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Abstract 
Photo-physiological responses of one massive, Platygyra ryukyuensis, and three 

branching corals, Porites cylindrica, Montipora digitata and Seriatopora caliendrum, 
with different bleaching susceptibilities, exposed to thermal stress over a period of 
30 h and thereafter their bleaching and mortality over a period of four months were 
investigated. The changes in maximum quantum yield (Fv /Fm) and maximum electron 
transport rate (ETRmax) revealed three patterns during the 30 h treatment at 32°C 
under 450 µmo! photons m-2 s-1. P. ryukyuensis showed small but significant 
changes in Fv /Fm without changes in ETRmax and S. caliendrum showed a drastic 
decrease in both parameters, while M. digitaia and P. cylindrica showed similar 
trend in decrease of the Fv/Fm values only. After 30 h exposure to thermal stress, 
the total chlorophyll content decreased significantly only in S. caliendrum and 
zooxanthellae density decreased significantly in all tested coral species except of P. 
ryukyuensis. Mortality data over four months after the thermal stress treatment 
showed three trends. P. ryukyuensis and S. caliendrum showed no mortality and 
100% mortality, respectively. Mortality in M. digitata was greater than that in P. 
cylindrica. 
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These results suggest that in P. ryukyuensis (resistant coral) both the algae and 
the host are strong while in S. caliendrum (susceptible coral) both partners are 
weak. Although intermediate coral species, M. digitata and P. cylindrica showed the 
same level of Fv/Frn reductions and percentage loss of zooxanthellae, the host 
component seemed to be stronger in P. cylindrica than in M. digitata as revealed by 
their different mortalities. Thus, we conclude that variations in bleaching 
susceptibility and mortality among scleractinian corals are a result of the combined 
physiological responses of both partners of the symbiotic system to thermal stress. 

Keywords: Bleaching susceptibility, ETRrnax, Fv /Fm. mortality, thermal stress, coral 
host role 

1. Introduction 

Coral bleaching refers to a change in coloration of coral tissue through the 
loss of endosymbiotic dinoflagellates (=zooxanthellae) (Hoegh-Guldberg and 
Smith, 1989), their photosynthetic pigments (Kleppe! et al., 1989) or in situ 
degradation of the algae (Brown et al., 1995). This phenomenon has been 
reported to occur as part of a natural seasonal cycle superimposed by 
environmental fluctuations in tropical waters (Fagoonee et al., 1999; Brown et 
al., 1999; Fitt et al., 2000). However, mass bleaching events, due to 2-6°C rise 
above normal summer maxima related to global warming, are increasing in 
frequency and have been documented extensively over the last two decades 
(Wilkinson, 2000). The subsequent recovery or death of all or part of the 
colonies of hermatypic corals has also been subject of several studies (Brown and 
Suharsono, 1990; Williams and Bunkley-Williams, 1990; McField, 1999). 
The underlying cause of bleaching is believed to involve the impairment of 

the algal symbiont photosynthesis (Iglesias-Prieto et al., 1992; Jones et al., 
1998; Warner et al., 1999) (but see Ralph et al., 2001), although the importance 
of host tissue in the maintenance of the intact coral symbiosis under stress 
conditions has not been ignored (Brown et al., 2002; Bhagooli and Hidaka, 2002, 
2003). The reduced chlorophyll fluorescence yield of zooxanthellae in 
thermally bleached corals has been interpreted as indicative of damage to 
components of the electron transport system of photosystem II (PSII), probably 
at the Dl protein level (Pitt and Warner, 1995; Warner et al., 1996; Warner et 
al., 1999). Possible damage to carboxylation mechanisms (Jones et al., 1998) of 
zooxanthellae has also been implicated in high temperature induced 
bleaching. 

In many coral bleaching reports, there is noticeable variation, both intra 
and inter-species, in the level of susceptibility and extent of bleaching on the 
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reef (Brown and Suharsono, 1990; Marshall and Baird, 2000; Loya et al., 2001). 
Within species variation in bleaching susceptibility has been attributed to 
either different genetic types of zooxanthellae (Rowan et al., 1997) or light 
history of corals (Brown et al., 2000). Variation among coral species so far has 
been associated with zooxanthellae possessing different capabilities to 
dissipate excess excitation energy through non-photochemical pathways 
(Warner et al., 1996), coral growth and metabolic rates (Gates and Edmunds, 
1999), and colony morphology (branching versus massive) and tissue thickness 
(Loya et al., 2001). These observations also raise the question of which partner 
in the coral/ algal association is determining the bleaching susceptibility and 
the subsequent mortality. 

Most attention to date has been focused on species-specific responses to high 
temperature anomalies in the field. However, studies that have 
experimentally demonstrated the initiation and progression of thermally 
induced bleaching process and thereafter the mortality patterns are limited. 
This study examines the photo-physiological responses of branching and 
massive corals, with different field-observed bleaching susceptibilities, to 
thermal stress over a period of 30 h, bleaching responses in terms of 
zooxanthellae and chlorophyll content losses after 30 h thermal stress, and 
variations in mortality and bleaching over a -4 months period in branching and 
massive corals after 30 h exposure to thermal stress. 

2. Materials and Methods 

Collection and maintenance of specimens 

Colonies of the scleractinian corals, Platygyra ryukyuensis (Yabe and 
Sugiyama 1935), Porites cylindrica (Dana 1846) and Montipora digitata (Dana 
1846) were collected from the eastern reef of Sesoko Island, Okinawa and those 
of Seriatopora caliendrum (Ehrenberg 1834) were collected from Aka Island, 
Japan. All collections were done at a depth of 1-2 m. Colonies were maintained 
in an outdoor tank supplied with running seawater and aeration till use. During 
this period, seawater temperature in the tank was 24-25°C and incident 
photosynthetically active radiation (PAR) did not exceed 1,500 µmol photons 
m-2 s-1. The tank was shaded by black plastic mesh to reduce the light 
intensity to 30% of incident PAR. After two months, branches of about 3 cm in 
length were taken from colonies of S. caliendrum, P. cylindrica and M. digitata, 
and fragments of about 6 cm2 of tissue surface area were made from P. 
ryukyuensis colonies. Fragmented corals were mounted on ceramics tiles with 
cement and returned to the outdoor tank under same conditions for 5 days. 
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Experimental protocols 

The experimental mounted fragments were exposed to high temperature 
(32°C) and light intensity of 450 µmol photons m-2 s-1 of PAR for 30 h. The 
temperature of the running seawater supply to experimental tanks was 
regulated using automatic thermostats (±O.S°C, IC Thermostat, EX-003) and 
aquaria heaters. PAR treatment was carried out using two 500-Watt 
incandescent lamps (NIKKO, Tokyo, Japan). Visible irradiance was measured 
using a light meter (LICOR, LI 250). Chlorophyll fluorescence parameters, 
dark-adapted Fv/Fm and rapid light curves (RLCs), were measured initially 
(immediately before treatment) and every six hours during the experiment. 
Chlorophyll content and zooxanthellae density were measured before and after 
30 h treatment. 

Chlorophyll fluorescence measurements 

Chlorophyll fluorescence was measured using a pulse-amplitude-modulated 
fluorometer (Mini-PAM, Waltz, Germany). Before and after the stress 
treatments, coral fragments were dark-adapted for 20 min to allow the 
photosynthetic endosymbionts to relax all their PSII reaction centers. A 
constant weak light (<1 µmol photon m-2 s-1) was used to measure the minimum 
fluorescence, F0, while a saturating pulse (4,000 µmol photons m-2 s-1) was 
applied to measure the maximal fluorescence (Fm), when all the PSII centers 
are closed. The ratio of the variable (Fv = Fm - F0) to maximal fluorescence (Fm) 
in a darkened sample (dark-adapted Fv/Fm) is correlated to the maximum 
quantum yield of PSII and thus represents the PSII functioning (Genty et al., 
1989). 
Immediately after Fv/Fm measurement, a five min of light-adaptation from 

the internal lamp of the PAM was applied to activate the photosynthetic dark 
reaction followed by a 30 s dark period just before the RLCs were recorded. The 
internal light source provided light intensities ranging from 0-1,280 µmol 
photons m-2 s-1 at intervals of 20 s to produce the RLC. When an illuminated 
sample is pulsed with weak and saturating light intensities, minimum (F0') and 
maximum (Fm') fluorescence parameters can be recorded. The new ratio ((Fm' - 
F0')/Fm') is a measure of the effective quantum yield (Y), which is lower than 
Fv/Fm due to partial closure of the reaction centers and a relative increase in 
non-radiative energy dissipation. 

Photosynthetic electron transport rate (ETR, relative units) was estimated 
by multiplying the effective quantum yield by photon flux density (400-700 nm) 
(Ralph et al., 1999). Maximum electron transport rate (ETRmax) indicates the 
"assimilatory power", which represents the initial products (NADPH and 
ATP) of the conversion of light energy into chemical energy (Hall and Rao, 
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1999). RLCs for ETR were fitted using Platt et al. (1980) equation and ETRmax 
was thus determined at light saturation. Chlorophyll fluorescence parameters 
Fv /Fm and ETRmax were used to monitor photosystem II functioning and 
"assimilatory power", respectively. Measurements at given intervals were 
taken at the same exact position on the coral surface as the initial one. All 
measurements were done at 32°C, except initial measurements, which were done 
at 25°C. 

Total chlorophyll (a + c2) content and zooxanthellae density determination 

Tissue was removed from the coral fragments using a Water-pik (johannes 
and Wiebe, 1970). The coral blastate was then homogenized and 20-30 ml 
aliquots were filtered under vacuum through a Whatman GF /C glass fiber 
filter (4.7 cm in diameter). The glass fiber filters with adsorbed zooxanthellae 
were immersed in an aqueous solution of 90% cold acetone. The solution with 
sample was shaken daily and placed in a refrigerator for 48 h. The absorbance 
of the acetone extracts was read at 630,633 and 750 nm using a Hitachi U-2000A 
spectrophotometer. The concentrations of chlorophyll (a+ c2) were determined 
using Jefferey and Humphrey (1975) equation and expressed as chlorophyll per 
cell. 

To determine zooxanthellae density 10 ml of the homogenate was centrifuged 
at 3,000 rpm for 15 min and the supernatant was discarded. The pellet was 
resuspended in 1 ml of filtered seawater (0.45 µm). Zooxanthellae counts in 
each of the eight fields in the haemocytometer were recorded for each sample 
and expressed as million cells per surface area. The surface area of coral 
fragments was determined by Al-foil method (Marsh, 1970) for P. ryukyuensis 
and by paraffin-wax technique (Stimson and Kinzie, 1991) for S. caliendrum, P. 
cylindrica and M. digitata. Both zooxanthellae density and chlorophyll 
contents were determined before and after 30 h experimental period. 

Mortality and visual bleaching estimation 

Mortality, visual bleaching and partial bleaching/ death were monitored at 
days 22, 36, 71 and 110 after the 30 h thermal exposures and expressed as 
percentage of initial fragments used for experimentation. 

Statistical analyses 

Relative Fv/Fm and ETRmax, values normalized to their respective initial 
ones, were used as they provide reliable comparison among treatments to be 
made by avoiding large deviations in chlorophyll parameters due to coral 
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surface irregularities. Analysis of variance (ANOV A) analyses followed by 
post-hoc Tukey Honest significant difference comparison of means were 
employed to test significant differences in relative Fv/Fm and relative ETRmax 
among treatments and coral species. Relative data for both Fv/Fm and ETRmax 
were arcsine transformed prior to ANOVA analysis. After log transformation, 
zooxanthellae density and total chlorophyll content were tested using student 
t-test. Data plotted on figures represent mean ± SE. 

3. Results 

Photo-physiological responses to thermal stress during 30 h treatment 

The 30 h thermal stress at 450 µmol m-2 s-1 induced significant reductions in 
PSII functioning (Fv/Fm) (Fig. lA) and maximal electron transport rate 
(ETRmax) (Fig. lB) in both the branching and massive coral species except in the 
ETRmax of the massive one. The reduction in both parameters differed 
significantly among the investigated coral species (Fig. 1, Table 1) and from 
each other within a given species (Table 2). 

Three clear patterns emerged in Fv/Fm and ETRmax declines over the 30 h 
treatments when the coral species were compared. In P. ryukyensis, a 
significant decline (10-15%) in PSII functioning did not lead to any significant 
change in ETRmax at any given exposure time. S. caliendrum exhibited 
significant reductions in both Fv/Fm and ETRmax at all sampling points. M. 
digitata and P. cylindrica showed similar intermediate pattern in decrease of 
Fv/Fm but not in the reduction of ETRmax (Table 1). In P. cylindrica, significant 
changes in Fv/Fm and ETRmax were evident at 12 hand 30 h sampling points, 
respectively. In M. digitata, significant decreases in Fv/Fm and ETRmax were 
detected at 12 h and 6 h measurement times, respectively. Thus, more 
pronounced reduction in ETRmax was observed in M. digitata than in P. 
cylindrica. 

Zooxanthellae density and total chlorophyll content after the 30 h thermal 
stress treatment 

Zooxanthellae density decreased significantly (P<0.05) in all the 
investigated species except in P. ryukyuensis (Fig. 2A). The decline in 
zooxanthellae density was more pronounced in S. caliendrum (98.9±2.3%) when 
compared to M. digitata and P. cylindrica (-65-80%). There were no significant 
differences (P>0.05) in percentage loss of zooxanthellae between M. digitata 
(68.0±1.8%) and P. cylindrica (77.3±3.4%). After 30 h of thermal stress, the 
total chlorophyll content decreased significantly only in S. caliendrum (Fig. 
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2B). While no significant changes were recorded in P. ryukyuensis and M. 
digitata, the total chlorophyll content increased significantly in P. cylindrica. 

Table 1. Summary of statistical results of comparisons of mean of the chlorophyll 
fluorescence parameters, Fv/Fm and ETRmax (bold), during the 30-h thermal 
stress period among species. Tukey HSD Post Hoc test was used to carry out 
multiple mean comparisons following ANOVA (P<0.0001) with main effect being 
species. ** - P<0.01, *** - P<0.001, NS - no significant difference. 

Platygyra Porites Montipora Seriatopora 
ryukyuensis cylindrica digitata caliendrum 

Platygyra ryukyuensis .... .. .... .. .... 
Porites cylindrica NS NS ...... 
Montipora digitata ...... .. .... .. .... 
Seriatopora caliendrum ...... ...... .. .... 

Table 2. Summary of statistical results of respective comparisons of Fv /Fm and ETRmax 
between the initial and after 6, 12, 24 and 30 h exposure measurements. Numbers 
in parentheses indicate average (n=4) percentage inactivation of the chlorophyll 
fluorescence parameters. Tukey HSD Post Hoc test was used to carry out 
multiple mean comparisons following ANOV A (P<0.0001) with main effect being 
time of exposure. * - P<0.05, ** - P<0.01, *** - P<0.001, NS - no significant 
difference. 

Species Chlorophyll fluorescence Time(h) 
parameters 6 12 24 30 

Pr Fv/Fm ...... (10) ...... (15) ...... (10) ...... (15) 
ETRmax NS NS NS NS 

Pc Fv/Fm NS ...... (46) .... (24) .. .... (59) 
ETRmax NS NS NS .. (72) 

Md Fv/Fm NS .. (39) .... (53) ...... (65) 
ETRmax ...... (54) .. .... (70) ...... (83) .. .... (86) 

Sc Fv/Fm ...... (90) ...... (98) ...... (98) .. .... (99) 
ETRmax ...... (98) .. .... (99) ...... (99) ...... (100) 
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Figure 2. Zooxanthellae density (A) and their total chlorophyll content (B) in corals 

before (empty bars) and after (hatched bars) 30-h exposure to thermal stress. 
Error bars represent SE (n = 4). Pr - Platygyra ryukyuensis, Pc - Porites 
cylindrica, Md - Montipora digitaia, Sc - Seriatopra caliendrum. * - P<0.05 
(Student t-test). 

Visual bleaching and mortality patterns among corals during 110 days after 
thermal stress 

Both bleaching and mortality patterns differed among the four coral species 
studied over the 110 days recovery conditions (Fig. 3). Very low (<10%), high 
(80-100%) and moderate levels (30-60%) of bleaching were observed in P. 
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ryukyuensis (Fig. 3A), Porites cylindrica (Fig. 3B) and M. digitata (Fig. 3C), 
respectively. S. caliendrum treated samples did bleach during the first 5 d of 
recovery (data not shown). P. ryukyuensis showed no mortality while S. 
caliendrum showed 100% mortality (Fig. 30). After 110 d of recovery, 
mortality in M. digitata (-70%) was greater than that in P. cylindrica (-3%). 
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Figure 3. Percentage mortality and/ or bleaching monitored in Platygyra ryukyuensis (A), 
Porites cylindrica (B), Montipora digitata (C) and Seriatopora caliendrum (D) 
over 110 d after 30-h thermal stress. Empty, filled, hatched and crosshatched 
bars represent bleaching, dead, partially bleached/ dead and non-bleached data, 
respectively. 

4. Discussion 

During the last two decades, while changes in zooxanthellar photosynthesis 
(Iglesias-Prieto et al., 1992; Pitt and Warner, 1995; Jones et al., 1998; Warner et 
al., 1996, 1999), stress susceptibilities (Bhagooli and Hidaka, 2003), and 
mortality in several coral taxa observed in the field (Brown and Suharsono, 
1990; Marshall and Baird, 2000; Loya et al., 2001) and under laboratory-based 
experimental conditions (Hueerkamp et al., 2001) due to elevated temperature 
have been intensively reported, these bleaching related features and mortality 
investigations were undertaken separately in different studies. 
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This study attempts to bridge these gaps by documenting both alteration in 
photosynthetic performance of the in hospite zooxanthellae during and after 
thermal stress, and bleaching and mortality patterns under recovery conditions 
following thermal stress in four scleractinian coral species with different field 
observed bleaching susceptibilities. 

Differential susceptibility of the four investigated coral species to bleaching 
and mortality was clearly linked to the photo-physiological responses of the 
in hospite zooxanthellae under thermal stress. Reduction in Fv /Fm (PSII 
functioning), as an indication of damage to photosynthetic machinery of 
zooxanthellae has been used in several coral bleaching studies (Jones et al., 
1998, 2000; Brown et al., 2000; Jones and Hoegh-Guldberg, 2001; Warner et al., 
1996, 1999; Bhagooli and Hidaka, 2003). However, very few studies have 
focused on changes in ETR (Ralph et al., 2001). In the present investigation, a 30 
h thermal stress showed significant reductions in Fv/Fm but to different extents 
(Table 1) in zooxanthellae of all the tested species. In contrast, reductions in 
ETRmax were evident mostly in the bleaching susceptible branching corals, M. 
digitata and S. caliendrum, while the bleaching resistant massive, P. 
ryukyuensis, and branching, P. cylindrica (except for 30 h), corals showed no 
sign of reductions in ETRmax· It is well established in higher plants (Behrenfeld 
et al., 1998; Lee et al., 1999) and in zooxanthellae (Bhagooli and Hidaka, 
submitted) that a -40% inactivation of the PSII functioning (Fv/Fm) is required 
to significantly reduce maximum photosynthesis or ETRmax· This might explain 
the fact that reductions in Fv/Fm in P. ryukyuensis and P. cylindrica were not 
generally large enough to lead to a significant reduction in ETRmax· 

On the other hand, in M. digitata, although the Fv/Fm was not reduced 
significantly after 6 h thermal stress the ETRmax decreased significantly. This 
might suggest that ETRmax in M. digitata is more sensitive to thermal stress 
than Fv/Fm, In S. caliendrum, the most susceptible bleaching species tested 
here, both Fv/Fm and ETRmax were severely damaged. 

These observations indicate that the sensitivity of assimilatory electron 
flow (ETRma~) in symbiotic algae of branching coral species to high 
temperature affected their susceptibility to bleaching compared to 
zooxanthellae in the massive coral. This is supported by the fact that almost 
no bleaching in terms of loss of zooxanthellae or total chlorophyll content was 
recorded in P. ryukyuensis while all the branching corals did exhibit 
bleaching. 

The differences in the thermally induced stress susceptibilities among the in 
hospite zooxanthellae might be due to the coral species harboring different 
genotypes of zooxanthellae with differing photo-physiological responses to 
elevated temperature. Fitt and Warner (1995) and Warner et al. (1996) claimed 
that zooxanthellae from Caribbean corals with higher capabilities to 
dissipate excess excitation energy through non-photochemical pathways 
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protected their photosystems from damage during heat stress. Perez et al. 
(2001) demonstrated the differential release of different clades of 
zooxanthellae, due to decreased photosynthesis, from the same host species 
under thermal stress. Bhagooli and Hidaka (2003) also clearly demonstrated 
that isolated zooxanthellae from different coral species from Okinawan waters 
exhibited differential responses to thermal stress. Although the types of 
zooxanthellae were not characterized in this study, Loh et al. (2002) and 
Lajeunesse (pers. com.) have reported high genetic diversity of zooxanthellae 
in Okinawan corals. 

However, the role of the host cannot be ignored as all the treatments 
involved only in hospite zooxanthellae exposures. Brown et al. (2002) provided 
convincing evidence that colonies of Goniastrea aspera with higher levels of 
host antioxidants and heat shock proteins did not bleach when exposed to high 
sea temperatures and thus demonstrated the significance of the host in 
maintaining the intact symbiosis under thermal stress. Moreover, Bhagooli and 
Hidaka (2003), by comparing the stress susceptibility of in hospite and isolated 
zooxanthellae among five coral species, suggested a significant role of host in 
determining bleaching susceptibility of corals. In the present study, it is 
noteworthy that M. digitata and P. cylindrica exhibited same percentage of 
zooxanthellae loss but higher level of mortality was observed in the case of M. 
digitata. This might further suggest that the host in M. digitata was more 
severely affected than in P. cylindrica and thus highlight the role of the host 
in mortality determination after thermal stress. 

Several reports on the Great Barrier Reef (Marshall and Baird, 2000) and in 
Okinawan waters (Loya et al., 2001; Yamazato, 1981, 1999) pointed out that 
massive corals are more resistant to bleaching than branching corals. Gates and 
Edmunds (1999) made a tentative suggestion that corals with low growth rates 
and high metabolic rates such as massive species, acclimatize more effectively 
than those with high growth rates and low metabolic activities, 
characteristics of branching species. 

Moreover, Loya et al. (2001) hypothesized that preferential survival of 
thick-tissued species and shape-dependent differences in colony mass-transfer 
efficiency could partially explain the field-observed mortality patterns of 
massive and branching corals due to warmer temperature throughout 1998 at 
Sesoko Island, Japan. Though Loya et al. (2001) reported the disappearance of 
P. cylindrica at Sesoko station in Japan, this species could be easily found at 
Sesoko Island in 1999 (Ranjeet Bhagooli, pers. observation) suggesting that P. 
cylindrica was not an absolute loser after the 1998-bleaching event in Okinawa. 
Loya et al. (2001) suggested that P. ryukyuensis has thicker tissues (4.0±0.096 
mm) than either P. cylindrica (1.3±0.180) or M. digitata (0.9±0.006). Our results 
corroborate with their findings in that the thick-tissued coral was more 
tolerant to bleaching and did not die, while the thin tissue corals suffered from 
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bleaching and mortality. However, this study also revealed different 
mortality between P. cylindrica and M. digitata although they have almost 
similar tissue thickness and shape-dependent mass-transfer efficiency, due to 
their branching morphology. This implies that the physiological 
characteristics of the host might be the determinant of mortality. 

Comparison of the orders of mortality but not chlorophyll fluorescence 
parameters and total chlorophyll contents among the coral species studied in 
this work (Table 3) agree with the order of bleaching/mortality pattern 
observed in Sugihara et al. (1999) and Yamazato (1981, 1999). This is suggestive 
of the probable host role being important in determining field-observed 
bleaching/ mortality patterns. 

Table 3. Summary of species order, from least to highly damaged/ affected ones, in terms of 
photo-physiological responses during stress, zooxanthellae biomass parameters 
and mortality patterns following stress treatments. Species order is based on 
results from Tukey HSD Post Hoc test used for multiple mean comparisons of 
each parameter following ANOV A (P<0.0001), except for the field data from 
Sugihara et al. (1999) and Yamazato (1981, 1999). Pr = Platygyra ryukyuensis, 
Pc = Porites cylindrica, Md = Montipora digitata, Sc = Seriatopora caliendrum. 

Observations Parameters Species order (from least to 
highly damaged/affected) 

Experimental 
(this study) 

Chlorophyll 
fluorescence 

Fv/Fm (PSII 
functioning) 
ETRmax (maximum 
electron transport rate) 
% Zooxanthellae loss 

Pr < Pc & Md < Sc 

Pr&Pc<Md <Sc 

Bleaching 
quantification 

Pr < Pc & Md < Sc 

% Total chlorophyll loss 
Mortality % Dead · 

Field observation Bleaching/Mortality 

Pr, Pc & Md< Sc 
Pr < Pc < Md < Sc 
Pr < Pc < Md < Sc 

5. Conclusions 

The massive coral P. ryukyuensis showed the highest tolerance to the 30-h 
thermal stress and no mortality during the recovery period compared with the 
branching coral species: S. caliendrum, M. digitata and P. cylindrica. 
Variations in bleaching and mortality did occur among the branching coral 
species. In the tolerant coral P. ryukyensis both the algae and the host 
components seem to be strong in response to the thermal stress, while in the most 
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susceptible coral S. caliendrum both . partners were weak. Although 
intermediate coral species, M. digitata and P. cylindrica showed damage of 
photosynthesis in their endosymbionts, the host component was stronger in P. 
cylindrica than in M. digitata as revealed by their equal percentage of 
zooxanthellae loss followed by different mortality patterns. Taken together, 
variations in bleaching susceptibility and mortality among the studied 
scleractinian corals are a result of the combined physiological responses of both 
partners of the symbiotic system to thermal stress. 

Acknowledgements 

We are greatly indebted to Professor M. Hidaka for support and supplying 
needed equipment. We are grateful to the staff of Sesoko Station, Tropical 
Biosphere Research Center, University of the Ryukyus, Okinawa, Japan for use 
of facilities. We would like to thank Mr. Prosper Mfilinge for valuable 
comments on the manuscript. RB is thankful to the Ministry of Education, 
Culture, Sports, Science and Technology, Japan for scholarship. This research 
benefited partial support from Grant-in-Aid for scientific research from the 
Japan Society for Promotion of Science to IY. 

REFERENCES 

Behrenfeld, M.J., Prasil, 0., Kolber, S.Z., Babin, M., and Falkowski, P.G. 1998. 
Compensatory changes in photosystem II electron turnover rates protect photosynthesis 
from photoinhibition. Photosynthetic Research 58: 259-268. 

Bhagooli, R. and Hidaka, M. 2002. Physiological responses of the coral Galaxea [ascicularis 
and its algal symbiont to elevated temperatures. Galaxea, Japan Coral Reef Society 4: 33- 
42. 

Bhagooli, R. and Hidaka, M. 2003. Comparison of stress susceptibility of in hospite and 
isolated zooxanthellae among five coral species. Journal of Experimental Marine Biology 
and Ecology 291: 181-197. 

Brown, B.E. and Suharsono. 1990. Damage and recovery of coral reefs affected by El-Nino 
related seawater warming in the Thousand Islands, Indonesia. Coral Reefs 8: 163-170. 

Brown, B.E., Downs, C.A., Dunne, R.P., and Gibb, S.W. 2002. Exploring the basis of 
thermotolerance in the reef coral Goniastrea aspera. Marine Ecology Progress Series 242: 
119-129. 

Brown, B.E., Dunne, R.P., Ambarsari, I., LeTissier, M.D.A., and Satapoomin, U. 1999. 
Seasonal fluctuations in environmental factors and their influence on symbiotic algae 
and chlorophyll pigments in four Indo-Pacific coral species. Marine Ecology Progress 
Series 191: 53-69. 

Brown, B.E., Dunne, R.P., Goodson M.S., and Douglas, A.E. 2000. Bleaching patterns in reef 
corals. Nature 404: 142-143. 



134 R. BHAGOOU AND I. YAKOVLEV A 

Brown, B.E., LeTissier, M.D.A., and Bythell, J.C. 1995. Mechanisms of bleaching deduced 
from histological studies of reef corals sampled during a natural bleaching event. Marine 
Biology 122: 655-663. 

Fagoonee, I., Wilson, H.B., Hassell, M.P., and Turner, J.F. 1999. -The dynamics of 
zooxanthellae populations: a long-term study in the field. Science 283: 843-845. 

Fitt, W.K. and Warner, M.E. 1995. Bleaching patterns of four species of Caribbean reef 
corals. Biological Bulletin 187: 298-307. 

Fitt, W.K., McFarland, F.K., Warner, M.E., and Chilcoat, G.C. 2000. Seasonal patterns of 
tissue biomass and densities of symbiotic dinoflagellates in reef corals and relation to 
coral bleaching. Limnology and Oceanography 45: 677-685. 

Gates, R.D. and Edmunds, P.J. 1999. The physiological mechanisms of acclimatization in 
tropical reef corals. American Zoologists 39: 30-43. 

Genty, B., Briantais, J.M., and Baker, N.R. 1989. The relationship between the quantum 
yield of photosynthetic electron transport and quenching of chlorophyll fluorescence. 
Biochimica et Biophysica Acta 990: 87-92. 

Hall, D.0. and Rao, K.K. 1999. Photosynthetic electron transport and phosphorylation. In: 
Photosynthesis. Hall, D.O. and Rao, K.K., eds. Cambridge University Press. pp. 79-99. 

Hoegh-Guldberg, 0. and Smith, G.J. 1989. Influence of the population density of 
zooxanthellae and supply of ammonium on the biomass and metabolic characteristics of 
the reef corals Seriatopora hystrix and Stylophora pistillata. Marine Ecology Progress 
Series 57: 173-186. 

Hueerkamp, C., Glynn, P.W., D'Croz, L. Mate, J.L., and Colley, S.B. 2001. Bleaching and 
recovery of five eastern pacific corals in an El Nino-related temperature experiment. 
Bulletin of Marine Science 69: 215-236. 

Iglesias-Prieto, R., Matta, J.L., Robins, W.A., and Trench, R.K. 1992. Photosynthetic 
response to elevated temperature in the symbiotic dinoflagellate Symbiodinium 
microadriaticum in culture. Proceedings of the National Academy of Sciences, USA 89: 
10302-10305. 

Jeffrey, S.W. and Humphrey, G.F. 1975. New spectrophotometric equations for determining 
chlorophylls a, b, Cl and c2 in higher plants, algae and natural phytoplankton. Biochemie 
und Physiologie der Pflanzen 167: 191-194. 

Johannes, R.E. and Wiebe, W.J. 1970. A method for determination of coral tissue biomass 
and composition. Limnology Oceanography 21: 540-547. 

Jones, R.J. and Hoegh-Guldberg, 0. 2001. Diurnal changes in the photochemical efficiency of 
the symbiotic dinoflagellates (Dinophyceae) of corals: photoprotection, photo 
inactivation and the relationship to coral bleaching. Plant Cell and Environment 24: 89- 
99. 

Jones, R.J., Hoegh-Guldberg, 0., Larkum, A.W.D., and Schreiber, U. 1998. Temperature 
induced bleaching of corals begins with impairment of the CO2 fixation mechanism in 
zooxanthellae. Plant, Cell and Environment 21: 1219-1230. 

Jones, R.J., Ward, S., Amri, A.Y., and Hoegh-Guldberg, 0. 2000. Changes in quantum 
efficiency of photosystem II of symbiotic dinoflagellates of corals after heat stress, and of 
bleached corals sampled after the 1998 Great Barrier Reef mass bleaching event. Marine 
and Freshwater Research 51: 63-71. 



DIFFERENTIAL BLEACHING AND MORTALITY PATTERNS IN CORALS 135 

l Kleppel, G.S., Dodge, R.E., and Reese, C.J. 1989. Changes in pigmentation associated with 
the bleaching of stony corals. Limnology and Oceanography 34: 1331-1335. 

Lee, H.Y., Chow, W.S., and Hong, Y.N. 1999. Photoinactivation of photosystem II in leaves 
of Capsicum annuum. Physiologia Plantarum 105: 377-384. 

Loh, W., Hidaka, M., Hirose, M., and Titlyanov, E.A. 2002. Genotypic diversity of 
symbiotic dinoflagellates associated with hermatypic corals from a fringing reef at 
Sesoko Island, Okinawa. Galaxea, Japan Coral Reef Society 4: 1-9. 

Loya, Y., Sakai, K., Yamazato, K., Nakano, Y., Sambali, H., and van Woesik, R. 2001. Coral 
bleaching: the winners and the losers. Ecology Letters 4: 122-131. 

Marsh, J.A. 1970. Primary productivity of reef-building calcareous red algae. Ecology 55: 
255-263. 

Marshall, P.A. and Baird, A.H. 2000. Bleaching of corals on the Great Barrier Reef: 
differential susceptibilities among taxa. Coral Reefs 19: 155-163. 

Mcfield, M.D. 1999. Coral response during and after mass bleaching in Belize. Bulletin of 
Marine Science 64: 155-172. 

Perez, S.F., Cook, C.B., and Brooks, W.R. 2001. The role of symbiotic dinoflagellates in the 
temperature-induced bleaching response of the subtropical sea anemone Aiptasia pallida. 
Journal of Experimental Marine Biology and Ecology 256: 1-14. 

Platt, T., Gallegos, C.L., and Harrison, W.G. 1980. Photoinhibition of photosynthesis in 
natural assemblages of marine phytoplankton. Journal of Marine Research 38: 687-701. 

Ralph, P.J., Gademann, R., and Larkum, A.W.D. 2001. Zooxanthellae expelled from bleached 
corals at 33°C are photosynthetically competent. Marine Ecology Progress Series 220: 
163-168. 

Ralph, P.J., Gademann, R., Larkum, A.W.D., and Schreiber, U. 1999. In situ underwater 
measurements of photosynthetic activity of coral zooxanthellae and other reef-dwelling 
dinoflagellate endosymbionts. Marine Ecology Progress Series 180: 139-147. 

Rowan, R., Knowlton, N., Baker, A.C., and Jara, L. 1997. Landscape ecology of algal 
symbionts creates variation in episodes of coral bleaching. Nature 388: 265-269. 

Stimson, J. and Kinzie, RA.III. 1991. The temporal pattern and rate of release of 
zooxanthellae from the reef coral Pocillopora damicornis (Linnaeus) under nitrogen 
enrichment and control conditions. Journal of Experimental Marine Biology and Ecology 
153: 63-74. 

Sugihara, K., lryu, Y., and Nakamori, T. 1999. Coral bleaching, geological ranges, and 
adaptation to high sea surface temperatures. Galaxea, Japan Coral Reef Society 1: 89-95. 

Warner, M.E., Fitt, W.K., and Schmidt, G.W. 1996. The effects of elevated temperature on the 
photosynthetic efficiency of zooxanthellae in hospite from four different species of reef 
coral: a novel approach. Plant, Cell and Environment 19: 291-299. 

Warner, M.E., Fitt, W.K., and Schmidt, G.W. 1999. Damage to photosystem II in symbiotic 
dinoflagellates: a determinant of coral bleaching. Proceedings of the National Academy of 
Sciences, USA 96: 8007-8012. 

Wilkinson, C. 2000. Status of Coral Reefs of the World: 2000. Australian Institute of Marine 
Science and the Global Coral Reef Network, Townsville, Australia, pp. 363. 

Williams, E.H. and Bunkley-Williams, L. 1990. The world-wide coral reef bleaching cycle 
and related sources of coral mortality. Atoll Research Bulletin 335: 1-71. 

I. 

I 
r 

l. 



136 R. BHAGOOLI AND I. Y AKOVLEV A 

Yamazato, K. 1981. A note on the expulsion of zooxanthellae during summer 1980 by the 
Okinawan reef-building corals. Sesoko Marine Laboratory Technical Reports 8: 9-18. 

Yamazato, K. 1999. Coral bleaching in Okinawa, 1980 vs. 1998. Galaxea, Japan Coral Reef 
Society 1: 83-87. 


