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ABSTRACT: Seasonal variation in the composition of the algal endosymbiont community and photo­
physiology was determined in the corals Pocillopora damicornis, which show high local fidelity to one 
symbiont type (Symbiodinium Cl), and Acropora valida, with a mixed Symbiodinium symbiont com­
munity, comprising members of both clades A and C. The relative abundances of Symbiodinium types 
varied over time. A significant decline in symbiont densities in both coral species during the summer of 
2005 coincided with a NOAA 'hotspot' warning for Heron Island. This also coincided with a relative in­
crease in the presence and dominance of clade A in A. valida, particularly in sun-adapted surfaces. 
The effective quantum yield of Photosystem II (<Pps11) suggested that sun-adapted surfaces of P. dami­
cornis are more sensitive than shade-adapted surfaces to combined effects of higher temperature and 
irradiance in summer. Xanthophyll cycling was greater in P. damicornis than A. valid a, irrespective of 
branch position and sampling time; this may be a mechanism by which P. damicornis compensates for 
its fidelity to Symbiodinium Ct. Furthermore, xanthophyll de-epoxidation in P. damicornis symbionts 
was greater in sun-adapted than shade-adapted surfaces, correlating with non-photochemical 
quenching (NPQRLc). No variation was found in A. valida, indicating that resident symbiont com­
munities may not have been physiologically compromised, perhaps as a result of changes in the 
composition of the Symbiodinium community consortia. 
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INTRODUCTION 

Symbiotic algae of the genus Symbiodiniwn (zoo­
xanthellae) are genetically diverse and are thought to 
play an important role in the acclimatisation and/or 
adaptation of corals to changes in the environment 
(Baker 2003). The relative abundances of genetically 
different Symbiodinium types forming heterogeneous 
symbiont consortia in corals may change over time 
scales of months, seasons and years (e.g. Toller et al. 
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2001, Little et al. 2004, Berkelmans & van Oppen 2006, 
Thornhill et al. 2006) in response to changes or distur­
bances in the environment (Toller et a1. 2001, Berkel­
marrs & van Oppen 2006). Genetically different types 
of Symbiodinium also exhibit distinct physiologies, 
some of which may mHigate the effects of coral 
bleaching conditions (Rowan 2004). 

Evidence of different physiologies was initially 
sought among Symbiodinium ex symbio (Chang et a1. 
1983, Iglesias-Prieta & Trench 1994). However, incon-
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sistencies between phylogenetic and physiological 
attributes (Savage et a!. 2002b, Tchernov et a!. 2004, 
Robison & Warner 2006), and between physiological 
responses of isolated versus in hospite Symbiodinium 
(Bhagooli & Hidaka 2003, Goulet et a!. 2005) suggest 
that the coral host, at least in part, determines the 
fitness of the holobiont. The photo-physiological 
response of Symbiodinium is influenced by photo­
protective agents such as antioxidant enzymes (e.g. 
Lesser & Shick 1989) and heat-dissipating pigments 
(Ambarsari et al. 1997) as well as host-associated fluo­
rescent pigments that scatter and fluoresce light [Salih 
et al. 2000). Photosynthetic processes of Symbiodinium 
are also influenced by their local irradiance regime, 
which is controlled by water depth and light scattering 
properties of coral tissues (Enriquez et al. 2005). Thus, 
photo-physiological differences have been documented 
between sun- and shade-adapted colonies (Falkowski 
& Dubinsky 1981, Porter et al. 1984, Gorbunov et al. 
2001), between sun- and shade-adapted surfaces of 
individual colonies (Jones et al. 1998, Ralph et al. 
2005), and between polyp and coenosarc tissues (Kiihl 
et a!. 1995, Ralph et a!. 2002, 2005, Hill et a!. 2004b, 
Ulstrup eta!. 2006b). 

The photo-protective process of excess excitation 
energy dissipation away from the photosynthetic appa­
ratus (non-photochemical quenching, NPQ) is usually 
enhanced by high irradiance exposure (Warner et al. 
1996, Gorbunov et al. 2001, Warner & Berry-Lowe 
2006). The formation of diatoxanthin (Dt) by de­
epoxidation of diadinoxanthin (Dn) is one of the dissi­
pation pathways that is also thought to be important for 
the scavenging of reactive oxygen species (Ambarsari 
et al. 1997, Lesser et al. 2000, Brown et al. 2002, Venn 
et al. 2006, Warner & Berry-Lowe 2006). We studied 
the effect of seasonal acclimatisation on the propor­
tion of xanthophyll cycling (Dli(Dn + Dt)) in coral sym­
bionts at low irradiances as a proxy for dissipation 
capacity. 

Photo-acclimatisation of Symbiodinium operates on 
a variety of time scales and by different mechanisms. 
At high irradiances, coral polyps use behavioural 
mechanisms such as tissue retraction for shade (Brown 
et al. 2002), or tissue expansion to increase the surface 
area for solute exchange, which may alleviate poten­
tial carbon limitation and excess oxygen levels in the 
tissue (Levy et al. 2006). Diurnal (Brown et al. 1999a, 
Jones & Hoegh-Guldberg 2001, Levy eta!. 2004, Hill & 
Ralph 2005) and seasonal changes in irradiance 
(Brown eta!. 1999b, Fitt eta!. 2000, Warner eta!. 2002) 
as well as temperature cause modulation of symbiont 
photosynthesis that affects photochemical efficiency. 
Also, Symbiodinium cell density is inversely corre­
lated to seasonal increases in light and temperature 
(Fagoonee et al. 1999, Fitt eta!. 2000). Finally, tempo-

ral patterns of symbiont population density, pigment 
content and photochemical efficiency related to sea­
sonal changes in environmental conditions may also be 
partially due to changes in the phylogenetic composi­
tion of symbiotic communities associated with corals 
(Fitt eta!. 2000, Warner eta!. 2002, Baker 2003). 

There have been few long-term studies of genetic 
flexibility (Goulet & Coffroth 2003, Thornhill et a!. 
2006) and photo-physiological variation (Brown et al. 
1999b, Fitt eta!. 2000, Warner eta!. 2002) of symbiont 
communities in hospite, and to our knowledge, never 
in combination. We report the intra-colony variability 
of physiological responses and Symbiodinium compo­
sition in Pocillopora damicornis and Acropora valida 
monitored twice yearly for 3 yr at Heron Island in the 
southern section of the Great Barrier Reef, Australia. 

MATERIALS AND METHODS 

Pocillopora damicornis (Linnaeus) and Acropora val­
ida (Dana) colonies were collected twice yearly over a 
1 wk period in the austral summer (January) and win­
ter (July) of 3 consecutive years (2004-2006) in the 
Heron Island lagoon (23" 26.6' S, 151" 54.7' E). Sea sur­
face (1 to 3 m) temperature at Heron Island was 
obtained from the daily monitoring program at Heron 
Island Research Station between January 2004 and 
August 2006. A spirit thermometer was used to record 
the minimum and maximum daily temperature over 
the previous 24 h. The maximum temperature ob­
served each day was used to map the thermal variation 
for the duration of this study (see Fig. 1). 

Corals were collected haphazardly at <3m depth in 
the afternoon in each season in a localised area of 
-0.5 ha adjacent to Heron Island Research Station. 
Pocillopora damicornis is very abundant in the lagoon 
area in front of the station; Acropora valida is less 
abundant. Collections of A. valida were therefore 
limited to a small number of colonies (<15), most of 
which would have been re-sampled between years. An 
upward-facing branch (sun-adapted) and a basal 
(shade-adapted) branch of individual fragments of 
each of 10 colonies were sub-sampled for each of the 
following analyses: rapid light curve (RLC), fast in­
duction curve [FIC), symbiont density, xanthophyll 
pigmentation and genetic identification of symbiont 
communities. All measurements were examined after 
dusk on the day of collection following a minimum of 
1 to 2 h of acclimation to irradiances between 25 and 
35 pmol photons m-2 s-1 provided by a flood light cali­
brated to a quantum irradiance meter (LI -190 cosine 
corrected, Li-Cor). This low illumination was intended 
to keep the photosynthetic apparatus active and pre­
vent any dark-induced reduction of the electron trans-
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port chain via chlororespiration (Garab et al. 1989, 
Peltier & Cournac 2002, Beardall & Quigg 2003), which 
has been shown to be active in corals (Jones & Hoegh­
Guldberg 2001, Ulstrup et al. 2005). 

PAM fluorescence measurements of Photosystem II. 
An RLC with 10 s intervals between 9 irradiance steps 
was performed by placing a 6 mm fibre-optic cable fit­
ted to a Diving-PAM (Pulse-Amplitude-Modulation) 
(Walz; settings for the PAM: Gain = 2, Damping = 2) 
adjacent to the coral, approximately 3 em from the tip 
of a branch. The Diving-PAM employs 3ps pulses from 
a red light-emitting diode (LED) with a peak emission 
at 650 nm as the measuring light (0.15 pmol photons 
m-2 s-1). Saturation pulses were of >4500 pmol photons 
m-2 s-1 for 0.8 s. Chl a fluorescence was detected at 
wavelengths > 710 run. The basic parameters mea­
sured were F1 (the fluorescence yield in the light at 
timet) and Fm' (the maximum fluorescence yield in the 
light induced by a saturating flash of light). From these 
parameters, the effective quantum yield of Photosys­
tem II (<l>psn = [Fm' -FtJIFm') and relative electron trans­
port rate (rETR = [Fm'- Ft}!Fm' X PAR) were derived, 
where PAR is the photosynthetically active radiation in 
pmol photons m-2 s-1

. RLCs (rETR measured over a 
range of irradiances between 0 and 1800 pmol m-2 s-1) 

were subsequently fitted to the formula of Platt et al. 
(1980), whereby quantitative parameters of maximum 
relative electron transport rate (rETRmax), a (light utili­
sation coefficient) and Ek (minimum saturating irradi­
ance) were calculated. The highest <l>psn ([Fm'- F1]/Fm'l 
was derived from the first measure of the RLCs in 
light (25 to 35 p.mol photons m-2 s-1). Finally, non­
photochemical quenching (NPQ = (Fm- Fm']/Fm'l was 
calculated for irradiances between 800 and 1000 pmol 
photons m-2 s-1 for each RLC (NPQRLclr depending on 
sampling season. The actinic light intensities of the 
Diving-PAM were calibrated before each sampling 
period. The irradiance settings for each season were 
chosen to approximate each other. The individual irra­
diance steps, however, could not be replicated be­
tween seasons due to possible decay of the battery, 
probe and LEDs of the Diving-PAM. 

Fast induction kinetics of Photosystem II. Upon 
completion of an RLC, a FIC was measured using the 
Plant Efficiency Analyser (PEA) (Hansatech, Instru­
ments) after 5 min of dark-acclimation in a purpose­
built chamber (Hill et al. 2004b). Fast induction kinet­
ics provide detailed information on the photochemical 
state of PSII, as well as the plastoquinone (PQ) pool 
(Gov:indjee 1995, Hill et al. 2004a). The array of 6 red 
LEDs {peak wavelength 650 nm) produced the saturat­
ing irradiance (3200 pmol photons m-2 s- 1) focusing on 
an area 4 mm in diameter approximately 3 em from the 
tip of the branch. A P!N-photodiode (shielded by a 
long-pass filter > 720 run) detected the fluorescence 

signal from the in hospite symbionts. The fluorescence 
signal was obtained over 2 sand recorded every 10 ps 
for the first 2 ms, every 1 ms for the first 1 s of sampling, 
and every 100 ms thereafter. The base fluorescence 
(F0 ) was measured at 0.05 ms (0 step), the J step at 
1.5 ms, the I step at 50 ms and the P step (Fml was 
recorded as the maximum fluorescence was reached at 
the end of the 2000 ms sampling period. The amplitude 
of each step along the FICs was plotted for the 2 coral 
species for sun- and shade-adapted coral surfaces (see 
Fig. 5). Maximum quantum yield IFviFm ~ IFm- FoJ!Fm) 
was calculated from the 0 step (at 50 ps) and P step 
(maximum fluorescence), which are equivalent to F0 

and Fm, respectively (see Fig. 4). Fv!Fm was also deter­
mined the following morning prior to sunrise. 

The OJIP transient (nomenclature of Strasser et al. 
1995) can be divided into 2 phases, the fast rise from 
the minimmn fluorescence (0) to J and onwards to the 
intermediate I step, and a slower rise to the P step (Hill 
et al. 2004a). The rise in fluorescence from 0 to J cor­
responds to the reduction of the PSII primary electron 
acceptor QA to oA- (Strasser et al. 1995, Ulstrup et al. 
2005). Following the J step, further reduction of QA 
and, subsequently, QB (secondary electron acceptor 
of PSII) occurs up until the I step (Strasser et al. 1995, 
Srivastava et al. 1997). The final component of the 
fluorescence rise to the P step is ascribed to the filling 
of the PQ pool (Lavorel & Etienne 1977, Lazar 2006), 
which takes approximately 2 s in corals (Hill & Ralph 
2005, Ulstrup et al. 2005). 

Molecular methods. A -30 mm length coral piece 
was fixed in 95% ethanol for later sample processing to 
genetically identify the resident symbiont community. 
The DNA of preserved coral samples (N = 240) was 
extracted using the DNeasyTM Tissue Kit (Qiagen). 
Single-stranded conformation polymorphism (SSCP) 
and sequence analysis of the rDNA ITS1 region were 
used as markers for identification (van Oppen et al. 
2001); PCR and gel conditions are described in Ulstrup 
& van Oppen (2003). Where the ITS! PCR protocol 
failed to amplify (-10% of samples), LSU (large sub­
unit) was amplified using the protocol specified in van 
Oppen et al. (2001) with the assumption that the 2 
primers have equal affinities for the different Symbio­
dinium types amplified. LSU resolves Symbiodinimn 
types to sub-clade levels Cl and C2 (sensu van Oppen 
et a1. 2001). Ten pl of PCR product were combined with 
10 pl of RFLP ruix (0.3 Jll Taql (10 units Jll- 1

), 2 Jll !Ox 
restriction buffer (Fermentas) and 7. 7 pl dH20). Restric­
tion digests were analysed by running an aliquot (5pl) 
on a 2% TAE-agarose gel (1 h, 80 V) stained with 
ethidium bromide, and representatives of disparate 
profiles were sequenced (Macrogen). Finally, sequences 
were compared to those stored in GenBank (available 
at: wv..rw.ncbi.nlm.nih.gov). 
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Symbiont cell determination. The densities of sym­
bionts were determined as number of cells cm-2• Coral 
tissue was stripped from an approximately 3 em long 
branch using an air-gun and submerged in 1 pm­
filtered seawater. Symbiont cell densities in 10 rnl 
aliquots were determined from the average of 8 repli­
cate haemocytometer counts, standardised to the 
liquid volume in which they were extracted and related 
to the coral surface area using the wax weight method 
(Stimson & Kinzie 1991) for triplicate samples. The 
regression relationship was determined empirically 
using acrylic cylinders with a range of known surface 
areas (r2 = 0.998). 

Symbiont xanthophyll determination. The relative 
proportions of Dt to the total xanthophyll pool (Dt + Dn) 
were determined using reverse-phase high perfor­
mance liquid chromatography (HPLC). Upon comple­
tion of chl a fluorescence measurements of PSII, ap­
proximately 3 em long sun- and shade-adapted branches 
from each colony collected were snap frozen in liquid 
nitrogen and placed in a freezer at ~80°C until further 
analysis. Coral tissue (including symbionts) was re­
moved from each branch using sonication and sub­
sequently spun at 5000 x g for 10 min. Resulting pellets 
were extracted in 2 ml acetone and vortexed for 30 s. 
The extract was spun using high-speed centrifugation 
(10 000 x g) for 5 min, and the clarified supernatant eX­
tract (150 Jil) was loaded into the autosampler for imme­
diate injection onto a Phenomenex C18 column (5 pm 
particle size, 250 X 4.6 mm) at room temperature (21 °C). 
All samples were prepared under low light. 

Analyses were performed on a PC-interfaced HPLC 
system (Shimadzu). System control, data collection and 
integration were performed using Class-VP v. 6 Shi­
madzu 2002 software. Pigments were separated using 
a binary mobile phase system (60/40 [w/v] methanol/ 
1.0 M ammonium acetate: 95% methanol) over 10 min 
followed by an isocratic hold at 95% methanol for 
30 min. Flow rate was constant at 1 ml min-1. Dt and Dn 
were detected using a photodiode array (PDA) detec­
tor and pigments were identified by spectral recogni­
tion (Jeffrey et al. 1997). Absorbance chromatograms 
were extracted at 440 nm. The xanthophyll ratio was 
calculated as the ratio of area of the peak correspond­
ing to Dt to the peak area of Dt + Dn. 

Statistical analyses. Coral specimens (n = 10) of 
Pocillopora damicornis and Acropora valida were col­
lected in the summer and winter of 2004, 2005 and 
2006. Changes in photo-physiological parameters and 
symbiont cell densities among sampling times (sea­
sons, years) and positions (sun- and shade-adapted 
surfaces) were assessed by repeated measures 
ANOVAs. Each species was analysed separately, year 
was treated as a within-subject factor, and season and 
position as between-subject factors. Where ANOVA 

determined a significant difference, Box's test of 
equality of covariance matrices was used to test the 
homogeneity of variances across groups. Where the 
assumption of homogeneity was violated, the data 
were log10-transformed. When this transformation 
failed to produce homoscedasticity, significant differ­
ences indicated by the test were accepted if p < 0.01. 
The assumption of sphericity was tested and, if vio­
lated, the Greenhouse-Geisser adjustment was per­
formed (Quinn & Keough 2002). Post-hoc comparisons 
of means for significant factors and interactions were 
carried out using Tukey's HSD tests. Parameters 
analysed were Fv!Fm, <Ppsn. descriptive parameters of 
fitted RLC curves (rETRrnilx' a and Ek), descriptive para­
meters of F!Cs (0, J, I, and P), NPQRLC• symbiont cell 
density and Dt/(Dn + Dt). In the case of Fv!Fm derived 
from FICs, each sun- and shade-adapted surface of 
each species was also analysed separately, year was 
treated as within-subject factor, and season and time 
(dusk and dawn} as between subject factors. Statistical 
significance of the ANOVAs was accepted at p < 0.05. 
All analyses were performed with STATISTICA v. 7.1 
software (SysSoft). 

RESULTS 

Measurements of temperature 

Fig. 1 shows the maximum temperature regime 
observed in the Heron Island lagoon where corals 
were collected between January 2004 and July 2006. 
Although coral paling was observed during the sum­
mer in all years of this study, Heron Island was co­
nsidered a coral bleaching 'hotspot' (Gareau & Hayes 
1994) only in the summer of 2005. In the lagoon, 
bleaching was manifested as greater-than-normal pal­
ing of branching corals, but no mortality was observed 
at the time of collection. 

Quantum yields 

The Wpsn (derived from the first measure of the RLCs 
in light at 25 to 35rmol photons m-2 s-1

) and the FviFm 
(measured with the PEA) were greater on shade­
adapted surfaces than in sun-adapted surfaces of 
Pocillopora damicornis ((llps11 : F 1, 36 = 65.91, p < 0.001; 
Fv/Fm: F 1, 36 = 88.10, p < 0.001; Figs. 2a & 3a). Signifi­
cant interactions were observed between effects of 
season and position on <Ilpsu (F1, 36 = 20.97, p < 0.001) for 
P. damicornis, suggesting that the branch orientation 
influenced the variation betv.;een seasons. 

Sun-adapted surfaces of Acropora valida had lower 
FviFm than shade-adapted surfaces (F1, 36 = 17.81, p < 
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Fig. 1. {a) Pocillopora damicornis and (b) Acropora valida. 
Maximum daily seawater temperatures (e) at Heron Island 
and symbiont cell densities of corals in sun- (white bars) and 
shade-adapted surfaces {hatched bars) of colonies. Means + 

SE, n"' 10 

0.8 

- 0.7 

'" n. 
B 
<:i 0.6 a; 
'5', 

E 
:J 0.5 -c 

"' :J 
CT 

" 0.7 > u 
" "' w 0.6 

a 

b 

Poci/lopora damicornis 

Acropora valida 

Jan 04 Jul 04 Jan 05 Jul 05 Jan 06 Jul 06 

Date 

Fig. 2. (a) Pocillopora damicornis and (b) Acropora valida. 
Effective quantum yield (c:l>psnl measured for corals under 
quasi-darkness conditions in sun- (0) and shade-adapted 
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0.001, Fig. 3b), whereas there was no intra-colony 
differentiation in <l>psn (Fig. 2b). Fv!Fm in summer 
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and 2006 than in 2005 (Fz. 72 = 10.19, p < 0.001, 
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The differences between dusk and dawn measure­
ments of FviFm for sun- and shade-adapted surfaces, 
respectively, were also tested. Shade-adapted surfaces 
of Pocillopora damicornis yielded higher FvfFm values 
at dusk than at dawn (F1, 36 = 26.92, p < 0.001, Fig. 3). 

Descriptive parameters of fitted rapid light curves 

The descriptive parameters of fitted RLCs revealed 
lower rETRmax in shade-adapted than in sun-adapted 
surfaces of Pocillopora damicornis (F1, 36 = 14.30, p < 
0.001) and Acropora valida (F1, 36 = 25.14, p < 0.001) 

Table 1. Pocillopora damicornis and Acropora valida. Quanti­
tative parameters derived from fitted rapid light curves as a 
function of PAR. Variable chl a fluorescence: rETRmax (maxi­
mum relative electron transport rate, a.u. [arbitrary units]), 
a (light utilisation coefficient), Ek (minimum saturating irradi~ 
ance, ~ol photons m-2 s- 1); values are for sun~ (Sun) and 
shade-adapted {Shade) corals in summer and winter over 3 

consecutive years. Means± SE, n = 10 

rETRmax a E, 

P. damicornis 
2004 

Summer Sun 114±6 0.75 ± 0.03 155 ± 12 
Shade 87 ± 5 0.66 ± 0.03 134 ± 9 

Winter Sun 108 ± 7 0.62 ± 0.03 178 ± 14 
Shade 102 ± 7 0.75 ± 0.03 138 ± 13 

2005 
Summer Sun 168 ± 22 0.71 ± 0.02 243 ± 38 

Shade 152 ± 19 0.72 ± 0.01 208 ± 25 

Winter Sun 80 ± 4 0.56 ± 0.04 147 ± 10 
Shade 65 ± 4 0.66 ± 0.03 100 ± 7 

2006 
Summer Sun 145 ± 17 0.50 ± 0.03 291 ± 36 

Shade 121 ± 9 0.49 ± 0.03 252 ± 22 

Winter Sun 171 ± 5 0.61 ± 0.04 292 ± 24 
Shade 151 ± 13 0.64 ± 0.04 242 ± 26 

A. valida 
2004 

Summer Sun 79 ± 8 0.46 ± 0.04 172 ± 13 
Shade 56± 10 0.42 ± 0.06 132 ± 18 

Winter Sun 93 ± 8 0.55 ± 0.04 176 ± 16 
Shade 59± 4 0.73 ± 0.02 82 ± 6 

2005 
Summer Sun 138 ± 13 0.75 ± 0.03 187 ± 18 

Shade 133 ± 12 0.73 ± 0.02 186 ± 20 

Winter Sun 87 ± 5 0.56 ± 0.03 162 ± 14 
Shade 44 ± 4 0.67 ± 0.03 68 ± 7 

2006 
Summer Sun 142 ± 17 0.47± 0.03 297 ± 21 

Shade 92 ± 10 0.48± 0.05 199 ± 17 

Winter Sun 158 ± 10 0.63 ± 0.02 252 ± 14 
Shade 103 ± 10 0.58 ± 0.04 184 ± 17 

(Table 1). Ek was also lower in shade-adapted than in 
sun~adapted surfaces of P. damicornis (Fu6 = 15.38, 
p < 0.001) and A valida (F~, 36 = 35.23, p < 0.001). For 
both species, Ek was lower in winter than in summer 
(P. darrricornis: F1, 30 = 8.21, p = 0.007; A. valida: F1, 30 = 
13.93, p = 0.001). A significant interaction (F1, 36 = 10.33, 
p = 0.003) was observed for a between season and 
position for P. damicornis, suggesting that branch ori­
entation influenced the light utilisation efficiency 
between seasons. 
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Fig. 4. Pocillopora damicornis and Acropora valida. Ampli­
tude of the 0, J, I and P steps (e, •· ..&. and~. respectively) 
along fast induction curves (FICs) in P. damicornis: (a) sun­
and (b) shade-adapted surfaces, and in A. valida: (c) sun- and 
(d) shade-adapted surfaces between January 2004 and July 
2006 (n = 10, mean± SE). Average FICs (n = 10) from P. dam­
icomis on (e) sun- and (f) shade-adapted surfaces, and from 
A. valida on (g) sun- and (h) shade-adapted surfaces indicat­
ing how 0, J, I and P step amplitudes were obtained. Arrows 
correlate to the amplitude of each of the steps for these 

particular FICs 
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Fast induction kinetics 

The mean amplitudes of the 0, J, I and P steps along 
the FICs measured on sun- and shade-adapted sur­
faces of Pocillopora damicornis and Acropora valida 
from January 2004 to July 2006 are shown in Fig. 4a-d. 
Fig. 4e,f display the average FICs of sun- and shade­
adapted surfaces of P. damicornis in July 2006; 
Fig. 4g,h display equivalent data for A. valida. These 
provide an example of how the 0, J, I and P step ampli­
tudes were derived for Fig. 4a-d. In all cases, the 0, J, 
I and P step amplitudes of the shade-adapted surfaces 
were higher than those of the sun-exposed surfaces 
(Fig. 4). The differences in the P step for both P. dami­
cornis and A valida indicate a reduction in Fm and are 
also reflected in the lower Fv!Fm values for P. damicor­
nis of sun-adapted surfaces compared to shade­
adapted surfaces (Fig. 3a,b). 

In Pocillopora damicornis, all steps declined in the 
years following 2004 (0; F2,72 = 12.84, p < 0.001; J; 
F2,72 = 12.05, p < 0.001; ]; F2, 72 = 7.74, p < 0.001; P; 
F2,72 = 8.40, p < 0.001; Fig. 4a,b) and for the 0 and I 
steps alone in winter (0: F1, 36 = 9.10, p < 0.005; I: 
F 1, 36 = 4.39, p = 0.043). A significant interaction was 
observed between season and position for the J step 
(F1.36 = 4.40, p = 0.043), suggesting that the seasonal 
variation in amplitude of this parameter depended on 
branch orientation (Fig. 4a,b). 

In Acropora valida, the 0 step declined in the years 
following 2004 (F2 , 72 = 11.47, p < 0.001), while the J, I 
and P steps were lower only in 2005 (J: F2, 72 = 9.18, p < 
0.001; lo F 2, 72 = 5.47, p = 0.006; Po F2, 72 = 5.24, p = 0.008) 
(Fig. 4c,d). For J, I and P, there were also rises in win­
ter (0; F1.36 = 5.44, p = 0.025; J; F1.36 = 5.88, p = 0.021; 
P: F1. 36 = 6.55, p = 0.015). For the I and P steps, there 
was a significant interaction between year and season 
(!; F 2, 72 = 4.27, p = 0.018; Po F 2, 72 = 4.46, p = 0.015) 
showing that the winter of 2005 was lower than in 2004 
and 2006 (Fig. 4c,d). 

Variability in Symbiodinium types harboured 

Over the course of 3 yr, the population of Pocillopora 
damicornis experienced no variation in symbiont type 
(Cl sensu van Oppen et al. 2001, GenBank Accession 
# AY 457958). Acropora valida colonies hosted a variety 
of clade C types, including C1 and C2 (sensu van 
Oppen eta!. 2001, GenBank Accession# AY758477.1) 
as well as a member of clade A (GenBank Accession# 
AF380513) (Table 2). The strain belonging to clade A 
occurred simultaneously with Symbiodiniwn C2 and 
sometimes also with Symbiodinium C1. In the samples 
where LSU was used, clade A could not be resolved 
simultaneously to Cl as the restriction profile of clade 

A overlaps that of C1. This may therefore have led to a 
slight underestimation of the presence of clade A in 
-10% of samples. 

Symbiodinium C2 was the dominant symbiont type 
in Acropora valida across sampling times and ap­
peared in all specimens except for one sun-adapted 
surface sample in the summer of 2006. Symbiodinium 
Cl appeared in -54% of all samples but was never 
dominant. In the summer of 2004 and winter of 2005, 
C1 was absentfrom all samples. Clade A was detected 
mostly in sun-adapted surfaces of corals and was par­
ticularly prevalent in the summer and winter of 2005 
and in the winter of 2006 (Table 2). 

Table 2. Pocillopora damicornis and Acropora valida. Fre­
quencies of Symbiodinium type(s) within sun- and shade­
adapted surfaces (Sun, Shade) and among colonies from 
Heron Island. n: sample number; f: observed SSCP (single­
stranded conformation polymorphism) genotype frequencies 
(for clades A, C [C1, C2], D: fA, fc 1, fc2 • f 0 ); %: proportions 
of clades. Where > 1 Symbiodinium type was present, the 

dominanl frequency is in bold;-: no data 

n fA % fet % fc2 % 

P. damicornis 
2004 

Sununer Sun 8 
Shade 3 

Winter Sun 10 
Shade 9 

2005 
Summer Sun 9 

Shade 8 

Winter Sun 10 
Shade 9 

2006 
Sununer Sun 7 

Shade 10 

Winter Sun 2 

A. valida 
2004 

Shade 3 

Summer Sun 10 1 (1) 10 
Shade 8 

8 100 
3 100 

10 100 
9 100 

9 100 
8 100 

10 100 
9 100 

7 100 
10 100 

2 100 
3 100 

10 (9) 100 
8 100 

Winter Sun 9 3 (1) 33 4 44 9 (5) 100 
25 8 (7) 100 Shade 8 1 13 2 

2005 
Summer Sun 9 6 (3) 67 7 

Shade 9 1 11 7 

Winter Sun 7 5 (2) 71 
Shade 8 8 100 

2006 
Sununer Sun 10 3 (2) 30 

Shade 10 

Winter Sun 9 4 [4) 44 7 
Shade 7 2 (1) 29 5 

78 9 (5) 100 
78 9 (8) 100 

7 (5) 100 
8 (8) 100 

10 9 (2) 90 
10 100 

78 9 (6) 100 
71 7 (7) 100 
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Symbiont density 

No evidence of intra-colony differentiation in sym­
biont cell density was detected in Pocillopora damicor­
nis or Acropora valida. Seasonal changes in the density 
of symbionts were observed in both coral species with 
srnnmer density being lower than winter density (P. 

damicornis: F 1, 36 = 132.8, p < 0.001; A. valida: Fu6 = 

49.39, p < 0.001). In both species, there was a signifi­
cant decline in symbiont density in summer 2005 
(P. damicornis: F2, 72 = 18.72, p < 0.001; A valida: F 2, 72 = 
57.45, p < 0.001, Fig. 1). This correlated with the 
bleaching conditions in that year, resulting in a pro­
nounced paling of corals in the lagoon. 

Xanthophyll cycling and NPQRLC 

Pocillopora damicornis showed a greater proportion 
of Dt to the total pool of Dn + Dt than Acropora valida 
irrespective of orientation of the coral surface (Fig. 5). 
Sun-adapted surfaces of P damicornis colonies had 
a greater proportion of Dt to the total pool of Dn + Dt 
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Fig. 5. (a) Pocillopora damicornis and (b) Acropora valida. 
Xanthophyll ralios (ratio of diatoxanthin to the sum of diatox­
anthin + diadinoxanthin) on sun- (white bars) and shade­
adapted surfaces (hatched bars) and non-photochemical 
quenching in sun- (0) and shade-adapted surfaces (e) of indi­
vidual colonies. Xanthophyll ratio values are means + SE; 
non-photochemical quenching values are means± SE, n = 10 

than shade-adapted surfaces (F1, 36 = 7.40, p = 0.01), 
whereas A. valida had low levels of Dt to the total pool 
of Dn + Dt for both orientations of the branches (Fig. 5). 
Furthermore, P damicornis colonies in summer had 
lower de-epoxidation than in winter (F1, 36 = 5.84, p = 

0.021). NPQRLc was highest in summer (F1, 36 = 29.71, 
p < 0.001) and higher in sun-adapted than in shade­
adapted surfaces of P damicornis (Fu6 = 10.96, p = 
0.002, Fig. Sa). 

DISCUSSION 

Photochemical efficiency and photo-acclimatisation 

As expected, shade-adapted surfaces generally 
exhibited higher photochemical efficiency than sun­
adapted surfaces as indicated by the <Ppsu (Pocillopora 
damicornis only) and FvfFm values. In shade-adapted 
surfaces, Fv!Fm decreased between dusk and dawn 
measurements (Fig. 3). This may be due to chlororespi­
ration, which occurs in corals (Jones & Hoegh­
Guldberg 2001, Ulstrup et al. 2005) and is known to 
lower Fv!Fm values unless far-red light treatment is 
applied. 

There was an inverse relationship between <l>psn 
measured in sun- and shade-adapted surfaces among 
seasons in Pocillopora damicornis, whereby sunM 
adapted surfaces yielded lower <Ppsn in summer than in 
winter, and shade-adapted surfaces yielded higher 
IPpsn in summer than in winter (Fig. 2a). This suggests 
that sun-adapted surfaces are more sensitive to com­
bined effects of higher temperature and irradiance in 
summer, as would be expected. In Acropora valida, the 
lack of significant variation between sun- and shade­
adapted surfaces and the lack of a significant inter­
action between branch orientation and season may be 
partly due to seasonal changes in the relative abun­
dance of different Symbiodinium types (Fitt et al. 2000, 
Thornhill et al. 2006). The symbiont consortia may be 
continually modified to allow acclimatisation to changes 
in the environment (Thornhill et al. 2006). promoting 
well-suited Symbiodinium types that may compensate 
physiologically for other types that do not perform as 
well. Furthermore, sun-adapted branches of A. valida 
at Heron Island are distinctly purple-pigmented, sug­
gesting that host pigments may provide some photo­
protection for symbionts (Salih et al. 2000, Dove 2004), 
thus avoiding significant decrease of <Ppsn· 

FJFm values were significantly lower in January 
2004 and 2006 for both coral species, irrespective of 
branch orientation. A summer decline in Fv!Fm is likely 
due to a combination of photo-damage and photo­
protective processes (cf. Warner et al. 2002) as well as 
to coral bleaching, which occurred in January 2005. 
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Interestingly, in January 2005, FJFm remained similar 
to winter levels (Fig. 3) even though symbiont cell den­
sity declined significantly (Fig. 1) due to prolonged ele­
vated seawater temperatures at Heron Island (avail­
able at: www.noaa.gov). This suggests that remnant 
Symbiodinium are not physiologically compromised, 
possibly through effective dissipation of excess excita­
tion energy and, in the case of Acropora valida, also 
through changes in the genetic composition of the 
symbiotic communities (Fitt et al. 2000, Warner et al. 
2002, Baker 2003). 

<Jlp511 and Fv!Fmmeasurements were collected with a 
Diving-PAM and a PEA instrument, respectively. Thus, 
direct comparison of these 2 parameters should be 
avoided when interpreting the data (due to differences 
in optics and intensity of the saturating flash). Further­
more, for corals, chlororespiration may lower FvfFm 
relative to <l>psn (Jones & Hoegh-Guldberg 2001, Hill & 
Ralph 2005). 

The FICs revealed physiological differences be­
tween sun- and shade-adapted surfaces of both coral 
species. The amplitudes of all 4 inflections along the 
transients were reduced in sun-adapted surfaces com­
pared to shade-adapted surfaces (Fig. 4a-d), indicat­
ing inhibitory effects on PSII at each of these steps. The 
lower 0 step of sun-adapted surfaces can be attributed 
to a lower chlorophyll concentration within the tissue 
compared to the shade-adapted regions. As would be 
expected for the P step (indicating Fm), the reduction 
was also reflected in lower FJFm values in sun­
adapted than shade-adapted surfaces. The decline in 
the 0 and J steps in July 2005 following the strong 
bleaching of Pocillopora damicornis in January 2005 
suggests that damage occurred in PSII, which reduced 
electron flow to the primary electron acceptor QA 

(Strasser et al. 1995, Ulstrup et al. 2005); elevated tem­
perature during the previous summer may have been 
the causal agent. There was also a decline in the I and 
P steps at this time, which suggests some blockage of 
electron flow beyond QA and reduced maximum 
capacity for electron flow, perhaps as a result of the 
prolonged exposure to elevated temperatures. In Acro­
pora valida, the I and P steps recovered somewhat by 
July 2006, whereas the 0 and J steps remained low 
after January 2005, suggesting that PSII was intact and 
functioning, albeit photo-inhibited. 

Genetic diversity of Symbiodinium 

Many coral species are dominated by only one sym­
biont type (Goulet 2006, but see Baker & Romanski 
2007). Therefore, it is likely that the physiological 
flexibility of symbiont communities residing in corals 
must, in many instances, be large to cope with not 

only natural variation of the environment (Ulstrup et 
al. 2006b), but also rising seawater temperatures. This 
is the case for Pocillopora damicornis, which has hlgh 
fidelity to symbiont type C1 (no other type was 
detected at any sampling time). Thls result supports 
previous findings by illstrup et al. (2006a) which show 
that P. damicornis has fidelity to C1 across the entire 
length of the Great Barrier Reef (GBR), Mth few 
exceptions. Coral colonies with such consistent sym­
bioses are unlikely to respond to environmental shifts 
by changing to other Symbiodinium types (Thornhill 
eta!. 2006). 

In contrast, the genetically polymorphic zooxanthel­
lar communities of Acropora valida varied over time 
and between sun~ and shade-adapted surfaces. Al­
though symbiont C2 was the predominant type, clade 
A appeared regularly, with a higher proportion of 
colonies hosting clade A in sun-adapted (10 to 67%) 
than in shade-adapted surfaces (0 to 29%) except for in 
the winter of 2005 (Table 2). The higher proportion of 
clade A in sun-adapted surfaces suggests that thls 
Symbiodinium type may be adapted to high light. In 
the winter following the summer bleaching of 2005, 
more colonies contained clade A (71 to 100%), pos­
sibly as a response to the past bleaching conditions 
(Table 2). 

Several studies have found relatively high frequen­
cies of clade A in a variety of invertebrate hosts in 
cooler climates (Loh et al. 2001, 2006, Savage et al. 
2002a), whereas rare observations (<3% of samples) of 
clade A have been reported from other species of 
Acropora in tropical waters (van Oppen et al. 2001, 
2005). Overall, the cooler climate at Heron Island than 
in other parts of the GBR (Ulstrup et al. 2006a) may 
favour the presence of clade A over other types that 
have been found in warmer parts of the GBR (Ulstrup 
& van Oppen 2003). 

Symbiont cell density 

Corals sampled seasonally have variable symbiont 
cell density that is usually inversely correlated with 
increases in temperature and light (Stimson 1997, 
Fagoonee et al. 1999, Fitt et al. 2000). Both species we 
studied showed a significant decline in symbiont cell 
density in smnmer 2005 coincident with the bleaching 
hotspot at Heron Island. The reduction in symbiont 
density observed in summer 2005 in Acropora valida 
also coincided with an increase in the dominance of 
Symbiodinium clades A and Cl (Table 2). Although 
Symbiodinium C2 was still present in January 2005, a 
decline in dominance suggests that this type may be 
compromised during prolonged, elevated tempera­
tures. 
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Photo-protection 

The de-epoxidation of Dn to form Dt is one of the non­
photochemical pathways by which excess excitation 
energy can be dissipated by PSII, and is elevated in 
corals undergoing bleaching {Lesser et al. 2000, Venn et 
al. 2006). This process is induced by light, and intensifies 
over the course of the morning (Brown et al. 1999a, 
Warner & Beny-Lowe 2006). In the present study, we did 
not have the resources to follow the time course of the 
xanthophyll de-epoxidation and thus we measured the 
ratio of Dt to the sum of Dn + Dt concentration at dusk (25 
to 35pmol photons m-2 s-1). Under these sub-saturating 
irradiance conditions, <10% of Dn was de-epoxidised. 
Pocillopora damicornis showed greater degree of de­
epoxidation than Acropora valida (Fig. 5). This suggests 
that the 2 species of corals may use different mechanisms 
for acclimatisation. While A. valida colonies may change 
the relative abundance of different Symbiodinium types 
hosted, P. damicornis colonies may compensate for their 
inability to change their symbiont consortia by exhibiting 
greater capacity for xanthophyll cycling. 

Corals may also differ in baseline de-epoxidation 
capacity depending on their irradiance history. Shade­
exposed surfaces of Pocillopora damicornis had a 
lower degree of de-epoxidation than sun-exposed sur­
faces, probably as a result of greater requirement for 
excess energy dissipation in sun-exposed surfaces. 

SUMMARY 

The corals Pocillopora damicornis and Acropora 
valida were studied over 3 yr to investigate photo­
physiological responses and genotypic character of 
Symbiodinium. P. damicornis harboured a single Sym­
biodinium type (Cl). A. valida possessed Symbio­
dinium types Cl, C2 and a member of clade A, and the 
proportions of these changed seasonally. Marked 
changes in the photo-physiological characteristics 
were recorded in both corals. In P damicornis, these 
were not attributable to changes in the Symbiod.inium 
community but were brought about by changes in 
symbiont cell density, photochemical efficiency and 
xanthophyll cycle activity. In A valida, these same 
changes probably operated in combination with geno­
typic changes in the Symbiodinium community. 
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