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INTRODUCTION

Coral bleaching is a response by corals to stressful
conditions (Yonge & Nicholls 1931, Hoegh-Guldberg &
Smith 1989a, Fang et al. 1997, Jones et al. 1998, Hoegh-
Guldberg & Jones 1999) and has been observed follow-
ing various physical and chemical changes to the envi-
ronment, both in the laboratory and in the field (Yonge &
Nicholls 1931, Reimer 1971, Jokiel & Coles 1974, Kleppel
et al. 1989). Factors reported to induce bleaching include
temperature, light and salinity as well as chemical fac-
tors like cyanide and herbicides. Bleaching involves the
dissociation of the symbiosis between corals and their
symbiotic dinoflagellates. There is a loss of pigmentation

due to decreased numbers of symbiotic dinoflagellates,
a reduction in photosynthetic pigments or both (Yonge &
Nicholls 1931, Hoegh-Guldberg 1989, Kleppel et al.
1989, Porter et al. 1989, Jokiel & Coles 1990).

The first anecdotal reports of coral bleaching occurred
in the 1870s (Glynn 1993, Brown 1997a). Over the last
decade, however, reports of coral bleaching have in-
creased in frequency and scale (Gates et al. 1992, Brown
et al. 1994). The majority of reported bleaching events
have been correlated with elevated sea surface temper-
atures (Hoegh-Guldberg 1999). Several studies indicate
that elevated temperatures act to increase the sus-
ceptibility of the symbiotic dinoflagellates of corals to
photoinhibition, with the resulting damage leading to
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expulsion from the coral host (Lesser et al. 1990, Roberts
1990, Iglesias-Prieto et al. 1992, Hoegh-Guldberg &
Jones 1999). However, localized spatial variability and
differences both within and between species suggest
that other factors may also influence coral bleaching
(Brown 1997a, Berkelmans & Willis 1999).

The susceptibility of corals to temperature stress has
taken on particular significance in the context of global
warming, and the occurrence of world wide bleaching
events has attracted considerable political, social and
scientific comment (Williams & Bunkley-Williams 1990,
Buss & Vaisnys 1993, Glynn 1993, Hoegh-Guldberg
1999). Observed temperature responses of corals sug-
gest they are living very close to their upper thermal
limits (Jokiel & Coles 1990, Lesser 1997), prompting
concern that increasing global temperatures, in con-
junction with El Niño Southern Oscillation (ENSO)
events, could have a dramatic influence on reef com-
munities. The observation that sea temperatures have
increased by almost 1°C over the past 100 yr has been
suggested as an underlying reason why corals exist so
close to their thermal limit. Projected changes in sea
temperature (based on several general circulation
models) indicate in all cases that sea temperatures will
rise above those known to be tolerated by reef building
corals (Hoegh-Guldberg 1999).

Bleaching has also been correlated with decreases in
sea surface temperatures (Coles & Jokiel 1977, Gates
et al. 1992, O. Hoegh-Guldberg pers. obs.) and has been
reported in laboratory studies of symbiotic sea ane-
mones (Steen & Muscatine 1987). The geographic
limits of corals are also thought to be set by a lower
temperature limit of 18°C (Dana 1843, Vaughan 1918),
with a few exceptions penetrating the colder waters
(Keven & Hudson 1979, Coles & Fadlallah 1991).
Changing intensities as well as frequencies of ENSO
events in the Pacific (Urban et al. 2000) suggest that La
Niña events (super normal conditions) may increase in
frequency. La Niña events tend to be associated with
colder, wetter years in which sea temperatures can be
cooler than long-term averages. Different wind pat-
terns will also drive local scale effects. The passage of
polar continental air masses have been shown to have
rapid cooling effects on shallow water carbonate envi-
ronments, with chilling and mixing of water bodies
augmented by associated strong winds (Roberts et al.
1982). Upwelling may also affect open ocean reefs,
with temperatures dropping several degrees with the
changing of tides (Glynn & Stewart 1973). The greatest
daily temperature ranges (commonly 6 to 14°C) have
been recorded in shallow reef flat environments (Orr
1933, Wells 1952, Endean et al. 1956, Brown 1997b).

The present study explored the effect of cold stress
on the physiology of the coral Montipora digitata
Studer and its symbiotic dinoflagellates, after observa-

tions of bleaching in this species and others following
the cold conditions of winter in 1999. Changes in key
physiological parameters such as the photochemical
efficiency (Fv/Fm) were measured, which has been
found to be central to responses of phototrophic organ-
isms to elevated thermal stress. Other key parameters
that provide an insight into the physiological response
of corals to cold stress include the density of symbiotic
dinoflagellates and concentrations of their photosyn-
thetic pigments. Initial experiments were conducted to
investigate how the duration of exposure affected
responses to colder than ambient temperatures. The
potential for recovery of photosynthetic efficiency fol-
lowing temperature stress was examined, over short-
and long-term periods. The synergistic effects of light
and temperature in causing an increased sensitivity to
photoinhibition were also investigated.

MATERIALS AND METHODS

Study site. Small replicate branches (nubbins) of the
scleractinian coral Montipora digitata were collected
from the southern reef flat at Heron Island, Australia
(23° 26’ 47.5’’ S, 151° 54’ 41.2’’ E). Coral nubbins (2 to
3 cm in length) were removed from 20 colonies of M.
digitata growing on the reef flat using long-nosed
pliers. Ten to 15 nubbins were collected from the upper
surfaces of each colony.

Following collection, each coral nubbin was mounted
in the lids of scintillation vials using non-toxic model-
ing clay and then placed within aquaria. This tech-
nique has been successfully used in a number of phys-
iological studies of reef-building corals (e.g. Hoegh-
Guldberg & Jones 1999, Jones et al. 1999). Corals were
left to adapt to aquaria conditions for 7 d to minimize
the influence of stress due to collection and nubbin
preparation. Both field and handling controls were
measured whenever fresh corals were collected to de-
termine whether handling caused any significant dif-
ferences in the measured parameters.

Experimental design. Maintenance of experimental
aquaria: Four treatment tanks were established and
temperatures were maintained to within ±0.5°C of the
desired treatment. Each tank consisted of 3 chambers
containing aerated seawater. Two tanks were con-
nected to a water bath (Grant LTD6) that recirculated
cooled water around the outside of the chambers. The
other 2 tanks received ambient seawater from the reef
flat around the outside of the chambers (23 to 26°C
seasonally dependent). Daily fluctuations were within
±0.5°C. The different temperature treatments were
conducted on different days, each with a correspond-
ing control treatment. Coral nubbins were maintained
at a set orientation throughout the experiments. Fol-
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lowing treatment in all experiments, nubbins were
returned to ambient temperatures and photosynthetic
efficiency (Fv/Fm) was monitored daily for 3 d at the
same time each day. Following the monitoring period,
nubbins were immediately frozen for further labora-
tory analysis of chlorophyll a (chl a) concentration and
dinoflagellate density.

Time course of cold temperature response: Nubbins
were randomly assigned to 1 of 3 different temperature
regimes (12, 16 or 20°C) or an ambient temperature
control (23°C). Experiments commenced at 08:00 h
each day and terminated at 02:00 h the following day.
Three replicate nubbins were randomly removed from
each treatment at 1, 3, 6, 12 and 18 h following com-
mencement of the experiment.

Synergistic effects of light and temperature: Corals
were randomly assigned to 1 of 3 temperature treat-
ments (14, 20 or 26°C). Three different irradiance
regimes (100, 50 and 0% of incident light) were used
within each temperature treatment. Irradiance was
provided by natural sunlight and 100% light was
equivalent to 1200 to 1450 µm m–2 s–1. Corals were
exposed to these temperature and light treatments for
6 h from 12:00 to 18:00 h. Respective light regimes
were maintained for the entire period.

Chl a fluorescence measurements: Chl a fluores-
cence was measured using a pulse amplitude modu-
lated (PAM) fluorometer (DIVING-PAM) (Schreiber et
al. 1986). The DIVING-PAM was used to measure the
minimal (F0) and maximal (Fm) fluorescence yields.
Variable fluorescence (Fv) was calculated as Fm – F0,
and maximum potential quantum yield as Fv/Fm. The
dark-adapted quantum yield (Fv/Fm, Schreiber et al.
1986), provides a good approximation of the maximum
photochemical efficiency of Photosystem II (PSII)
(Björkman & Demmig 1987, Schreiber & Neubauer
1990, Öquist et al. 1992). Measurements were taken
following a dark-adaptation period of 30 min, which
allows enough time for relaxation of photoprotection in
corals (Jones & Hoegh-Guldberg 1999). During mea-
surements, the fibre-optic cable of the fluorometer was
maintained approximately 1 mm from the coral sur-
face. Measurements were taken at the base of each
colony on the side facing directly north during the
experimental incubation.

Determination of chl content and density of symbi-
otic dinoflagellates: Coral tissues were stripped from
the skeleton with a jet of re-circulated filtered sea-
water using an oral irrigator (WaterPik™). The re-
sulting slurry was homogenized with a blender for 30 s
and the volume of the homogenate was recorded
(~100 ml). A 10 ml aliquot of the homogenate slurry
was preserved with 1 ml formalin and the density of
symbiotic dinoflagellates was determined by using 8
replicate counts on a hemocytometer. After correcting

for homogenate volume and surface area of the coral
branch, the densities of symbiotic dinoflagellates were
determined and expressed per unit surface area.

Three 10 ml aliquots of homogenate were taken to
determine content of chls a, b and c. Samples were
centrifuged for 5 min at 3000 rpm (2000 × g) and the
supernatant was discarded, leaving an algal pellet.
The samples were resuspended with acetone and
placed in a freezer (–20°C) for 24 h. Samples were cen-
trifuged again at 3000 rpm (2000 × g) for 5 min and the
absorbances of the supernatant were determined at
664, 647, 630 and 750 nm on a spectrophotometer
(Pharmacia LKB Ultraspec III) to determine chls a, b
and c, and turbidity, respectively. The absorbances at
664 and 750 nm were recorded following acidification
with 10% HCl to determine phaeophytin concentra-
tion. Concentrations of chl were calculated using equa-
tions of Jeffrey & Humphrey (1975) after correcting for
homogenate volume and the surface area of the coral
samples.

Determination of surface area: Surface area was
determined using melted wax maintained at 65°C in a
water bath. Nubbins were dipped in the melted wax
for a standard period of time (5 s). When set, the nub-
bin was weighed then dipped again into the wax (5 s).
The difference between the first and second weight
allows the surface area to be calculated by comparison
with standardized cubes of known surface area (Jones
et al. 2000).

Statistical analyses. A 2-way ANOVA with fixed ef-
fects was conducted on STATISTICA© software (Stat-
Soft) to determine differences between treatments for
photosynthetic pigment analyses, counts of symbiotic
dinoflagellates and measurements of photosynthetic
efficiency (Fv/Fm). Before analysis, Cochran’s test was
used to determine the homogeneity of variances and
data were then log transformed when required, result-
ing in homogeneous or near-homogeneous samples
(Eisenhart et al. 1947). Square-root transformations
were applied when the group variances were propor-
tional to the means (Zar 1984). When ANOVA deter-
mined a significant difference, Tukey’s post hoc test
was used to attribute differences between specific
treatments (Zar 1984).

RESULTS

Time course of response to cold temperature stress

Photosynthetic efficiency

There were no significant differences in F0, Fm or
Fv/Fm between control treatments conducted on 3 dif-
ferent days (p > 0.05). Results from the different control
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treatments were therefore pooled. This also indicated
that the different temperature treatments, while con-
ducted on different days with different light regimes,
could be directly compared. There was no immediate
effect on Fv/Fm after 1 h exposure to any temperature
treatment. However, following 3 h exposure to de-
creased temperatures, Fv/Fm declined by 0.06, 0.15 and
0.22 in the 20, 16 and 12°C treatments, respectively.
This trend was maintained with increasing duration of
the treatments, with the 12°C treatment showing the
greatest decrease in Fv/Fm throughout, followed by the
16°C treatment. While Fv/Fm in the 20°C treatment was
lower than the control treatment, this difference was
not significant (p > 0.05). However, both the 16 and
12°C treatments were significantly different from the
controls after 3 and 6 h exposure to colder tempera-
tures (p < 0.05 and < 0.001, respectively). Only the
12°C treatment was significantly different after 12 and
18 h exposure (Fig. 1).

There were no significant differences in F0 between
different temperature regimes throughout the experi-
ment (p > 0.05). There was also no significant differ-
ence in F0 between treatments at the 1, 3 and 6 h sam-
pling times. However, after 12 and 18 h exposure, F0 in
the 16°C treatment increased substantially, although
not significantly (p > 0.05) compared to the 12 and
23°C treatments. The F0 of the 20°C treatment also
increased after 12 h (Fig. 2).

In comparison, Fm showed a significant reduction in
both the 12 and 16°C treatments after 6 h exposure
compared to the control (p < 0.01 and < 0.01, respec-
tively). In the 12°C treatment, Fm remained signifi-
cantly reduced throughout the experimental period

(12 h, p < 0.01; 18 h, p < 0.05). However in
the 16°C treatment, Fm increased significantly
after 12 and 18 h to the levels shown in the 20 and
23°C treatments, with a significant difference
from the 12°C treatments observed (p < 0.01)
(Fig. 2).

Recovery of the photosynthetic efficiency of the
dinoflagellates of corals (measured using Fv/Fm)
also varied depending on treatment temperature
and duration of exposure. In the control corals,
Fv/Fm remained consistent throughout the 4 d
experiment, and was similar to levels measured in
corals freshly collected from the field (range 0.56
to 0.62, n = 20). Diurnal fluctuations in Fv/Fm were
apparent in the controls, with Fv/Fm lowest after
6 h (corresponding to 14:00 h) and highest after
18 h (corresponding to 02:00 h). In the 20°C treat-
ment, Fv/Fm decreased slightly after 3, 6 and 12 h
exposure; however, there was no apparent de-
crease after 1 or 18 h exposure. Fv/Fm then re-
covered over the next 72 h. A similar trend was

observed in the 16°C treatment, with an initial
decrease in Fv/Fm, followed by recovery. In the 12°C
treatment, Fv/Fm showed the greatest initial decrease
after 3, 6, 12 and 18 h exposure. While Fv/Fm did
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recover in the 3 and 6 h treatments, there was no
recovery of Fv/Fm after 12 or 18 h exposure at 12°C.
This lack of recovery corresponded to severe coral
bleaching and/or resulting mortality. It must be noted
that recovery was not complete in either the 12 or the
16°C treatment, as Fv/Fm remained considerably de-
pressed when compared to initial levels (Fig. 3).

Concentration of photosynthetic pigments 
and symbiotic dinoflagellates

The duration of exposure to decreased temperature
showed no significant effect (p > 0.05) on either the
concentration of photosynthetic pigments or the den-
sity of symbiotic dinoflagellates. Therefore, results
were pooled to give an indication of overall trends of
these parameters between the 4 different temperature
treatments. The 12°C treatment showed a significant
decrease in chl a, c, and a+c content compared to the
other treatments (p < 0.001). The 12°C treatment also
showed a significant decrease in the density of symbi-
otic dinoflagellates from the 23 and 20°C treatments
(p < 0.001). There were no significant differences in the
chl a:c ratio or in phaeophytin content between treat-
ments (p > 0.05). However, the 16°C treatment showed
a significant increase from the 23°C control in chl a
cm–2 and chl a+c content, and in chl a content per
dinoflagellate (p < 0.01, < 0.05 and < 0.001, respec-
tively). Chl a content per dinoflagellate was also sig-
nificantly increased in the 16°C treatment compared to
the 12°C treatment (p < 0.001) (Table 1).

Synergistic effects of light and temperature

Photosynthetic efficiency

There were significant differences in photochemical
efficiency (Fv/Fm) dependent upon the combination of
the temperature and light regime. Photochemical effi-
ciency of dinoflagellates within the corals exposed to
14°C under 100% incident irradiance was significantly
decreased (0.46) compared to corals exposed to 20°C
(0.53) and 26°C (0.58) (p < 0.001). The 14°C treatment
was also significantly lower (0.53) than the 26°C treat-
ment (0.60) at 50% light (p < 0.01). However, there
were no significant differences between any of the 3
temperature treatments at 0% light (p > 0.05).

Following exposure to 14°C, photochemical effi-
ciency was also significantly different between the
100% light treatment and corals maintained at 0 and
50% light (p < 0.05 and < 0.001, respectively). While
photochemical efficiency decreased at higher light
intensities in the 20°C treatment, these differences
were not significantly different (p > 0.05) either within
the treatment or when compared to the control (Fig. 4).

The reductions in photochemical efficiency can be
explained by changes in the F0 and Fm of the corals. At
100% light, both the 14 and 20°C treatments showed a
significant increase in F0 from the control at all light
levels (p < 0.001 and < 0.01, respectively). At 50%
light, the 14°C treatment is also significantly higher
than the control (p < 0.01). Overall, there is an increase
in F0 with decreasing temperature. Fm also varies
significantly between different treatments and light
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regimes. In the 14°C treatment, Fm is significantly
reduced at 100% light compared to at 50% (p < 0.01).
At 0% light, Fm in the 26°C control is significantly
lower than in the 14 and 20°C treatments (p < 0.001
and < 0.05, respectively). Overall, there is an in-
crease in Fm with decreasing temperature in both the
50 and 0% light treatments; however, in the 100%
light treatment Fm decreases again in the 14°C treat-
ment (Fig. 5).

Density of symbiotic dinoflagellates

The density of symbiotic dinoflagellates was signifi-
cantly reduced in the 14°C treatment compared to the
20°C treatment in all light regimes (p < 0.01). There was
also a significant difference between the 26°C treat-
ment and the 14°C treatment at 100% (p < 0.05) (Fig. 6).

Chl a content per symbiotic dinoflagellate showed
significant increases in the 14°C treatment at 50 and
100% light, compared to the control treatment (p <
0.001 and < 0.001, respectively). Generally, chl a
content per dinoflagellate appeared to increase with
decreasing temperature at all light levels (Fig. 7).
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Table 1. Montipora digitata. Differences in chl a and chl c parameters and the density of dinoflagellates in the coral Montipora
digitata following exposure to 1 of 4 temperature treatments (23 [ambient], 20, 16 or 12°C). *p < 0.05, **p < 0.01, ***p < 0.001. 

abcMeans with different letters are significantly different at p < 0.05

Temp. Chl a content Chl c content Chl a : c Chl a + c Phaeophytin Dinoflagellate Chl a per
(°C) (µg cm–2) (µg cm–2) ratio content density × 106 dinoflagellate

(µg cm–2) (cm–2) (pg cell–1)

23 3.55a 2.65a 1.37 6.20a 0.27 3.51a 1.08a

20 4.19ab 2.87a 1.55 7.06ab 0.32 3.64a 1.17a

16 4.71b 3.01a 1.64 7.72b 0.25 3.04ab 1.63b

12 2.09c 1.49b 1.60 3.58c 0.20 2.37b 0.93a

F-value 21.6*** 18.5*** 1.1 24.8*** 0.2 9.4*** 12.4***

0.4

0.5

0.6

0.7

0.4

0.5

0.6

0.7

0.4

0.5

0.6

0.7

26 20 14
Temperature (°C)

100% Light

50% Light

0% Light

P
ho

to
sy

nt
he

tic
 E

ff
ic

ie
nc

y 
(F

v
/F

m
)

a

ab

a

a

a

b

b

a a

Fig. 4. Montipora digitata. Photosynthetic efficiency (Fv/Fm) of
the coral Montipora digitata following exposure to different
temperature treatments (14, 20 or 26°C) and light regimes (0,
50 or 100%). abcMeans with different letters are significantly 

different at p < 0.05

600

700

800

900

1000

In
iti

al
 f

lu
or

es
ce

nc
e 

(F
0
)

100% Light

50% Light

0% Light

1600

1800

2000

2200

26 20 14
Temperature (°C)

M
ax

im
al

 fl
uo

re
sc

en
ce

 (F
m

)

Fig. 5. Montipora digitata. Differences in initial fluorescence
(F0) and maximal fluorescence (Fm) of the coral Montipora
digitata immediately following exposure to 1 of 3 temperature
treatments (26 [ambient], 20 or 14°C), while maintained under 

1 of 3 light regimes (100, 50 or 0%)



Saxby et al.: Effects of cold temperature stress on corals

Concentration of photosynthetic pigments

In the 100% light regime, chl a content increased
slightly in the 14°C treatment when compared to the
26°C ambient control. Under 50 and
0% light, this trend was more pro-
nounced, with a significant differ-
ence observed between the 20°C
treatment and the 26°C treatment at
0 and 50% light (p < 0.05 and < 0.01,
respectively) (Table 2).

There was a significant increase in
chl c content in the 20°C treatment
compared to the 14°C and 26°C
treatments under all light regimes
(p < 0.001 and < 0.001, respectively).
This increase corresponded with a
large decrease in the chl a:c ratio in
the 20°C treatment under all light
regimes, as the amount of chl c
increased relative to chl a. The ratio
of chl a:c appeared to increase with
increasing light in the 14 and 26°C
treatments, indicating a relative de-

crease in chl c content. The overall content of photo-
synthetic pigments (chl a+c) showed a significant
increase in the 20°C treatment at 50 and 0% light com-
pared to the 14 and 26°C treatments (p < 0.001 and
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Table 2. Montipora digitata. Differences in chl a and chl c parameters in the sym-
biotic dinoflagellates of the coral Montipora digitata following treatment at 1 of 3
temperatures (26 [ambient], 20 and 14°C) and 3 light regimes (100, 50 and 0%).
*p < 0.05, **p < 0.01, ***p < 0.001. abcMeans with different letters are significantly 

different at p < 0.05

Temp. Light Chl a Chl c Chl a:c Chl a + ci Phaeo-
(°C) intensity (µg cm–2) (µg cm–2) ratio (µg cm–2) phytin

(%) (µg cm–2)

26 100 3.60ab 2.56a 4.15a 6.16ab 0.35a

50 2.09a 2.78a 0.93a 4.39a 0.28a

0 2.48a 2.38a 1.15a 4.87a 0.43a

20 100 3.23ab 4.71b 0.71a 7.95ab 0.03b

50 4.41b 4.70b 0.94a 9.11b 0.10b

0 5.32b 4.85b 1.07a 10.17b 0.13b

14 100 3.83ab 1.75a 2.11a 5.59ab 0.63a

50 3.75ab 2.01a 1.92a 5.75a 0.47a

0 3.51ab 2.47a 1.46a 5.97a 0.72a

F-values 9.5*** 62.8*** 1.1 26.7*** 48.3**
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<0.001, respectively). This increase in chl a+c content
contrasts with the amount of phaeophytin present,
with a significant decrease observed in the 20°C treat-
ment compared to the 14 and 26°C treatments (p < 0.01
and < 0.05) (Table 2).

DISCUSSION

The impact of changes to sea temperature has been
a major issue in recent literature due to the widespread
impacts of mass coral bleaching events (Glynn 1993,
Hoegh-Guldberg 1999) and the global importance of
climate change. Most previous studies have focused
on the effects of increased sea surface water tem-
peratures. While average temperatures are increasing
in tropical areas due to greenhouse warming (IPCC
2000), the influence of climate change on the overall
variability of weather systems, like the ENSO, suggest
that there may be periods in which colder than normal
temperatures (during La Niña phase conditions) may
be experienced. There is little knowledge or under-
standing of how these colder excursions in sea temper-
ature (e.g. during La Niña periods) will affect marine
organisms. This study has explored how reduced tem-
peratures will impact a coral-dinoflagellate symbiosis
(Montipora digitata).

Synergistic effects of light and temperature

The results of the present study clearly show that
exposure to cold water stress has a negative impact on
the physiology of the coral Montipora digitata. This
was indicated by decreased photosynthetic efficiency,
loss of symbiotic dinoflagellates, and changes in con-
centrations of photosynthetic pigments associated with
chl degradation. Experimental results suggest that the
mechanisms of coral bleaching at lowered tempera-
tures are similar to those involved in elevated temper-
ature stress. It is well documented that decreased
temperatures intensify photoinhibition in higher plants
(Lyons 1973, Smillie et al. 1988, Aro et al. 1990, Greer
1990, Greer & Laing 1991, Foyer et al. 1994, Long et al.
1994) due to a reduction in the rate at which the
quenching of PSII develops (Krause 1992). In the pre-
sent study, decreased temperatures clearly exacer-
bated the photoinhibitory response of corals at higher
light intensities and produced physiological responses
similar to those observed in corals exposed to elevated
temperatures (Jones et al. 1998).

Symbiotic corals exposed to cold water conditions
and high light intensity had significant decreases in
photochemical efficiency (Fv/Fm) and reduced numbers
of viable dinoflagellates compared to the controls.

Decreased photochemical efficiency is indicative of
photoinhibition (Schreiber & Bilger 1987, Hoegh-
Guldberg & Jones 1999), while reduced dinoflagellate
density is a response that is typical of general stress
among reef-building corals. These responses implicate
an increased sensitivity to photoinhibition as a key
aspect associated with coral bleaching following expo-
sure of corals to cold water stress. Previous studies
have also shown increased respiration of the symbiotic
dinoflagellates in response to lowered temperatures
(Steen & Muscatine 1987), probably due to the direct
effects of lower temperature on the activity of enzymes
and their substrates. 

Mechanisms of low and high thermal stress

One model for explaining the increased susceptibil-
ity of corals to photoinhibition with decreasing temper-
atures is that it is also due to the impairment of the
Calvin-Benson cycle as suggested for dinoflagellates
experiencing elevated temperature stress (Jones et al.
1998, Hoegh-Guldberg 1999). Given that rates of en-
zyme activity are temperature dependent (with a Q10

of around 2; Nobel 1991), decreasing temperature is
likely to reduce the rate at which the enzymes catalyz-
ing the Calvin-Benson cycle operate. Given that the
Q10 of light reactions is much less than 2 (Nobel 1991),
the subsequent reduction in photosynthetic electron
transport combined with continued high absorption of
light energy leads to a reduced capacity to process
excitations and hence, over-reduction of the light reac-
tions. This, in turn, leads to damage or inactivation of
photosynthetic components (including PSII) as a result
of the production of toxic oxygen species (Osmond
1994, Lesser 1996). The photosystem has a decreased
capacity to capture and process photons (Long et al.
1994, Osmond 1994), characterized by the accumula-
tion of photochemically inactive PSII reaction centers
(Krause 1994). This typically results in a decrease in
the overall photosynthetic rate (Richter et al. 1990),
indicated by increased baseline fluorescence (F0),
which translates as a decreased yield (Fv/Fm); a phe-
nomena also observed in the present study.

The resulting cellular damage to the symbiotic dino-
flagellates caused by oxidative stress results in an
energetic cost to the coral host, either in terms of
decreased translocation of photosynthate or exposure
to highly reactive oxygen radicals (Lesser & Shick
1989). As a result, the dinoflagellates are expelled from
the host tissues, probably as a protective mechanism
against further oxidative stress (Lesser 1997). This was
supported by the present study as the density of sym-
biotic dinoflagellates was significantly reduced with
decreasing temperatures and increasing light (Fig. 8).
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Variation in biomass parameters

Chl a content per symbiotic dinoflagellate showed a
significant increase in corals subjected to 14°C at 50
and 100% light compared to controls. Increases in the
content of chl a present in the endosymbiotic dinofla-
gellates have previously been recorded following
stress-related loss of symbiotic dinoflagellates due to
sub-aerial exposure (Le Tissier & Brown 1996) and
heat induced bleaching (Jones 1997, Brown et al.
2000). This is in contrast to several different studies
that have reported decreased concentrations of photo-
synthetic pigments per dinoflagellate in bleached
corals (Hoegh-Guldberg & Smith 1989a, Kleppel et al.
1989, Porter et al. 1989, Jokiel & Coles 1990, Shing et
al. 1995). There are 4 possible causes for this increase
in both overall chl a content and chl a content per
dinoflagellate: (1) confounding effects of chl break-
down products; (2) a mechanism of dinoflagellate loss;
(3) nutrient status of the dinoflagellates; and (4) effect
on enzymatic reactions.

Previous work has indicated that increased chl a
could be an artifact of chl breakdown products, such as
phaeophytin and pyrophaeophytin, following symbi-
otic dinoflagellate loss (Jones 1997), which has been
observed in considerable quantities in bleached tissues
of Goniastrea aspera (Ambarsari et al. 1997). While
there were significantly higher concentrations of phaeo-
phytins detected in the tissues of the corals subjected
to the 14°C treatment, chl a content has been corrected
for these.

It is possible that these observed differences in both
chl a and phaeophytin content are related to the mech-

anism of symbiotic dinoflagellate expulsion. For ex-
ample, in Goniastrea aspera, the mechanism of dino-
flagellate loss possibly involved in situ degradation,
where the algal cell degrades inside the host coral tis-
sue before being expelled (Brown 1997a). This would
explain the increased concentrations of both phaeo-
phytin and pyrophaeophytin within the coral tissues.

Alternatively, the observed increase in chl a content
could be related to the nutrient status of the algal sym-
bionts (Hoegh-Guldberg & Smith 1989b, Jones 1997).
Chl a concentration of endosymbiotic dinoflagellates
has been proven to be a reliable indicator of nutrient
status (Hoegh-Guldberg & Smith 1989b, Rees 1991),
with increased chl a production observed in corals
exposed to increased levels of nutrients (Hoegh-Guld-
berg & Smith 1989b). Nutrient enrichment also in-
creases the cell-specific density of symbiotic dino-
flagellates, as well as increasing division rates (Mus-
catine et al. 1998). Increased division frequencies of
dinoflagellates also occur in bleached but recovering
corals (Fitt et al. 1993, Hoegh-Guldberg & Smith
1989b, Jones & Yellowlees 1997). It is therefore likely
that the loss of the symbiotic dinoflagellates from the
tissues of affected corals triggers increases in produc-
tion of chl a and increased algal cell division in
response to increased availability of nutrients, either
from the degradation of damaged algal cells or from
decreased competition for limiting nutrients such as
nitrogen and iron (Hoegh-Guldberg & Smith 1989b,
Ferrier-Pages et al. 2001).

Finally, the significant increase in both chls a and c
content in the 20°C treatment compared to the 14 and
26°C treatments at all light regimes could be explained
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by the effect of temperature on enzymatic reactions.
While the Calvin-Benson cycle may be slowed in the
20°C treatment due to a temperature-related decrease
in enzyme activity (Hoegh-Guldberg 1995), there was
no apparent damage to PSII. This lack of damage is
possibly due to a down-regulation of photosynthesis
associated with chl fluorescence quenching (Bruce
et al. 1997, Brown et al. 1999). This photoprotective
mechanism is known as non-photochemical quench-
ing, which functions by dissipating excess absorbed
light energy in the PSII antenna system as heat (Dem-
mig-Adams 1990). Therefore, to cope with the excess
light energy caused by lowered efficiency of the
Calvin-Benson cycle, more chl c is produced to act as a
quenching mechanism. This was substantiated by the
reduction in chls a and c turnover (indicated by de-
creased phaeophytins), and the relative decrease in
the chl a:c ratio with increasing light in the 20°C treat-
ment, and compared to the 14 and 26°C treatments,
indicating higher relative chl c content (Plate 1). A
similar response to lowered temperatures was also 
observed in corals exposed to a 16°C treatment, with
significantly increased concentrations of chls a and
a+c compared to the ambient control.

Effect of duration of temperature stress

Previous experiments have shown that many coral
species can only tolerate low temperatures for short
periods, specifically 15°C (Roberts et al. 1982), and that
the massive coral Montastrea annularis cannot survive
water temperatures of 14°C for more than 9 h (Mayer
1914). However, specific species of corals (e.g. Plesias-
trea versipora; Kevin & Hudson 1979) can survive tem-
peratures as low as 11.5°C for several months (Coles &
Fadlallah 1991). In the present study, the duration of
the applied cold treatment had a major effect on the
photochemical efficiency of the dinoflagellates within
treated corals. The observed decrease in the ratio of
variable fluorescence to maximal fluorescence was
primarily related to a decrease in Fm following expo-
sure to decreased temperatures, indicating increased
photoprotection (Jones & Hoegh-Guldberg 2001). It
appears that a similar set of physiological phenomena
to heat stress occur as dinoflagellates and their coral
hosts are exposed to cold stress.

Differences in Fm and hence, Fv/Fm of corals within
the control and treatment groups, may be due to diur-
nal fluctuations in photochemical efficiency. Previous
studies have shown that marine dinoflagellates have
clear diurnal cycles of photochemical efficiency, with
Fv/Fm decreasing after dawn to reach a low between
midday and early afternoon, then recovering during
late afternoon and early evening (Brown et al. 1999,

Hoegh-Guldberg & Jones 1999, Jones & Hoegh-Guld-
berg 2001). This pattern is consistent with the substan-
tial increase in Fv/Fm in all treatment temperatures
after the 6 h sampling time (14:00 h). While tempera-
ture still has a significant effect on Fv/Fm, its impact is
tempered by the natural diel cycle of the symbiotic
dinoflagellates. Therefore, at the 12 and 18 h sampling
times (20:00 and 02:00 h, respectively), Fv/Fm recov-
ered slightly due to the absence of light.

It is important to note that duration had no signifi-
cant effect on either the density of symbiotic dinofla-
gellates or photosynthetic pigment concentration in
any of the different temperature treatments. There-
fore, while the duration of the exposure to cold water
stress affected the short-term response of the corals to
stress (i.e. photoprotection), the overall impact re-
mained the same. This is similar to another study on
the sea anemones Aiptasia pulchella and A. pallida,
which showed that increasing duration of cold stress
did not elicit further release of dinoflagellates after a
certain threshold was reached (Muscatine et al. 1991).
In contrast, time did play a major role in the ultimate
survival of corals after exposure to cold stress, as mor-
tality only occurred in those corals exposed to 12°C for
more than 12 h. This could be related to the effects
of cold temperatures on host cells (Watson & Morris
1987). Reduced temperature is known to increase
membrane permeability and change the relative rates
of reactions (via effects on the kinetic energy of
enzymes and substrates), leading to metabolic disorder
and greatly reduced rates of cell division (Hoegh-
Guldberg 1995). It can therefore be suggested that
cold water bleaching events are analogous to warm
water bleaching events in that severe coral bleaching
preceding mortality only occurs once the thermal and
temporal limits of a particular coral are exceeded.

Short-term recovery

The partial recovery of photochemical efficiency
of symbiotic dinoflagellates in cold stressed coral
occurred over a 24 h period after corals were returned
to ambient temperature. However, Fv/Fm remained
substantially lower than initial levels throughout the
3 d monitoring period. This pattern of short-term re-
covery has also been observed following exposure of
corals to heat stress and cyanide (Jones & Hoegh-
Guldberg 1999, Jones et al. 2000). It has been sug-
gested that this initial increase in Fv/Fm occurs through
the selective expulsion of damaged dinoflagellates
(Jones et al. 2000), thereby increasing the relative pro-
portion of unaffected algal cells. This is supported by
the apparent bleaching that occurred throughout this
period in both the 12 and 16°C treatments, substanti-
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ated by the significant loss of symbiotic dinoflagellates
and decreased chls a and c content. However, while
bleaching was greatest in the corals exposed to 12°C
for 12 and 18 h, no recovery of Fv/Fm was observed
following treatment. The lack of recovery in these
cases is probably due to extreme cellular damage
caused by irreversible photodamage, resulting in ex-
pulsion of damaged algal cells.

In addition to photo-oxidative stress induced by pho-
toinhibition, lowered temperatures appear to have
other deleterious physiological effects. In a study by
Muscatine et al. (1991), the principal mechanism of
expulsion of symbiotic dinoflagellates following cold
stress involved the sloughing off of intact endodermal
cells containing symbiotic dinoflagellates in various
stages of degradation. This response was also ob-
served in the present study following exposure of
corals to 12°C for 12 and 18 h periods, but did not occur
in corals treated for shorter periods of time. This sug-
gests that there may be a correlation between the type
of stress imposed upon the coral, as well as its severity
and duration, and the mechanism of coral/algal disso-
ciation. The mechanisms involved may also vary
depending on whether the environmental stress prin-
cipally affects the host cells (Gates et al. 1992) or the
algal symbionts (Glynn & D’Croz 1990, Lesser et al.
1990, Iglesias-Prieto et al. 1992).

CONCLUSIONS

The present study explored the impact of cold stress
on a symbiotic coral species growing at the southern
end of the Great Barrier Reef. Reducing the sea tem-
perature to below that normally experienced by Mon-
tipora digitata led to the advent of physiological stress,
both in its tissues and in the symbiotic dinoflagellates.
Lowered temperatures increased the sensitivity of the
endosymbiotic dinoflagellates of Montipora digitata to
photoinhibition. The observed effects appeared to be
similar to those observed in warm water bleaching of
corals, indicated by loss of algal symbionts, and long-
term reduction in photosynthetic efficiency (Hoegh-
Guldberg 1999). These impacts have significance for
projecting how coral communities are likely to change
during climate warming. As climate warming occurs,
the increased variability around climate systems like
ENSO could have an independent and strong impact
on reef-building coral communities during unusually
cold periods like those seen in some parts of the world
during strong La Niña phase conditions.
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