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Abstract. Mattan-Moorgawa S, Rughooputh SDDV, Bhagooli R. 2018. Variable PSII functioning and bleaching conditions of tropical
scleractinian corals pre-and post-bleaching event. Ocean Life 1: 1-10. This study compared pre-bleaching and post-bleaching
conditions of eight reef-building corals, Acropora cytherea, Acropora hyacynthus, Acropora muricata, Acropora sp., Pocillopora
damicornis, Pocillopora eydouxi, Galaxea fascicularis and Fungia sp., in terms of visual coloration (non-bleached (NB), pale (P),
partially bleached (PB) and bleached (B)) and chlorophyll fluorescence yield at photosystem Il (PSII)). A total of twenty colonies from
twelve stations along four transects were surveyed at Belle-Mare, Mauritius, from October 2008 to October 2009, and compared to the
CoralWatch Coral Health Chart. PSII functioning, measured as Fv/Fm, were recorded in coral samples using a pulse-amplitude-
modulated (PAM) fluorometer. Physico-chemical parameters (sea surface temperature, dissolved oxygen, salinity and pH) were
recorded in situ. An increase in SST up to 31.4°C in February 2009 triggered the bleaching event observed in May 2009 at the site.
Acroporids showed the first sign of bleaching and paling as from January 2009 when mean SST was at 30°C. Branching coral (P.
eydouxi) and solitary coral (Fungia sp.) exhibited only 15% of their colonies showing paling by April 2009. A. cytherea, A. hyacynthus,
and A. muricata showed varying bleaching conditions [Pale (P), Partially-bleached (PB) and Bleached (B)] at onset of the bleaching
event whilst Acropora sp. showed only a paling of its colonies. Post-bleaching data indicated a differential recovery in visual coloration
and PSII functioning among the corals. P. eydouxi and Fungia sp. showed no bleaching conditions throughout the study. P. damicornis
and G. fascicularis indicated a quick coloration recovery from P to NB after the bleaching event, although their maximum quantum yield
at PSII did not show significant changes in P and NB samples. A. muricata recovered faster than A. hyacynthus and A. cytherea in terms
of PSII functioning. A differential recovery was observed post-bleaching event among the eight coral species, in terms of recovery of
color and PSII functioning. The order of recovery was as follows: massive-like/ solitary corals > branching and semi-bulbous corals >
tabular corals.
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interactions between temperature and light (lglesias-Prieto.

INTRODUCTION

Coral bleaching occurs as a stress response in reef-
building corals exposed to acute short-term stress or to
long-term exposure to environmental stress, from both
natural and anthropogenic sources. Muscatine et al. (1981)
reported that in the symbiotic relationship between coral
host and its symbiont, the host can obtain up to 100% of its
daily carbon requirements from photosynthesis in its
endosymbiont. The coral bleaching process takes place due
to breakdown of the photosynthetic machinery (Photosystem
Il or PSII) of Chlorophyll a (Chl a) of the endosymbiotic
dinoflagellate (Genus Symbiodinium). Breakdown of PSII
and subsequent degradation can lead to loss of pigments
and/or loss of zooxanthellae, leading to subsequent paling
or whitening of corals. The cellular processes and/or
mechanisms for the expulsion of zooxanthellae during
bleaching are still unclear (Baker et al. 2008).

The extent of damage at the level of PSIl in
zooxanthellae symbionts has been attributed to: (i)

1997; Fitt and Warner 1995; Lesser et al. 1996; Warner et
al. 1996; Jones et al. 1998; Brown et al. 2000; Fitt et al.
2001; Bhagooli and Hidaka 2006); (ii) production of
reactive oxygen species (ROS) (Baird et al. 2009); lipid
composition of the symbiont thylakoid membranes that
affects its structural integrity at higher temperatures
(Tchernov et al. 2004); and increased levels of nitric acid
synthase (Trapido-Rosenthal et al. 2005).

Intra-specific and intra-specific differential responses of
scleractinian corals have been reported in a number of
studies (Loya et al. 2001; Brown et al. 2002; Bhagooli and
Hidaka 2003; Visram and Douglas 2007; Sampayo et al.
2008; Louis et al. 2016) and have been attributed to both
dinoflagellate symbiont and animal host. In symbionts,
physiologically distinct lines (or clades) of Symbiodinium
spp. may confer differential thermal thresholds on coral
host. The coral host may also contribute to the differential
response (Baird et al. 2009; Bhagooli et al. 2008; Baird et
al. 2010) in the coral by adopting different ways to reduce
UV and light flux to its symbionts, such as production of
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fluorescent pigments, mycosporine-like amino acids,
antioxidant systems and stress enzymes.

Few ex-situ (Hoegh-Guldberg and Jones 1999; Warner
et al. 1999; Grottoli et al. 2006) and in-situ studies (Warner
et al. 1999; Bhagooli and Hidaka 2003, 2004; Yakovleva
and Hidaka 2004) have reported the mechanisms of
recovery from bleaching in scleractinian corals. Jones and
Yellowlees (1997) reported that algal densities in corals
remain remarkably constant as a result of carefully
regulated control mechanisms such as: pre-mitotic control
of zooxanthellae; growth inhibitory factors or limitation of
algal nutrient supply; post-mitotic control by digestion of
healthy or senescent zooxanthellae; or expulsion of excess
or senescent zooxanthellae. Bleached corals recover their
algal population by division of remaining zooxanthellae
(Jones and Yellowlees 1997) or shifts in symbiont
communities to opportunistic and resilient members of
Clade D (Thornhill et al. 2006; LaJeunesse et al. 2009) or
by symbiotic flexibility which provide corals with a
mechanism to respond to environmental change
(Sylverstein et al. 2012). Space limitation, that is space
availability and symbiont size, determines algal densities in
corals and the constancy of algal density between species,
growth forms, and over depth and geographic range.

Rodrigues et al. (2008) studied the changes in
chlorophyll fluorescence over long term bleaching and
recovery in two Hawaiian coral species, Porites compressa
and Montipora capitata, under controlled ex-situ
conditions. The study reported that zooxanthellae of P.
compressa were more resilient to bleaching and exhibited
faster recovery due to the following factors: host feeding
strategies during recovery from bleaching; zooxanthellae
clade type (Type C15 in P. compressa); and Chl a recovery
by zooxanthellae symbionts.

Van Woesik et al. (2011) revisited the winners and
losers of coral bleaching over a 14-year period. The authors
concluded that short-term winners were the thermally-
tolerant encrusting and massive coral morphologies
(Porites and faviids) and Acropora colonies (smaller than
<5 c¢cm in diameter). Long-term winners were revealed as (i)
thermally tolerant, locally persistent colonies, (ii) remnant
survivors that rapidly regrew, and (iii) regionally persistent
colonies that recruited. McCowan et al. (2012)
hypothesized that in species with polyps that are
physiologically independent, (e.g. massive colonies) only
polyps directly affected by both heat and light respond as
predicted by the photoinhibition model of coral bleaching
of Jones et al. (1998). As a result, bleaching within the
colony is patchy and rates of whole colony mortality are
low, which is a typical response of most massive species.
Moreover, taxa that are highly integrated cannot contain
the damage and rates of whole colony mortality are
therefore high (e.g. Acropora) (McCowan et al. 2012).

The present study was carried out to investigate
recovery of eight species of reef-building corals of
Mauritius following a major single bleaching event
recorded in May 2009 at the lagoon of Belle Mare,
Mauritius (Mattan-Moorgawa et al. 2012). The study aimed
the following: (i) to investigate the bleaching
susceptibilities prior to and the recovery post May 2009

bleaching event; (ii) to assess recovery of coloration in
bleached, partially-bleached, pale and non-bleached
colonies of eight test coral species; (iii) to investigate
recovery of photosynthetic functioning of zooxanthellae in
same coral colonies in terms of maximum quantum yield,
Fv/Fm, at photosystem Il (PSII) using a Pulse-Amplitude-
Modulated fluorometer, and; (iv) to investigate the effect of
physical parameters on bleaching and recovery patterns of
the coral colonies.

MATERIALS AND METHODS

Field work

Four transects of approximately 800m running from
coast to reef were surveyed in the lagoon of Belle Mare,
each comprising 3 stations at near-shore, mid-lagoon and
back-reef habitats. A total of 12 stations with 20 colonies
of eight reef-building coral species were surveyed for an
assessment of bleaching and subsequent recovery over
time. The twenty coral colonies were first tagged in
October 2008 for monitoring of bleaching. After the single
bleaching event recorded in May 2009, the colonies
exhibiting different bleaching conditions [non-bleached
(NB), pale (P), partially bleached (PB) and bleached (B)]
were re-tagged for follow up on the recovery from May to
October 2009. Coral colonies were tagged with fluorescent
tapes for easy identification during the span of the study,
and the tapes were removed after completion of study.

Sample collection and preparation

Colonies of eight reef-building corals,
cytherea, Acropora hyacynthus, Acropora muricata,
Acropora sp., Pocillopora damicornis, Pocillopora
eydouxi, Galaxea fascicularis and Fungia sp., of varying
conditions (partially bleached (PB), pale (P), bleached (B)
and non-bleached (NB) were collected from twenty tagged
colonies at twelve stations at the study site. Non-bleached
(NB) condition indicates that whole colony looks healthy
and normal colour; Pale (P) condition indicates overall
paling of colony; Partially-bleached (PB) condition
indicates colony which exhibits less that 30% bleaching/
whitening; Bleached (B) condition indicates colony which
exhibits >90% bleaching/ whitening. Coral tips of 2-3 cm
were collected and kept in seawater in 250 ml sampling
bottles. Coral samples were brought to laboratory and dark-
adapted to allow the photosynthetic endosymbionts to relax
all their PSII reaction centres before measurement of
maximum quantum yield, Fu/Fm,

Acropora

Chlorophyll a fluorescence measurements

Chlorophyll fluorescence was measured using a
teaching PAM fluorometer. Initial fluorescence (Fo) was
measured by applying pulses of weak red light (< 1 pmol
quanta m2 s') and a saturating pulse (3000 pmol quanta m-
2 51 0.8 s duration) was applied to determine maximal
fluorescence (Fm) when all PSII centres were closed. Ratio
of change in fluorescence (F./Fm) caused by the saturating
pulse to the maximal fluorescence (Fm) in a dark-adapted
sample, is correlated to the maximum quantum vyield of
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PSII and thus represent the PSII functioning (Genty et al.
1989).

In-situ measurements of physical parameters

Temperature (OAKTON pH/mv/°C meter pH300
series) and other physical parameters, namely dissolved
oxygen (Hach Sension 6), salinity and pH (OAKTON
waterproof pH300 series) were measured in situ and
recorded on a monthly basis from May 2009 to October
20009.

Statistical analysis

Mean values and standard deviations were calculated
for the maximum quantum vyield for the four different
conditions (PB, P, B and NB) in the eight species of coral.

RESULTS AND DISCUSSION

Physical parameters

Recorded physical parameters from October 2008 to
October 2009 included average temperature, dissolved
oxygen, salinity and pH values (Figure 1). Mean salinity
varied over the study period with highest mean salinity
recorded in August 2009 at 35.25 %o and lowest at 33.25 %o
recorded in April 2009. Mean dissolved oxygen fluctuated
over the study period with lowest levels (7 mgLt) recorded
in October 2009 and peak levels (20.38 mgL™) in May
2009. Mean pH levels varied slightly over the study period
at an average of 7 with an abnormally lower pH recorded at
8.45 in August 2009. Mean seawater temperature at
sampling stations indicated a seasonal trend with mean
lowest temperatures recorded at 23.9°C in winter month of
September 2009 and mean highest temperatures recorded at
31.4°C in February 2009. There was a gradual increase in
sea surface temperatures from October 2008 (26.6°C) to
February 2009 (31.4°C) after which it decreased gradually
to 27.5°C in May 2009. Lowest mean sea surface
temperatures were recorded in October 2009 at 24.1°C

Percentage bleaching occurrence in sampled colonies
pre-bleaching event

All surveyed coral colonies appeared non-bleached and
healthy over the first three summer months from October
2008 to December 2008. In January 2009, the first cases of
paling (P) and bleaching (B) were recorded in A. muricata
(15%) and Acropora sp. (25%), and in A. cytherea (15%)
and A. hyacynthus (20%) (Figure 2).

All (100%) colonies of Fungia sp. and P. eydouxi were
non-bleached (NB) throughout the study period. Surveyed
colonies of P. damicornis and G. fascicularis showed
100% NB condition from October 2008 until March 2009.
In April 2009, both P. damicornis and G. fascicularis
showed paling (P) for 15% of the colonies, and in May
2009, percentage of colonies showing paling increased up
to 25% in P. damicornis and up to 30% in G. fascicularis.

A. cytherea colonies showed an increasing occurrence
of bleached (B) conditions from January 2009 (0%) to May
2009 (60%). In February 2009, A. cytherea showed all four
visual conditions at 35% NB, 35% P, 15% PB and 15% B,

while in May 2009 it was 25% NB, 15% PB and 60% B in
May 2009 (Figure 2).

A. hyacynthus colonies also showed an increasing
occurrence of bleached (B) conditions from January 2009
(0%) to May 2009 (65%). In February 2009, A. hyacynthus
showed all bleaching conditions at 60% NB, 15% P and
25% B; at 45% NB, 15% PB and 40% B in March 2009; at
40%NB, 15%PB and 45%B in April 2009; and at 20%NB,
15%NB and 65% B in May 2009 (Figure 2).

A. muricata colonies also showed an increasing
occurrence of bleached (B) conditions from January 2009
(0%) to May 2009 (35%). In February 2009, A. muricata
showed all four visual conditions at 25% NB, 50% P and
25% PB, as compared to 25% NB, 15% P, 25% PB and
35%B in May 2009 (Figure 2).

Acropora sp. colonies, on the contrary, showed the
occurrence of only two conditions, NB and P, from January
2009 to May 2009, with no record of PB and P conditions.
Here, the occurrence of P conditions increased from 25% in
January 2009 to 50% in May 2009 (Figure 2).

Post-bleaching conditions of corals/ recovery

The bleaching state / recovery conditions were
investigated in surveyed coral colonies post-bleaching
event in May 2009 until October 2009. Figure 3 shows a
comparison of the bleaching condition in the eight studied
species. Results indicated that all NB coral colonies of the
eight species remained as non-bleached (NB = 1) and in a
healthy state up to October 2009.

All pale (P) colonies recorded in May 2009 in the four
species, namely A. hyacynthus, A. muricata, Acropora sp.,
P. damicornis, and G. fascicularis recovered to the NB
condition in June 2009 continuing this trend until October
2009, to the exception of P colonies of A. cytherea which
remained in the same condition (P = 2) for May-June 2009
and only recovered (NB = 1) as from July 2009.

Moreover, all partially bleached (PB = 3) colonies
recorded in May 2009 for A. muricata recovered to non-
bleached condition (NB = 1) as from June 2009 onwards
indicating a rapid recovery. However, results also indicate
that partially bleached (PB) colonies recorded for A.
cytherea in May 2009 took some time to recover, attaining
recovery (NB = 1) only in August 2009.

All bleached (B) colonies recorded in May 2009 for A.
cytherea, A. hyacynthus and A. muricata showed no
improvement in June 2009 in its bleaching condition, to the
exception of A. muricata which indicated a quick recovery
from bleached (B = 4) to pale condition (P = 2) from May
2009 to June 2009, respectively. All B colonies of A.
muricata gained complete recovery in July 2009. Bleached
colonies recorded for A. cytherea and A. hyacynthus during
the May 2009 bleaching event showed an initial recovery
to PB condition only after a lapse of two months, i.e. in
July 2009. Complete recovery in these two species to non-
bleached (NB = 1) condition occurred in August 2009.

Chlorophyll fluorescence ratio, Fv/Fm

Figure 4 indicated chlorophyll fluorescence ratio of in
hospite zooxanthellae cells from coral samples collected
from tagged coral colonies showing different visual
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conditions, namely non-bleached (NB), pale (P), partially-
bleached (PB) and bleached (B). This was carried out over
6 months following the May 2009 bleaching event.

Results indicated that PSII functioning, Fv/Fm, was
normal at an average of 0.6 in all NB colonies in the eight
studied corals. For all tagged pale (P) colonies, recorded
Fv/Fm values were as high as 0.6 in P. damicornis and G.
fascicularis, and as low as 0.4 in pale (P) colonies of A.
hyacynthus, A. muricata and Acropora sp. over the post-
bleaching months from May 2009 to October 2009. Pale
colonies of P. damicornis and G. fascicularis showed no
significant change in PSII functioning over the post
bleaching months (May 2009 to October 2009). However,
P colonies of A. hyacynthus, A. muricata and Acropora sp.
showed an overall recovery of PSII functioning from May
2009 (Fv/IFm = 0.4) to June 2009 (Fv/Fm = 0.6), July 2009
(Fv/Fm < 0.6) and August 2009 (Fv/Fm = 0.6). This
indicated a slow recovery from late summer 2009 (May) to
early summer 2009 (October). However, among the three
Acroporids, A. muricata showed a faster recovery of its
PSII functioning as compared to A. hyacynthus and
Acropora sp.

For all tagged partially-bleached (PB) colonies for A.
cytherea and A. muricata, recorded Fv/Fm values were as
high as 0.6 and as low as 0.45 during post-bleaching
months May 2009 to October 2009. In fact, in May 2009
bleaching month, PSII functioning was lower in A.
cytherea (Fv/Fm = 0.45) and higher in A. muricata (Fv/Fm
= 0.56). Observations made over June 2009 to October

mean salinity
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2009 indicated a faster recovery of PSII functioning in A.
muricata from 0.56 in May 2009 to 0.6 in early June 2009,
whereas PSII functioning indicated slower recovery in A.
cytherea from 0.45 in May 2009 to 0.6 in October 2009. In
May 2009, only three species of corals exhibited the
bleached (B) condition, namely A. cytherea, A. hyacynthus,
A. muricata. PSII functioning recorded during May 2009 in
bleached (B) colonies were as low as 0.14 in A. cytherea
and A. hyacynthus, and 0.19 recorded in A. muricata. A
gradual recovery of PSII functioning was observed in all
three species post bleaching in May 2009 (Fv/IFm = 0.14-
0.19) to October 2009 (Fv/Fm = 0.6). However, results
indicated that A. muricata recovered fastest in the month of
July 2009 with highest chlorophyll a fluorescence ratio of
0.57 as compared to the other two Acroporids.

Discussion

This study indicated a differential recovery among eight
reef-building corals, in terms of recovery of colour and
recovery of PSII post-May 2009 bleaching event.

Physical parameters

It is observed that an increase of sea surface
temperatures up to a maximum of 31.4°C in February 2009
has triggered the bleaching event in May 2009. Other
physical parameters such as DO, salinity and pH had
insignificant variations over the study period and did not
affect the bleaching and/or recovery in the studied corals.
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Figure 1. Physical parameters measured in situ during Oct 2008-Oct 2009: A. salinity (ppt); B. dissolved oxygen (mgL-1); C: seawater
temperature (°C); D. pH. Data represent mean+SD (n=12 for each month)



MATTAN-MOORGAWA et al. — Pre- and post-bleaching photo-physiology of scleractinian corals from Mauritius 5

October 2008 mNE mPale mPB mB
s 100
g a0
2 80
g 70
3 60
3 50
g 40
§ 30
T 20
@ 10
0 : ‘
@ & ©
‘2’ ‘\5\ & @ & & '@ b°
C\.‘@ ‘\,55\0 é\‘)‘ @Qo bfb@\(' ﬁg,é‘g “\:&\q’ q
3 X
¥ - v W Q! o
Coral Species
December 2008 mNB mPale mPB mB
100
X ap
E 80
g 70
3 60
I
g 50
B 40
= 30
& 20
Q
m 10
0 : : .
2 K & & & o
x\ée’ c\‘§ i\“& e';9 bd‘o\ o@\ 50‘1’& o
oY > < & ¢t & e
N A ’
w k

Coral species

Bleaching occurence, %

Bleaching occurence, %

100
90
80
70
60

40
30
20
10

November 2008 HNEB WPale mPB WB

I

Coral Species

January 2009 mNB mPale HPB HB

Coral species

Figure 2A. Percentage bleaching occurrence (% out of 20 colonies) in the eight studied coral species over one-year study from October

2008 to January 2009

February 2009 HNB HPale HPB HB

Bleaching occurence. %

Coral species

April 2009 HNB mPale MPE HB
100
o 90
& 80
g 70
g
5 60
g 5o
g
< 30
Q
g 20
= 9 I
0 . .
3 g & . & ey . N
& & F S &S
& & & & & & < &
oS s & F @ « '
w \d QU .

Coral species

Bleaching occurence, %

Bleaching occurence, %

March 2009 N mPale mPB WEB

Coral species

May 2009 ENB WPale MPB MB

Coral species

Figure 2B. Percentage bleaching occurrence (% out of 20 colonies) in the eight studied coral species over one-year study from February

2009 to May 2009



OCEAN LIFE 2 (1): 1-10, June 2018

4
3
on
£
=
5]
o
@
oM
"‘6 2
wv
=]
=
]
-
“
1 i

09-May

09-Jun | 09-Jul
MB=1

09-Aug | 09-Oct | 09-May| 09-Jun | 09-Jul

p=2

Study months

W A.cytherea  WA. hyacynthus  WA. muricata  BAcropora sp.

09-Aug | 09-Oct 09-May| 09-Jun ‘ 09-ul |09—Aug|09-0ct 09-May | 09-lun | 09-Jul

PB=3

WP damicornis

09-Aug | 09-Oct

B=4

W G. fascicularis W Fungiasp. W P. eydouxi

Figure 3. Percentage bleaching occurrence (% out of 20 colonies) in the eight studied coral species over one-year study period October

2008 to May 2009
A WA. cytherea WA, hyacynthus WA, muricata W Acropora sp. B .A":Vr""f”’”. .’L‘f'h)"”?)"”rf”fs lA.muln‘mm .AC’“"”mf‘"
e damicornis WG, fascicularis  WFungia sp. WP eydouxi WP damicornis WG fuscicularls WFungla sp. WP eydousi
0,7 ~ 0,7 1
0,6 0,6
0,5 0,5 A
£ £
= 04 - > 04
= e
('S
0,3 A 0,3
0,2 0,2
0,1 0,1 A
0 + 0
Mei-09  Jun-09  Jul-09  Agt-09  Sep-09  Okt-09 Mei-09  Jun-09  Jul-09  Agt-09  Sep-09  Okt-09
Months Months
Cc WA, cytherea WA, hyacynthus WA, muricata WAcropora sp. D WA cytherea m A hyacynthus  mA. muricata W Acroporasp.
W P.damicornis  WG. fascicularis  WFungia sp. WP, eydouxi WP damicornis WG fascicularis  BFungia sp. WP eydouxi
0,7 0,7
0,6 0,6
0,5 0,5 4
E
< 04 A £ 04
= -~
b Z
0,3 A 0,3 4
0,2 0,2 4
0,1 - 01 4
0 : : . 0 T T T
Mei-09  Jun-09  Jul-09 Agt-09  Sep-09  Okt-09 Mei-09  Jun-09  Jul-09  Agt-09  Sep-09  Okt-09
Months Months

Figure 4. Post-bleaching recovery and PSII functioning (Fv/Fm) among the four different conditions of the surveyed eight coral species:
A. non-bleached (NB); B. pale (P); C. partially-bleached (PB); C. bleached (B)



MATTAN-MOORGAWA et al. — Pre- and post-bleaching photo-physiology of scleractinian corals from Mauritius 7

Percentage bleaching occurrence in sampled coral species
pre-bleaching event

Paling and bleaching signs were observed in the
Acroporids as from January 2009 when mean sea surface
temperatures rose above 30 °C, which may have been an
onset of the bleaching event down the line in May 2009.
This result also suggests a pre-disposition or susceptibility
of the Acroporids to elevated sea surface temperatures.).
Past studies have highlighted the importance of coral
growth and morphology as a contributory factor in the
susceptibility and mortality of scleractinian corals to
bleaching (Brown and Suharsono 1990; McClanahan 2000;
Nakamura and van Woesik 2001; Baird and Marshall 2002;
Riegl 2002; Jones 2008; McCowan et al. 2012). Families of
corals that are mostly characterised by branching growth
forms (e.g. Acroporidae and Pocilloporidae) are considered
to be most susceptible to bleaching and experience highest
rates of mortality once bleached (Baird and Marshall 2002;
Jones 2008). Families of corals that typically have massive
morphologies (e.g. Faviidae, Mussidae, and Poritidae)
appear fairly resistant to increasing temperature and are
among the last to bleach. They more frequently experience
partial mortality rather than whole colony mortality (Brown
and Suharsono 1990; McClanahan 2000; Baird and
Marshall 2002; Riegl 2002). McCowan et al. (2012)
reported that overall patterns of bleaching susceptibility
were significantly different among coral growth forms,
whereby branching, columnar and tabular corals have
greater susceptibility and mortality than massive,
submassive, encrusting and free-living corals. Nakamura
and van Woesik (2001) reported that flatter and smaller
corals have a greater capacity to remove potentially
deleterious superoxides and other oxygen radicals,
compared to more erect and branching forms. This may
explain observations of the present study whereby
Acroporids (tabular and branching) tend to be thermally
most susceptible and show different bleaching conditions
(paling, partial bleaching and complete bleaching) at the
onset of a bleaching event. Massive coral (P. eydouxi) and
solitary coral (Fungia sp.) were thermally most robust
among the eight studied corals, with only 15% of their
colonies showing paling in April 2009 prior to the
bleaching event.

Interestingly, the results of this study also indicate a
differential susceptibility among Acroporids themselves,
with A. cytherea, A. hyacynthus, and A. muricata showing
varying bleaching conditions (P, PB and B) at onset of the
bleaching event and Acropora sp. showing relatively lower
susceptibility/ higher robustness in terms of bleaching
conditions, observed only as paling of coral colonies. This
differential susceptibility among Acroporids have been
explained by the following factors in other studies:
variations in morphology (Loya et al. 2001; McCowan et
al. 2012); inherent differences in growth rates (Baird and
Marshall ~ 2002); thermal tolerances of photo-
endosymbionts in terms of damage at PSIl (Bhagooli and
Hidaka 2003; Berkelmans and van Oppen 2006; Bhagooli
2009; Oliver and Palumbi 2011) and/or inhibition of
Calvin-Benson cycle (Jones et al. 1998; Bhagooli 2013) ;
tissue thickness and/or marked differences in colony size

and age (Loya et al. 2001); differential susceptibility and
adaptive mechanisms of coral host (Baird et al. 2009); and
combined physiology of coral symbiont and coral host
forming the holobiont (Sampayo et al. 2008). Bhagooli
(2012) also reported that zooxanthellae density of > 0.5, ~
0.2, ~ 0.1 and < 0.02 x 10° cells cm™2 represented bleaching
severity of 0, 50, 75 and > 90 %, respectively. Horizontal
branches of A. muricata were more susceptible to
bleaching than wvertical ones indicating solar bleaching
(Bhagooli 2012). Stemming from the above, the differential
susceptibility among the Acroporids observed in this study
could be explained by variations in morphology and
thermal tolerances of endosymbiotic dinoflaggelates.

Post bleaching recovery and PSII functioning among
studied corals

Bleaching state/ recovery conditions were investigated
in surveyed coral colonies post-bleaching event in May
2009 until October 2009. During that period, all NB
colonies exhibited normal colour and normal chlorophyll a
fluorescence ratio (Fv/Fm = 0.6) Results also indicated a
quick recovery in June 2009 of 100% of P colonies of A.
hyacynthus, A. muricata, A. sp., P. damicornis, and G.
fascicularis to NB condition, to the exception of A.
cytherea which took slightly longer to recover. Moreover,
all PB colonies recorded in May 2009 for A. muricata
recovered to NB as from June 2009 onwards indicating a
rapid recovery, to the exception of PB colonies of A.
cytherea recorded in May 2009 which underwent a slower
recovery to NB in August 2009. Similarly, 100% of B
colonies of A. muricata recorded in May 2009 achieved
quicker recovery to NB in July 2009, as compared to B
colonies for A. cytherea, A. hyacynthus and A. muricata
which showed no complete recovery until the month of
August 2009.

The above observations suggest that tabular corals A.
cytherea were more affected by bleaching event and thus
took longer to recover. When this observation is tallied by
PSII functioning data (Figure 4), it is deduced that recovery
of visual condition from P to NB also involved a recovery
of PSII functioning. This observation strongly suggests that
recovery of visual appearance/colour of coral may be
linked to a recovery of PSII functioning in zooxanthellae.
Rodrigues et al. (2008) have demonstrated that M. capitata
bleached six days earlier than P. compressa, and that PSII
repair recovered 6.5 months earlier in the latter than in M.
capitata. The authors suggested that zooxanthellae of P.
compressa were more resilient to bleaching stress. In this
study, it is to be noted that P colonies of P. damicornis and
G. fascicularis, although pale in appearance, showed no
remarkable change or improvement in PSII functioning,
suggesting that paling may have involved loss of pigments
rather than damage to PSII functioning of Chl a of
zooxanthellae symbionts in these two species of
scleractinian corals. This observation may be explained by
the fact that flatter and smaller corals have a greater
capacity to remove potentially deleterious superoxides and
other oxygen radicals, compared to more erect and
branching forms (Nakamura and van Woesik 2001).
Bhagooli and Yakovleva (2004) also demonstrated
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bleaching susceptibility and mortality in massive coral
Platygyra ryukyuensis (no mortality) and Seriatopora
caliendrum (100% mortality) after exposure to thermal
stress.

When comparing bleaching conditions/ visual status/
coloration of PB and B corals with their PSII functioning
data, it is noted that that recovery from B to PB, PB to P
and P to NB conditions normally involved an improvement
of PSII functioning of photosynthetic apparatus of coral
symbionts. In PB and B samples, A. muricata normally
exhibited higher Fv/Fm values as compared to other two
Acroporids, A. cytherea and A. hyacynthus, showing a
faster recovery of functioning of Chl a in its zooxanthellar
symbionts in the months of June and July 2009. All P, PB
and B samples in this study gained in coloration by October
2009, at same time showing an improvement in PSII
functioning.

The results indicated that recovery of zooxanthellae Chl
a fluorescence, i.e. PSII functioning (to Fv/Fm = 0.6)
varied among the studied corals within days and/or months,
with some recovering faster (A. muricata and A. sp.) and
others recovering much slower (A. cytherea and A.
hyacynthus). Although showing a loss of coloration (visual
paling) during the bleaching event and subsequent gain of
coloration (visual non-bleaching) post-bleaching event, P.
damicornis and G. fascicularis showed no remarkable
changes in fluorescence quantum yield during and post-
bleaching event. Higher bleaching susceptibility in A.
cytherea and A. hyacynthus, and their slower recovery in
terms of PSII functioning was also observed. Jones and
Yellowlees (1997) have reported the manner by which a
bleached colony of a staghorn coral, Acropora formosa
(Dana 1846), now Acropora muricata, recovered its algal
symbionts after a major bleaching event and the processes
involved in its algal regulation and control. The authors
suggested that algal cell size in their study appeared
invariant of seasonal change, zooxanthellae density, chl a
concentration and division frequency. If algal size can be
determined by host or external light conditions or nutrient
supply, then it may ultimately determine the whole nature
of the association.

Differential post-bleaching recovery among studied
species may suggest a chronic photoinhibition, also
indicating that photodamage may have affected the
structures and functions of PSII in these species ((Jones
and Hoegh-Guldberg 2001). Mechanisms of recovery can
be explained by the following: elevated Chl a per
zooxanthellae (Rodrigues et al. 2008); an increase in
mitotic index and therefore number of zooxanthellae cells
(Bhagooli 2012a); zooxanthellar density in terms of
zooxanthellae reproduction and zooxanthellae release rates
from bleached hosts (Jones and Yellowlees 1997); space
availability and size of algal symbionts (Jones and
Yellowlees 1997); repair of donor side of PSII (Rodrigues
et al. 2008); reduced metabolic rates (decreased net
photosynthesis and coral plus zooxanthellae respiration)
(Rodrigues and Grottoli 2007); zooxanthellae clade types
(Baker et al. 2004; Mc Clanahan et al. 2005);
morphological variability on surface skeleton of host as a
means for photoprotection (Bhagooli 2012b); and host’s

strategies during recovery, for example, stored energy
reserves and photosynthetically acquired carbon and/or
heterophically acquired carbon by host feeding when
photosynthesis is not available by the symbionts
(Rodrigues et al. 2008); nutrient limitations for
zooxanthellae growth (Jones and Yellowlees 1997). Also,
the activity at one or more other levels within the
chloroplast (i.e. electron transport, photosystem I, ATP
synthase, or carbon fixation) may differ between
zooxanthellae types and coral species, and account for
visible differences in bleaching and recovery (Smith et al.
2006; Tchernov et al. 2004). Resilience of zooxanthellae
symbiont and/or resilience of coral host are also important
in determining rate of recovery (Rodrigues et al. 2008).
Anthony et al. (2009) reported that survival following
bleaching was also strongly influenced by remaining lipid
reserves, rates of heterotrophy, and rates of photopigment
(or symbiont) recovery. However, these factors were not
measured within this study, and provide an opportunity for
further investigation to look into effect of zooxanthellae
size, density, clades and gene expression in both coral
animal host and Symbiodinium (Louis et al. 2017). The
observations made in this study might also be compared to
a non-bleaching year.

In conclusion, the results of the study highlight a
differential recovery among eight studied species of reef-
building corals, in terms of recovery of colour (visual
condition) and recovery of the PSIl functioning of
zooxanthellae endosymbionts, post-May 2009 bleaching
event. The order of recovery was as follows: Massive-like/
solitary corals > Branching and semi-bulbous corals >
tabular corals. Rate of recovery was fastest in P.
damicornis and G. fascicularis, followed by Acropora sp.,
and lastly by A. cytherea and A. hyacynthus. Normally, a
recovery in bleaching condition, i.e. gain in coloration from
B to PB, PB to P and P to NB, also indicated a recovery of
PSII functioning n coral to the exception of P. damicornis
and G. fascicularis.
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