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ABSTRACT: Coral bleaching events have been linked to elevated seawater temperatures in combi-
nation with intense light and can be characterised by the loss of symbionts {zooxanthellae, genus
Symbiodinium) from the host tissue, as well as a reduction in photosynthetic pigments in these zoo-
xanthellae. The long-term (days) viability of expelled zooxanthellae in the water column from the
scleractinian coral Pocillopora damicornis was explored in this study through measurements of
photosynthetic health and morphological condition. After initial expulsion, zocoxanthellae were found
te be photosynthetically competent and structurally intact. However, within 6 to 12 h folowing this
time, photosystem II photechemical efficiency dramatically declined in these cells and photosynthetic
damage was gradually manifested in the loss of structural integrity of the cell. The time of expulsion
during bleaching exposure, as well as ambient water temperature,-greatly influenced survivorship.
Expelled zooxanthellae were collected at 4 different time intervals (-6, 6-12, 12-24 and 24-36 h)
following the onset of exposure to bleaching conditions (32°C and 400 pmol photons m~? 57!} and then
maintained at 28, 30 or 32°C and 100 pmol photons m™2 s7* for up to 96 h. Those cells expelled within
the first 6 h of bleaching and held at 28°C (lagoon temperature} had the greatest longevity, although
even in this treatment, long-term photosynthetic viability was restricted to 5 d in the water column.
This suggests that unless expelled zooxanthellae inhabit other environments of coral reefs (such as
sediments) which may be more favourable for survival, their capacity for persistence in the environ-
ment is extremely limited.
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INTRODUCTION periods of elevated seawater temperatures, in combi-
nation with intense solar radiation, and can be charac-
Symbictic, dinoflagellate algae (zooxanthellae, terised by the expulsion of zooxanthellae, as well as a

genus Symbiodinium) reside in the endodermal tissue
of coral hosts where they provide energy in the form of
photosynthate to their mutualistic partner. In return,
the animal supplies the zooxanthellae with metabolic
and respiratory by-products and protection. This sym-
biotic relationship is at risk due to global climate
change, which is resulting in a warming of the oceans
at a rate of approximately 1 to 2°C per century (Hoegh-
Guldberg 1999). The sensitivity of corals to this change
isleading to an increase in the frequency, intensity and
extent of mass coral bleaching events around the world
(Hoegh-Guldberg 1999). These events occur during
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reduction in the concentration of photosynthetic pig-
ments (Hoegh-Guldberg & Smith 1989).

The process by which zocxanthellae are expelled
from the animal may be through host cell detachment
{Gates et al. 1992, Brown et al. 1983) or exocytosis
{Brown et al. 1993}, and it is generally believed that
this expulsion is a result of lost photosynthetic perfor-
mance by the zooxanthellae. A number of photo-
synthetic sites of impact have been suggested (Igle-
sias-Prieto 1997, Jones et al. 1998, Warner et al. 1999,
Takahashi et al. 2004, Tchernov et al. 2004, Hill &
Ralph 2006). It has also been suggested that the coral
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host plays an important, if not primary (Bhagooli &
Hidaka 2004Db), role in determining the sensitivity of
the holobiont to bleaching conditions with susceptibil-
ity and chance of mortality being dependent upon the
combined physiclogical responses of both partners
(Ralph et al. 2001, Bhagooli & Hidaka 2004a).

Once zooxanthellae are removed from the host, they
enier an agueous environment and are subjected to
major ionic shock (Goiran et al. 1997). Interestingly,
freshly isolated zooxanthellae of several coral species
can survive and remain healthy for at least 24 h (Bha-
gooli & Hidaka 2003). However, the fate of expelled
zooxanthellae under bleaching conditions is currently
unresolved. Previous research has demonstrated that
upon expulsion, zooxanthellae are initially photo-
synthetically competent (Ralph et al. 2001). This was
supported by Bhagooli & Hidaka {2004b}, who found
no difference in the photechemical efficiency of photo-
system II (PSII) between freshly isolated and expelled
zooxanthellae of a bleaching coral. These authors also
classified a large proportion of the zooxanthellae
released under bleaching conditions as healthy-look-
ing zooxanthellae (Titlyanov et al, 1996). Further work
by Ralph et al. {2005) showed that the health of
expelled zooxanthellae varied depending on the coral
species, the time of expulsion and the location within
the host from where they were expelled (sun or shaded
region). In contrast to these studies, using an alterna-
tive estimate of cell viability, Franklin et al. (2004,
2006) concluded that non-functional symbionts were
expelled from Stylophora pistillata during bleaching
events with cells displaying a degraded ultrastructure
with disorganised cellular contents and permeable
membranes. The length of exposure of corals io
bleaching conditions has been suggested to explain
these divergent results (Frankln et al. 2004, 2006}, and
here we tested the effect of time on expelled zooxan-
thellae viability,

Recovery of corals from bleaching events involves
the repopulation of the host tissue with healthy zoo-
xanthellae. The source of these dinoflagellates may be
from division of residual photosynthetically healthy
zooxanthellae still within the tissue or from the envi-
ronment {Hayes & Bush 1990, Jokiel & Coles 1990,
Jones & Yellowlees 1997). Evidence of the potential for
infection of the host tissue from the surrounding envi-
ronment comes from juvenile corals of host species that
do not transmit zooxanthellae vertically and whose
eggs do mnot contain zooxantheliae (Richmond &
Hunter 1990). These juvenile corals may acquire zoco-
xanthellae from a number of sources, including the
water column {Jokiel & Coles 1990), from corals releas-
ing zooxanthellae (Stimson & Kinzie 1991}, from the
sediment (free-living strain used by Carlos et al. 1899),
from faecal material of fish and nudibranchs that

prey on zooxanthellae-containing cnidarians (Muller-
Parker 1984}, or from direct contact with other healthy
corals (Franzisket 1970}. This provides support for
the potential uptake of zooxanthellae by adult corals
following a bleaching event. In addition, corals associ-
ate with a range of zooxanthellae types {Lafeunesse
2001}, and changes in the genetic composition of the
symbiont community have been found in coral hosts
following bleaching events, This may be a result of a
shift in the abundance of zooxanthellae types already
harboured by the host (Berkelmans & van Oppen
2006}, or may indicate an uptake of new zooxanthellae
clades from the environment, which has been shown
in sponges (Hill & Wilcox 1998), giant clams (Belda-
Baillie et al. 1992), anemones (Kinzie et al. 2001} and
octocorals (Lewis & Cofiroth 2004), but not convinc-
ingly (see Hoegh-Guldberg et al. 2002} in scleraciinian
corals {Baker 2001}.

Although the capacity for corals to recover after a
bleaching event depends on many factors (such as spe-
cies, length and intensity of the bleaching event), a
high proportion of affected corals have shown signs of
recovery once temperatures drop back to the optimal
range (Coles & Brown 2003). It is therefore important
to understand the fate of those zooxanthellae that are
expelled, because if they have the potential to survive
in the long-term, independent of the host, they may
contribute to a stock of zooxanthellae available for re-
infection following a bleaching event. This is the first
study to investigate the post-bleaching viability of
expelled zooxanthellae in the water column over sev-
eral days. Photosynthetic health and morphological
condition were assessed on zooxanthellae expelled
from Pocillopora damicornis sub-colonies exposed to
moderate bleaching conditions. Zooxanthellae were
collected after 4 different time intervals following the
onset of bieaching and were maintained in 3 different
temperature treatments to determine their capacity for
survival in the water column,

MATERIALS AND METHODS

Coral specimens. The coral species Pocillopora
damicornis {Linnaeus) was collected from Heron Island
lagoon located on the southern Great Barrier Reef of
Australia (152°06'E, 23°26'S) during January 2007,
Four replicate sub-colonies (i.e. fragments of a coral
colony 10 cm in diameter) were maintained in shaded
aquaria (<100 pmol photons m~? s7!) at ambient lagoon
temperature (28°C) for approximately 2 d prior to
experimentation.

Experimental profocol. Sub-colonies of Pocillopora
damicornis were placed in 5 1 beakers in 0.45 pm fil-
tered seawater and held in a temperature controiled
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water bath (Julabo, EC, Labortechnik) at 28°C. The
seawater in each beaker was aerated with 2 bubblers
to ensure adequate water circulation and gas
exchange. Corals were exposed to 400 pmol photons
m~? 57! from halogen lights {(Portable Floodlight, FL200,
Arlec Lighting), and the temperature ramped over 6 h
to 32°C, which is an ecologically relevant rate for
Heron Island lagoon (Jones & Hoegh-Guldberg 2001}
After 12 h illumination at 32°C, the lights were
switched off {or 12 h and then turned back on. A Div-
ing-pulse amplitude modulated (PAM) f{luorometer
(Walz) with a 6 mm fibre optic probe was used to mea-
sure the maximum quantum yield (F,/F,) (at 24 h) and
the effective quantum yield (®pgy) (at 0, 6, 12 and 36 h)
of in hospife zooxanthellae, using a 0.8 s saturating
pulse of >4500 pmel photons m~? 57! (gain = 12).

Zooxantheilae were expelled from the coral tissue
during exposure to bleaching conditions, and 4 dis-
crete populations were collected at 0-6, 6-12, 12-24
and 24-36 h, Following each collection interval, the
coral specimen was retummed to fresh filtered seawater
(0.45 pm) in a new 5 I beaker at 32°C. The suspended
expelled zooxanthellae were collected on 0.45 nm filter
paper and resuspended in 140 ml of fresh filtered sea-
water, Containers of 140 ml in volume were used to
house expelled zooxanthellae. Each container had 3
holes approximately 6 cm? in size covered by 5 pm
mesh. This mesh size was effective in preventing the
loss of zooxanthellae from the containers, but still
allowed for water exchange. For each coral replicate,
the expelled zooxanthellae at each time interval were
placed into 3 containers. One container was placed
into an aquarium of seawater maintained at 28°C, one
at 30°C and the third at 32°C. Submersible pumps in
each aguarium continually circulated the containers to
ensure adequate water and gas exchange. Irradiance
of 100 pmol photons m™ 57! was applied to all 3 treat-
ments on a 12:12 h light:dark ratio.

Upon collection of the 4 expelled zooxanthellae pop-
ulations, a 3 ml sample was placed in a Water-PAM
fluorometer (Walz} cuvette. A saturating pulse was
applied (0.6 s and > 3000 pmol photons m™ 57} as soon
as the fluorescence signal became steady, which took
less than 10 s {photo-multiplier gain was between 18
and 30}. To avoid changes in cell demnsity, this sample
was reiurned to the holding container following the
fluorescence measurement. Subsequently, measure-
ments of zooxanthellae density per mi and percentage
of healthy-locking zcoxanthellae and degraded zoo-
xanthellae were performed. These fluorescence and
visual assessments were repeated before the light was
switched off each evening (19:00 h) and before the
light was turned on each morning {07:00 It). Therefore,
07:00 h fluorescence measurements represented F/F,
due to overnight dark-adaptation, while 12:00 h mea-

surements were $pgy, as they were exposed to light
over the day.

Characterisation of expelled zooxanthellae condi-
tion. The number of healthy-looking zooxanthellae
(F,) and degraded zooxanthellae (D,) in each of the
4 populations was determined at regular intervals over
the experimental period using a light microscope
{x400). Characterisation of H, and D, was performed
following the descriptions by Titlyanov et al. (1996)
and Bhagooli & Hidaka (2004b), where H, were brown
in colour, circular and with an intact cell wall; I, were
orange to dark brown in colour with an irregular
shape, without a cell wall and less than half the size of
H,. For each replicate (n = 4}, the visual characteristics
of 15 cells were recerded and the average number of
H, was determined.

Zooxanthellae density determinations. In hospife
zooxanthellae cell density (em™2) was measured prior
to temperature ramping and after 36 h of exposure
to bleaching conditions. Coral fragments were air
brushed in 1¢ ml of filtered seawater (0.45 pmj to
remove coral tissue from the skeleton. The slurry was
centrifuged at 1000 x g for 10 min, and the pellet was
resuspended in 10 mi of filtered seawater and homo-
genised. Eight replicate cell counts were performed
using a haemocytometer under a light microscope
{2200), and cell density was determined per cm?,
following coral surface area calculations using the
paraffin wax technique (Stimson & Kinzie 1991). The
expelled zooxanthellae density in each container was
measured using the same technique on a haemo-
cytometer with cell density per ml caleulated from 8
replicate counts.

Statistical analysis. Repeated-measures analysis of
variance [rmANOVA) was used to identify changes in
F,/F, and dpgy of in hospite and expelled zooxanthel-
lae and of the percentage of H,, over the time of the
experiment (o = 0.05). At each sampling period, 1-way
ANOVAs were performed to identify any differences
between the 3 temperature {reatments. Tukey's post
hoc comparisons were employed fo detect the location
of any significant changes over time or between treat-
ments (¢ = 0.05). To determine if the assumptions of the
parametric ANOVAs were satisfied, the Kolmogorov-
Smirnov normality test and Levene’'s homogeneity of
variance test were used. SPSS statistical scftware
[version 14.0.0) was used to perform these analyses.

RESULTS

A significant decline in ®pgy of the in hospite zooxan-
thellae was found over the length of the experiment
(p = 0.002; Fig. 1). The dpgy gradually decreased from
0.67 while the coral was held at 28°C, to 0.44 after 12 h
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at 32°C. Following the dark peried from 12-24 h, F,/F,
was determined and had not significantly changed
from the previcus ®pg measurement, although after
36 h, which included a further 12 h of light, the ®pg;
kad dropped to 0.20. Prior to temperature ramping, the
in hospite zooxanthellae density was 3.17 x 105 cm™2
{x0.44. SE} and by 36 h this had reduced to 0.64 x
10% cm™? (£0.19).

The F/F, and ®pgy of the expelled zooxanthellae
populations is shown in Fig. 2. The zooxanthellae
expelled between 0 and 6 h (Fig. 2a} had an initial dpgy
of 0.37. In all temperature treatments, there was a sig-
nificant decline in F/Fy, and ®pgpup to 96 h {p < 0.001).
At 12 h, the zooxanthellae in the 28°C treatment had a
higher ®pg; than those at 32°C, with the 30°C treat-
ment failing into both groups (p = 0.009). This also
occurred for measurements of F/F, at 24 and 48 h
(p = 0.010 and 0.041, respectively). At the other time
intervals, no significant differences were found among
the 3 temperature treatments (p > 0.05}. By 72 h, the
F,/F, of the zooxanthellae in the 30 and 32°C freat-
ments had reached 0, and by 96 h this also occurred in
the 28°C treatment.

Zooxanthellae expelled between 6 and 12 h after
reaching 32°C (Fig. 2b} also showed a steep decline in
F,/F, and ®pg; following expulsion in all temperature
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treatments (p < 0.001). Throughout the remainder of
the experimental period, all 3 temperature treatments
were found to be similar (p > 0.1), except at 36 h where
the 28°C treaiment was significantly higher than the
others (p = 0.008). By 72 h, the zooxanthellae in the 30
and 32°C treatments had reached a F,/F,, of 0, as did
the 28°C treatment by 96 h.

The population of zooxanthellae expelled from the
coral during the dark period {between 12 and 24 h;
Fig. 2c), had an initial F/F;, of 0.52. After 12 h of
light, the ®pgy of all 3 temperature treatments was
between .01 and 0.05 and did not recover {p < 0.001).
The 32°C treatment reached an F,/F,, of 0 at 48 h, the
30°C treatment at 72 h and the 28°C treatment at
96 h, although no significant differences were found
between any of the 3 temperature treatments at each
time interval (p> 0.03).

In the final zooxanthellae population collected
between 24 and 36 h (Fig. 2d), the ®pg;; upon collection
was 0.15. By 48 h, F,/F had dropped to 0.01 in all tem-
perature ireatments (p < 0.001). Following this time,
both F/F, and ®pg; of the 30 and 32°C treatments
remained at 0. Although the 28°C treatment reached
an F,/F, of 0 at 96 h, no significant differences among
the 3 temperature treatments were found at each time
interval (p> 0.05).

Following F./F,, and ®ug; measurements, [, and D,
in each of the 4 populations were monitored over
titme, based on visual assessments of cell characteris-
tics (Fig. 3}. For all 4 expelled zooxanthellae popula-
tions—0-6 h (Fig. 3a}, 6-12 h (Fig. 3b), 12-24 h
(Fig. 3c) and 24-36 h (Fig. 3d) — a gradual, significant
decline in the percentage of H, occurred in all 3 tem-
perature treatments over time (p< 0.001). In addition,
following the initial collection of expelled cells, the
number of H, was always highest in the 28°C treat-
ment, followed by the 30°C treatment, and then the
32°C treaiment.

In the 0-6 h population (Fig. 3a}, 98% of the ex-
pelled zooxanthellae were initially categorised as H,,
97% in the 6-12 h population (Fig. 3b), 92% in the
12-24 h population {Fig. 3¢) and 74 % in the 24-36 h
population (Fig. 3d}. in all populations, similar trends
were observed in the reduction of H, over time. After
96 h, the 28°C treatments had between 29 and 32% of
H, in the population, the 30°C treatments had 17 to
219%, and the 32°C treatments had 10 to 13%.

Zooxanthellae density within the containers was
measured when expelled zooxanthellae were collected
and compared to the density at 96 h in each of the 3
temperature treatments (Table 1). Upon cellection, the
average cell demnsity in each population varied
between approximately 154 and 16.8 x 10° mi"!. By
96 h, the number of zooxanthellae in each population
had declined, with the lowest density in the 32°C treat-
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Table 1. Zooxanthellae density {x10% ml!} for each of the 4

expelled zcoxanthellae populations from the time of expul-

sion (Initial) to the final measurement (Final). Values are
mean = SE (n = 4)

Treatment 0-6h 6-12h 12-24h 24-36h
Initial 168+4.8 16122 15441 15537
Final 28°C 70x44 58515 65228 106.5x6.5

30°C 6526 50=+05 30+06 65x+45
32°C 50=+24 35089 2505 55+29
DISCUSSION

The posi-bleaching viability of expelled zooxanthel-
lae was determined in 4 populations released at differ-
ent time intervals. A sub-sample of each population
was placed in 1 of 3 different temperature treatments
upon collection in order to ascertain the capacity for
long-term survival of zooxanthellae outside of the host
under different temperature conditions. This is the first
study of iis kind to monitor the longevity and survivor-
ship of expelled zooxanthellae and has also con-
tributed to the knowledge on the functional status of
expelled zooxanthellae during thermal bleaching
episodes.

The host coral showed signs of bleaching through
the decline in symbiont density and the reduction
in PSII photesynthetic efficiency as the length of ex-
posure to elevated temperature and high light in-
creased (Fig. 1). The @pgy of in hospite zooxanthellae
was higher than that of expelled zooxanthellae at 6, 12
and 36 h (Fig. 2). This indicates that under bleaching
conditions {elevated temperature and high light), the
expelled zooxanthellae from the coral Pocillopora
damicornis have a lower PSII photosynthetic efficiency
than those in hospite. However, at the 24 h mark, fol-
lowing 12 h of darkness, there was no significant dif-
ferenice in F,/F, between the expelled and in hospite
zooxanthellae populations, indicating similar photo-
chemical efficiencies.

This suggests that during bleaching conditions,
greater photodamage occurs to zooxanthellae in the
expelled population. Whether this damage is manifested
prior to expulsion or upon exposure to the vasily differ-
ent physical and chemical conditions of the water
column (Goiran et al. 1997} is unclear from these results.
However, the response of the zooxanthellae following
the dark pertod revealed that those retained within the
host tissue experienced a similar degree of photosyn-
thetic impairment to those expelled (Figs. 1 & 2c}. This
suggests that during thermal bleaching events, light is
the driving force behind the loss of PSII photochemical
efficiency and cell viability in zooxanthellae expelled

into the water column. The relatively high F,/F, value
for the expelled zooxanthellae population at 24 h indi-
cates that cells that are able to inhabit a low light envi-
ronment (such as the sediment) would have greater po-
tential for long-term survival on the reef, as their
photosynthetic capacity is higher than those expelled
during light exposure. The importance of light in the sur-
vivorship of expelled zooxanthellae is further supported
by the rises in PSII photochemical efficiency (and subse-
quent fails} observed after the 12 h dark periods in the
28°C, 0-6 h population (Fig. 2a).

Upon collection of expelled symbionts at each time
interval, the F,/F, and ®pg); values provided evidence
of photochemical activity (Fig. 2). In addition, the mor-
phological characteristics of these cells suggested that
the majority were in a functional state (Fig. 3). This pro-
vides support for the results of Ralph et al. (2001, 2005)
and Bhagooli & Hidaka (2004b), who demonstrated the
viability of these expelled symbionts during simulated
bleaching events. However, soon after expulsion, these
cells gradually began to degrade (Fig. 3) and quickly
lost their ability to photosynthesise, with PSII photo-
chemical efficiency falling dramatically within 12 h fol-
lowing collection in all post-bleaching temperature
treatments (Fig. 2}. Franklin et al. (2004) concluded that
expelled zooxanthellae were removed by the host as
they had died and degenerated in hospite. This was
based on measurements of plasma membrane integrity
and the chlorotic nature of the zooxanthellae cells from
the coral Stylophora pistillata. In contrast to that conchu-
sion, we have shown here that it is not until after initial
expulsion into the water column that zooxanthellae
begin to degrade. Possible reasons for these conflicting
results include the different host corals used, which can
respond differently to bleaching conditions, where the
proporiion of healthy zooxanthellae expulsion can vary
with time (i.e. the frequency of healthy cells expelled
from S. pistillata may differ from Pocillopora damicor-
nis; Ralph et al. 2003), or that there were differences in
the speed of cell viahility assessment following expul-
sion. If it were the latter, the results of Franklin et al.
(2004) would correlate well with our results, as PSIL
photochemical efficiency and morpholegical condition
were quickly lost after initial expulsion.

The capacity for expelled zooxanthellae photosyn-
thetic survival depended on the time of expulsion from
the host following the onset of bleaching conditions, as
well as the water temperature o which these zooxan-
thellae were exposed following expulsion (Fig. 2).
Those expelled earlier had a photesynthetic longevity
that outlasted those expelled later during the bleach-
ing treatment. This supports the firdings of Ralph et
al. (2005), who showed that most photosynthetically
healthy zooxanthellae are expelled within the first few
hours of bleaching in Pocillopora damicornis. Here, we
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found that the healthiest population of zooxanthellae
were those expetled between 0 and 6 h at 28°C, with
the unhealthiest in the 24-36 h population held at
32°C. Although the samples held at 28°C were health-
ier for longer than those at 30 and 32°C, measurements
of PSII photochemical efficiency and morphological
condition revealed that this was short-lived, with the
maximum length of survival being 5 d. The increase in
PSII photochemical efficiency in the 0—6 h population
at 28°C following periods of darkness suggests that the
light exposure (100 pmol photons m™2 s71) was a signif-
icant contributor to the photosynthetic degradation of
cells {Bhagooli & Hidaka 2003). It therefore follows
that if expelled zcoxanthellae were to inhabit a lower-
light environment, survivorship may well be improved.

Fellowing the single cell measurements of Ralph et
al. (2001}, Bhagooli & Hidaka (2004b) recognised the
importance of assessing the morphological condition of
the population of expelled zooxanthellae, as well as
determining their PSII photosynthetic efficiency. Here
we found that PSII photosynthetic efficiency and per-
cent of H, followed similar trends, although the speed
of decline in ®pg; was much greater than the declinein
the proportion of H,. By 5 d, all treatments had an F/F,;
of 0 (Fig. 2), yet the percent of H, varied between 10
and 32% (Fig. 3). This decline in cellular structural
integrity was the probable cause for the considerable
loss of symbionts over time in the helding containers
(Table 1), as the 5 nm mesh would have contained the
intact cells, but allowed for the exit of degraded zoo-
xanthellae particles. A possible reason for the disparity
in the rate of decline in F,/F, and ®pg;; and the loss of H,
may be that measures of PSII photochemical efficiency
are a more sensitive index of cellular damage than
morphology, or that the photosynthetic apparatus of
zooxanthellae is more vulnerable to bleaching condi-
tions than other cellular components. In addition, the
site of initial photochemical damage may be a single
site along the photosyntheiic chain of events and a
visual manifestation of this damage may take longer to
appear. For example, the oxygen evolving complex
(Iglesias-Prieto 1997), PSII reaction centres (Warner et
al. 1999, Takahashi et al. 2004, Hill & Ralph 2006) and
dark-reactions {Jones et al. 1998) have been proposed
as impact sites. These forms of sub-cellular damage
would be reflected in measurements of F/F, and ®pg,
bui could not be detected through the light microscopy
techniques also used here. Cells may have appeared in-
tact, whereas this may not have been entirely correct
with regards to photochemical reactions in the chloro-
plasts. Further work is required into the degradation of
cellular components as a secondary or knock-on effect,
which becomes clear after the initial impact.

These results suggest that the long-term viability of
expelled zooxanthellae in the water column is limited

to a matter of days. The length of zooxanthellae sur-
vival is dependent on the timing of expulsion and sub-
sequent water temperatures and light intensity. If sea-
water temperatures drop to normal summer-time
levels shortly after the onset of bleaching, expelled
zooxanthellae will have a greater chance of survival.
Photosvnthetic efficiency of PSII declined much faster
than the visible structural integrity of the cells, and
after 5 d, the potential for survival seemed lost. Unless
zooxantheliae have the capacity to survive in other
environments of coral reefs (such as the sediment),
their ability to act as a source of symbionts for re-infec-
tion following a bleaching event seems minimal.
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