type of seawater Chemical addition pH TA imol kgl) Q

‘aragonite

Low Q 12M-HCI, 0.2 ml ~7.9 2064 ~1.6
Fresh — ~8.2 2273 ~3.6

HighQ 10M-NaOH, 0.2 ml ~8.4 2452 ~5.5
HigherQ 10M-NaOH, 0.4 ml ~8.6 2622 ~7.2

—: denotes no chemical addition.
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Scripps Institute. The equivalence point for each titrd2,,4,nitcOf S€aWater. We prepared seawaters that gave an
tion was determined by the Gran plot (Gran, 1952). Exnitial Q value between 1.08 and 7.77. Initial and final
perimental seawaters preserved for TA measurement wélg ,.niiValues are calculated by above method (see Ta-
used to measure salinity. Salinity was measured usingke 2). The saturation states are considered to be changed
salinometer (601 MK Ill, YEO-KAL, Australia) after cali- during experimental running for 6 or 3 hours. As shown
brating it with an IAPSO standard seawater (salinity # Table 2, 15 values d&® except 8 decreased from their
34.996 psu, K5 = 0.99990). initial values during daytime experiments, whereas 22
We used 5 data, pH, TA, salinity, temperature®@p values except 1 decreased during nighttime. Because of
and pressure (1 atm) to calculate @R, 4onite Value of small changes in alkalinity and seawater equilibria, de-
experimental seawaters (Morse and Mackenzie, 199@yeases of2 values coincide with decreases of pH data
The alkalinity anomaly technique (Smith and Kinseyas listed in Table 2. Such decreaseQ ahd pH are mainly
1978) was applied to estimate calcification rates of corabntrolled by CQinput from coral respiration and calci-
samples. Net hourly calcification rat® during daytime fication. Using such free drift experiments, we measured
and nighttime experiments was calculated using the equapral calcification rates and values.
tion: Using Eg. (3), calcification rates of coral samples dur-
ing daytime and nighttime experiments were calculated
c = 0.5ATA)*W/AT (3) aslistedin Table 2 and the data verQys,,nof seawater
for coral A are plotted in Fig. 1. Figure 2 shows the data
whereATA is the change of total alkalinityu(nol/kg), W  for coral B. Using data in Table 2, the average valu@ of
is weight of experimental seawater (kg) atd@l is the is plotted including a bar in the figures. Seaw&lgt it
experimental period (h). values prepared for the experiments ranged from 1.08 to
7.77 (Table 2). As shown in Table 2, calcification rate of
Porites coral () grossly increases from —2.05 to 33.5
umol/h during daytime experiments. Figures 1 and 2
The laboratory experiments were performed to eluctlearly indicate that coral samples calcified at@%lur-
date the relationship between coral calcification anithg daytime (see open plots and above lines in the figure)

RESULTS AND DISCUSSION
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Fig. 1. Relationship between calcification rate (c) of coraFig. 2. Relationship between calcification rate (c) of coral
sample A and aragonite saturation state)( Open and filled sample B and aragonite saturation stafe)(Open and filled
symbols are plotted for daytime and nighttime experiments (ssgmbols are plotted for daytime and nighttime experiments (see
Table 2). Lines in the figure are listed in Table 3. Bars showable 2). Lines in the figure are listed in Table 3. Bars show
range of seawatef2 during the experiments. range of seawatef2 during the experiments.
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Table 2. List of samples, experimental dates, light, changes in pH, alkalinit®and.. of seawater, and coral calcifica-
tion rates (c) at 28C. Calcification rate (c) is normalized to surface area of the coral sample.

Coral sample, Date Light pH (NBS)* Alkalinity* Qganite™ Calcification rate
Covered area (cm?)**, (time) (umol/m?s) (umol/kg) c Normalized
Radius (cm)**, (pumol/h)  (umol/cm’/h)
Collection location (depth, m),
Date
A
123 19 Jan. 2002 11.5 7.930-7.944 2064-2059 1.85-1.90 0.775 0.0063
44 20 7 ” 8.296-8.243 2274-2223 4.00-3.57 4.28 0.035
Mizugama (2 m) 23 7 ” 8.473-8.365 2452-2371 5.71-4.69 6.05 0.049
20 Apr. 2001 24 7 ” 8.656-8.542 2622-2535 7.77-6.52 7.09 0.058
(11:00-17:00)
19 Jan. 2002 0 7.930-7.889  2081-2104 1.87-1.77 -3.81 -0.031
20 7 ” 8.277-8.205 2273-2278 3.87-3.43 —0.863 -0.0070
23 7 ” 8.445-8.343 2455-2447 5.49-4.67 1.26 0.010
24 7 ” 8.633-8.539 2624-2603 7.58-6.68 3.43 0.028
(19:00-22:00)
6 Mar. 2002 14.6 7.664-7.885 2069-2054 1.08-1.69 1.31 0.011
7 7 “ 8.076-8.111 2304-2285 2.75-2.91 1.78 0.014
8 7 ” 8.371-8.385 2480-2419 4.96—4.94 523 0.042
9 ” 8.521-8.488 2642-2519 6.63-6.02 10.3 0.084
(11:30-17:30)
6 Mar. 2002 0 7.679-7.696 2084-2119 1.12-1.18 -5.81 -0.047
7 7 ” 8.060-8.016 2296-2336 2.66-2.49 —-6.65 -0.054
g ” 8.353-8.283 2485-2485 4.834.31 -0.030 -0.00024
9 7 ” 8.504-8.423 2647~2633 6.49-5.73 2.23 0.018
(19:30-22:30)
B
211 19 Jan. 2002 115 7.930-8.066 2064-1994 1.85-2.32 6.13 0.029
3.8 20 ” ” 8.296-8.364 2274-2060 4.004.02 17.7 0.084
Rukan-sho (2 m) 23 7 ” 8.473-8.474 2452-2240 5.71-5.19 17.3 0.082
17 Sep. 2001 24 7 ” 8.656-8.591 2622-2346 7.77-6.39 22.3 0.106
(11:00-17:00)
19 Jan. 2002 0 7.930-7.804 2081-2123 1.87-1.48 -7.00 -0.033
20 7 ” 8.277-8.152  2273-2279 3.87-3.12 -0.892 -0.0042
23 7 ” 8.445-8.307 2455-2438 5.49-4.38 2.82 0.013
24 7 ” 8.633-8.483 2624-2571 7.58-6.10 8.76 0.041
(19:00-22:00)
6 Mar. 2002 14.6 7.664-8.075 2069-1943 1.08-2.30 104 0.049
7 ” 8.076-8.253 2304-2140 2.75-3.49 13.8 0.065
g 7 ” 8.371-8.449 2480-2215 4.96-4.96 22.0 0.104
9 7 “ 8.521-8.561 2642-2237 6.63-5.85 335 0.159

(11:30-17:30)

6 ‘Mar. 2002 0 7.679-7.623 2084-2147 1.12-1.03  -105 -0.049

7 7 ” 8.060-7.903 2296-2324 2.66-1.98 —4.78 —0.023

g8 ” 8.353-8.191 2485-2456 4.83-3.63 4.92 0.023

9 ” 8.504-8.345 2647-2600 6.49-5.00 7.71 0.036
(19:30-22:30)

*Initial — final values.
**Coral size is denoted as both covered surface are€(@nd radius (cm) as assumed sphere.

616 S. Ohde and M. M. M. Hossain



Table 2. (continued)

Coral sample, Date Light pH (NBS)* Alkalinity* L agenite” Calcification rate
Covered area (cm?)**, (time) (umol/m¥/s) (pmol/kg) c Normalized
Radius (cm)**, (umol/h)  (umol/cm?/h)
Collection location (depth, m),
Date
C
87 19 Jan. 2002 115 7.930-7.970 2064-2064 1.85-2.00 0.314 0.0036
39 20 7 7 8.296-8.300  2274-2215 4.00-3.91 491 0.056
Rukan-sho (2 m) 23 7 - 8.473-8.445 2452-2378 5.71-5.30 6.27 0.072
17 Sep. 2001 24 7 ” 8.656-8.600  2622-2539 7.77-7.03 6.62 0.076
(11:00-17:00)
19 Jan. 2002 0 7.930-7.890  2081-2092 1.87-1.73 -1.79 -0.021
20 7 ” 8.277-8.222  2273-2270 3.87-3.52 0.465 0.0053
23 7 ” 8.445-8.384 2455-2449 5.49-4.99 0.983 0.011
24 7 “ 8.633-8.562  2624-2598 7.58-6.87 4.28 0.049
(19:00-22:00)
D
48 9 May 2002 13.0 7.956-7.863 2051-2076 1.93-1.60 —2.05 ~0.043
45 10 7 ” 8.301-8.211 2267-2246 4.00-3.40 1.70 0.035
Mizugama (2 m) 1 - - 8.483-8.376 2434-2374 5.754.76 5.02 0.104
11 Apr. 2002 (11:45-17:45)
9 May 2002 0 7.962-7.857 2071-2083 1.97-1.60 -2.01 —0.042
10 ” ” 8.286-8.186 2257-2259 3.89-3.30 -0.233 ~0.0048
1 7 ” 8.468-8.383 2414-2392 5.58-4.90 3.70 0.077
(20:30-23:30)

whenQ is larger than ~1. The calcification rate of corahandb are constants. The constant valuesrérde listed
samples increased with increasigzalues of seawater, in Table 3. The? values range from 0.820 to 0.999. Such
suggesting that seaway,,,.niidNfluenced calcification good correlations strongly suggest that coral calcifica-
rates ofPorites lutea tion depends on seawat@r Our results also suggest that
In order to find a clear relationship between calcificathe coral calcification is inferred to be a first-order reac-
tion rate ofPorites luteaand €, ,40nite Of SEAWALtEr, We tion of aragonite formation.
compare our experimental results with that of Zhong and In order to generalize values to coral sizes, calcifi-
Mucci (1989). They demonstrated the following empiri€ation ratesd) are normalized to surface covered area of
cal equation on inorganic CaG@recipitation from the coral colony. Calculated rates ranged from —0.043 to
seawater: 0.159umol/cn?/h during daytime (Table 2) and the data
are plotted in Fig. 3(a). The rates ranged from —0.054 to
0.077umol/c?/h during nighttime (Table 2) and the data
are plotted in Fig. 3(b). Because normalized rates are cal-
whereR is the inorganic CaCQprecipitation ratek is culated from only surface covered area, the rates are un-
the rate constanty is the empirical reaction order andbiased from other biological activities. However, Fig. 3
(Qcaiciteraragonite— 1) 1S the degree of supersaturation witlshows that calcification rates increase with increasing
respect to calcite/aragonite. We fit the data in Table 2 seawate£2. The intercept of2 (wherec = 0) to the line
Eq. (4), although negative data of calcification rates aie Fig. 3(a), gives 0.83. A value of 0.83 is close to 1.0
not available for Eq. (4). Calculatedvalues range from shown in Eq. (4). Inorganic aragonite is theoretically pre-
0.4 to 1.7 using daytime data in Table 2. Therefore, wapitated whenQ is larger than 1. Our finding suggests
infer that then value is possibly ~1 assuming a first-that coral calcification during daytime is possibly con-
order reaction of coral calcification. As lines shown irrolled by an inorganic precipitation law.
Figs. 1 and 2, calcification rate)(shows good correla- Coral calcification rates during daytime have been
tion with seawatef,,qonitedS €quation; =aQ + b, where  measured through a few laboratory experiments. Gattuso

R= I((Qcalcite/aragonite_ :U] (4)
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Table 3. A linear correlation between coral calcification rate (c) and
seawater® including correlation co-efficient ¢

Coral sanple, Relgionship ¢ = aQ + b)
Date Daytime Nighttime

a b r a b r
A
Jan. 19-24, 2002 1.19 -0.769 0.925 1.37 -6.13 0.991
Mar. 6-9, 2002 1.80 —2.06 0.899 1.86 -952 0.878
B
Jan. 19-24, 2002 2.94 2.80 0.849 3.06 -12.7 0.998
Mar. 6-9, 2002 4.93 1.82 0.950 4.12 -15.8 0.977
C
Mar. 6-9, 2002 1.14 -0.692 0.820 1.05 -3.86  0.949
D
May 9-11, 2002 2.05 -5.72 0.999 1.63 -5.32  0.932

et al (1998) reported that calcification ratesStylophora Coral calcification probably depends on coral conditions
pistillata (colony size: 3-5 cm, wt.: 7.2-25.7 g) increaseduch as size, mode, health and species. In addition,
~3-fold with increasing,agoniteffom 0.98 to 3.90. Us- Gattusoet al. (1998) altered2 of artificially prepared
ing artificial seawater, halide lamp (4&@ol/m?s) and seawater through changing [Ehwithout changing its
27°C conditions, they changed [€hin seawater, main- carbonate system. Gattust al. (1999) suggested that
tained a constant pH and [G®], and observed a due to such [CH] change, [C& transportation possibly
nonlinear increase in calcification rate with increasingampered during their experiments. Leclestql. (2000)
Q. ragonite0f S€AWater. They also observed a plateau in caltso pointed out that the coral samples used by Gagtuso
cification rates whef,,4oniivas between 3.90 and 5.85.al. (1998) showed less response to changes in<y&
Marubini and Thake (1999) also observed using halidem and provided a plateau in calcification rate wfen
lamp and 27C conditions, that calcification rate Borites reached over 3.90.
poritesincreased with increasin,,qonite Of S€QWater. As many coral researchers have studied, light is con-
After culturing tips ofPorites compressan ambient sidered to be one of important factors for the metabolism
seawater at pH 8.0, Marubini and Atkinson (1999) reducexd an autotrophic community. Our experiments were per-
seawater pH from 8.0 to 7.2 through addition of HCI. Theformed under lower light intensity (~18nol/m?/s) com-
observed that calcification rate (8.4 mg Cagifp of the pared with that of Okinawan coral reefs (~300-1000
coral tips (1-3 g) decreased a half at pH 7.2 than thamol/m?/s) observed during 2001-2002. Considered coral
(16.4 mg CaCg@d) at pH 8.0. Summarized the labora-metabolism in a small water bath, the low light condition
tory studies, they demonstrated that calcification rates ufas assumed to be suitable for corals surviving in lim-
corals increase with increasitvalues of seawater. Our ited environments. Although we expected very low coral
experimental results (Table 3) are similar to their resultmetabolisms under low light conditions, the corals had
and suggest that calcification rates of coral samples agervived more than two years. Using water data of pH
clearly related with2,,,40nitc0f S€QWALET. and alkalinity, rates of net hourly organic productigh (
However, Gattuset al. (1998) reported nonlinear re- during daytime and hourly respiratiar) during nighttime
lation between calcification rates 8fylophora pistillata are calculated in order to estimate P/R ratiosy(#2()/
andQ,,40nit0f S€aWater. The rates showed a plateau whedr) (Ohde and van Woesik, 1999). Estimated P/R ratio
saturation state was between 3.90 to 5.85. As describfed the coral colony ranged from 0.22 to 2.35. Almost all
above, our results show linear relation and disagree wiBiR values showed less than 1 (except two data), sug-
that of Gattuset al (1998) (nonlinearity with a plateau). gesting that the coral samples may behave as heterotorph
Our coral samples differ in size, mode and species frowith low metabolisms. Such low metabolisms could be
those of the Gattuset al. experiment. Our samples Bf resulted from low light conditions. To calculate a P/R ra-
luteawere larger in size (see Table 2) compared with thos®, we used several assumptions such as carbonate equi-
of S. pistillata(colony size: 3-5 cm, wt.: 7.2-25.7 g).librium and a small data set. Further studies are needed
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0.20 - experiments. Before the experimental run, the corals were
. (@) cultured in a closed water bath for several months. Such
N’S 0.15 4 X cultured conditions possibly made the corals low meta-
RS bolic activities. Although laboratory experiments could
g 0.10 4 not reproduce the natural occurrence in coral reef com-
2 munities, further experiments under controlled conditions
g 0.054 such as high light and water flow would help to under-
§ 0.00 - stand coral calcification.
= In turn, the coral samples calcified during daytime and
§ -0.05 - O nighttime except a few experiments at night, and calcifi-
< cation rates during daytime experiments were compara-

-0.10 — e B B | tively higher than those of nighttime (Table 2). Through

0 1 2 3 4 5 6 7 8 field studies, Goreau and Goreau (1959) found that GaCO
deposition by corals was the fastest in sunlight, less dur-
ing cloudy weather and the least in darkness. They sug-
gested that light intensity has a great effect on coral cal-
cification. According to Barnes and Chalker (1990),

0.20 4 hermatypic corals could provide a 2—-3 times faster calci-
_ (b) SR X
£ 0154 fication in light than in darkness. Chalket al. (1985)

g performed a laboratory experiment usiAgropora

E 0.10 - formosaunder light and dark conditions and observed that

2 the light to dark calcification ratio was 2.87. Gattieto

2 0.05 - al. (1999) summarized that calcification rates of

% scleractinian corals and coral reefs could be 3 times higher

% 0.00 - in light than that in darkness on average. We also observed

g 0.05 4 that daytime calcification rates Bbrites luteavere com-

z paratively higher than those of nighttime (Table 2 and
0.10 — ———r — . Fig. 3). In summary, light could accelerate coral calcifi-

cation. However, we observed that the coral samples cal-

01 2 3 4 5 6 7 8 cified during nighttime.

In order to evaluate dark calcification, we measured
calcification rate under dark conditions. As shown in Figs.

Fig. 3. Normalized coral calcification rate (R) versus seawatet, 2 and 3(b), we observed that calcification rates at night
Q. (a) Daytime experimental data with a fitted line accordingvere negative whe® was less than ~3. Under lo%
to linear equation (R = 0.0168 — 0.015, F = 0.538). conditions (<3), CaC@dissolution possibly occurred at
(b) Nighttime data with a fitted line (R = 0.0184-0.061,f = night, but there was no evidence for Cagilssolution
0.762). Same symbol plots represent data of a series of exp&tlcept alkalinity increased during the experiments. On
ments using the same sample (see Table 2). the other hand, dark calcification could occur at night
whenQ values exceeded ~4. The interceptb{where
¢ = 0) to the line in Fig. 3(b) is calculated at 4.0 for the

to confirm the results and to expand for understandirjghttime experiments. Theoretically, this value must be
coral calcification associated with coral metabolisms. 1.0 when the coral calcification obeys to inorganic reac-

In Okinawan coral reefs, the growth ratesPafrites  tion (see Eq. (4)). But this dark calcification occurs
coral colonies were observed at ~10-16 mm/y as anndifough biological processes aft@rexceeds 4. In turn,
skeletal extension (Mitsuguchst al., 1996: Sato and dark calcification is considered to occur in Okinawan
Ohde, 2001). Assuming average skeletal density of 1.3¢@ral reefs, where seawater saturation states were ob-
cm®, the growth rate (10-16 mmly) is calculated to bgerved at ~4-5 (Ohde and van Woesik, 1999). It is as-
1.5-2.4umol/cn?/h (3.6-5.8 mg/ciid) as the coral cal- sumed that the coral samples could response to dark cal-
cification rate. As listed in Table 2, the normalized calcicification whenQ exceeds ~4 as one of memory effects.
fication rates during daytime are one to two orders smallépe finding suggests that higher saturation st@te @)
compared with those observed in Okinawan coral reef9as needed for dark calcification. Such saturation state
The extremely low level of calcification rate may be atPossibly caused extremely low calcification under dark
tributed to low light intensity which probably caused &onditions. Mechanisms for dark calcification are ob-
suppressed metabolic condition used in the laboratopgured in this study.
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Experiments under limited conditions used in this Elsevier, Amsterdam.
study may inform biological phenomena of corals, buBroecker, W. S. and Peng, T-H. (198Rjacers in the Sea
new designed studies are needed to elucidate factors con-Eldigio Press, NY, 690 pp.
trolling coral calcification associated with environmenBroecker, W. S. and Takahashi, T. (1966) Calcium carbonate
tal conditions in coral reefs. Such studies could provide Précipitation on the Bahama Banks. Geophys. Reg1,

. . . . 1575-1602.
|nf0r.ma_t|on for understand_mg the oceanic carbon CyCIgutler, J. N. (1982 arbon Dioxide Equilibria and Their Ap-
and its impact on global climate.

plications Addison-Wesley, Reading, 259 pp.
Chalker, B., Carr, K. and Gill, E. (1985) Measurement of pri-

CONCLUSIONS mary production and calcificatian situon coral reefs us-
ing electrode techniqueBroceedings of the Fifth Interna-
The gradual increase in atmospheric,@a big prob- tional Coral Reef Congres 167-172.

lem at present for the world’s environments. The elevatéshgan, M. K., Ayliffe, L. K., Hopley, D., Cali, J. A., Mortimer,
CO, leads to a decrease maragomtevalue of seawater G. E., Chappell, J., McCulloch, M. T. and Head, M. J. (1998_)
which possibly decreases calcification rates of corals. The Temperature and surface-ocean water balance of the Mid-
reduction in calcification rate will cause a decrease in Holocene tropical western Pacifcience279, 1014-1018.
the reef-building activity of corals. In order to elucidaté>attuso. J. P., Frankignoulle, M., Bourge, I., Romaine, S. and
the relationship between coral calcification and CaCO Buddemeer, R. W. (1998) Effect of calcium carbonate satu-

. . f h d ration of seawater on coral calcificaticglobal Planetary
(aragonite) saturation state of seawater, the present stu Ychange1s, 37-46.

was performed using a massive cdparites lutea Cal-  Gatiuso, J. P., Allemand, D. and Frankignoulle, M. (1999) Pho-
cification rates in light and dark conditions af@3vere tosynthesis and calcification at cellular, organismal and
observed under various saturation states of seawater (1 <community levels in coral reefs: A review on interactions
Q < 7.8) with respect to aragonite. The following tenta- and control by carbonate chemistdmer. Zool 39, 160—
tive conclusions are derived from the laboratory experi- 183.

ments. Goreau, T. F. and Goreau, N. I. (1959) The physiology of skel-

(1) The laboratory experiments clearly indicate that €ton formation in corals. Il. Calcium deposition by

calcification rate oPorites luteancreased with increas- ~ hermatypic corals under various conditions in the rgef.

: ; ; ; Bull. 161, 239-250.

iNg Qg rag0nitef S€aWater during daytime. A linear corre- ! Lo . -

lation was found between calcification rate) @nd Grat?(;rfét(rilcgtsitzr)at?oe;_egzlrr:ellltf:a?;;?;'\gifgilpo'm In poten-
QaragoniteOf sS€aWater inferred as a first-order reaction. Thﬁleypas, J. A.. Buddemeier, R. W., Ar,cher, D., Gattuso, J. P.,

observed relationship was as= aQ + b (a and b are Langdon, C. and Opdyke, B. N. (1999) Geochemical con-
cons_t_amt;). Our experimental results suggest that coral sequences of increased atmospheric carbon dioxide on coral
calcification depends 0€,,40,it0f SEQWatET. reefs.Science284, 118-120.

(2) Daytime calcification rates of the coral sampleseclercq, N., Gattuso, J. P. and Jaubert, J. (2000) @2@ial
were comparatively higher than those of nighttime, indi- pressure controls the calcification rate of a coral commu-
cating that light is one of controlling factors for coral nity. Global Change Biologg, 329-334.
calcification. WhenQ is larger than ~4, the coral sam-Marubini, F. and Atkinson, M. J. (1999) Effects of lowered pH
ples calcified during nighttime indicating an evidence of and elevated nitrate on coral calcificatidar. Ecol. Prog.

- . Ser. 188, 117-121.
dark calcification. Co . o
Marubini, F. and Thake, B. (1999) Bicarbonate addition pro-

motes coral growthLimnol. Oceanogr44, 716-720.
Mitsuguchi, T., Matsumoto, E., Abe, O., Uchida, T. and Isdale,
P.J. (1996) Mg/Ca thermometry in coral skeletoBsience
274, 961-963.
orse, J. W. and Mackenzie, F. T. (19@9ochemistry of Sedi-
mentary Carbonate<Elsevier, Amsterdam, 707 pp.
de, S. and van Woesik, R. (1999) Carbon dioxide flux and
metabolic processes of a coral reef, Okina®all. Mar.

Sci 65, 559-576.
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