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An opportunity to explore the effects of fluctuating temperatures on tropical scleractinian corals arose when
diurnal warming (as large as 4.7 °C) was detected over the rich coral communities found within the back reef of
Moorea, French Polynesia. In April and May 2007, experiments were completed to determine the effects of
fluctuating temperature on Pocillopora meandrina and Porites rus, and consecutive trials were used to expose
them for 13 days to 26 °C, 28 °C (ambient conditions), 30 °C, or a fluctuating treatment ranging from 26 to 30 °C
over 24 h. The multivariate response was assessed using maximum dark-adapted quantum yield of PSII (FV/FM),
Symbiodinium density, chlorophyll-a content, and calcification. In trial 1, multivariate physiology of both species
was significantly affected by treatments, with the fluctuating temperature resulting in a 17–45% decline in
Symbiodinium density (relative to the ambient)matching that occurring at a constant 30 °C; FV/FM, chlorophyll-a
content, and calcification, did not differ between the fluctuating and the steady treatments. In contrast, in trial 2
that utilized corals collected two weeks after those used in trial 1, the corals were unaffected by the treatments,
likely due to an environment×trial interaction caused by seasonal declines in Symbiodinium density. Together,
these results demonstrate that short transgressions toecologically relevanthighand low temperatures can elicit a
potentially detrimental response equivalent to that occurring upon exposure to a constant high temperature. The
dissimilar responses among dependent variables and consecutive trials underscore the importance of temporal
replication andmultivariate approaches in coral ecophysiology. It is likely that recent history has a stronger effect
on the response of corals to treatments than is currently recognized.
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1. Introduction

The magnitude, duration, and rate of increase in seawater
temperature can all negatively impact corals (Coles and Jokiel,
1977; Hoegh-Guldberg and Smith, 1989; Jokiel and Coles, 1990;
Dunn et al., 2004; Middlebrook et al., 2010), but it is uncertain where,
when, and how a particular temperature metric will emerge as an
important driver of coral stress. Therefore, it is important for studies
of thermal bleaching to characterize the complete range of biologi-
cally relevant temperature metrics in order to fully understand the
causes (Fitt et al., 2001). One example of the benefits of such an
approach comes from Puerto Rico, where a combination of temper-
ature metrics – rather than simply the maximum seawater temper-
ature, and the duration of exposure to this value (Gleeson and Strong,
1995) – provided the best predictor of coral bleaching between 1966
and 1995 (Winter et al., 1998). Similarly, off the coast of East Africa,
coral bleaching was associated with degree heating weeks, degree
heating months, and the variability as assessed by the standard
deviation and kurtosis of the monthly mean records of sea surface
temperature (SST) (McClanahan et al., 2007). Together, studies such
as those of Winter et al. (1998) and McClanahan et al. (2007)
indirectly suggest that the thermal history of a coral matters a great
deal in determining its response to thermal stress.

Several experimental studies have suggested that the role of
temperature in coral bleaching may not lie only in the threshold value
eliciting the response, but also the sublethal intensities that create
the potential for acclimatization (McClanahan and Maina, 2003;
Middlebrook et al., 2008; Edmunds, 2009). For instance, the rate of
change in temperature and the capacity for acclimatization influence
the ways in which corals respond to elevated temperature (Coles and
Jokiel, 1977; Brown et al., 2002; D'Croz and Maté, 2004; Castillo and
Helmuth, 2005), with one of the best examples of these effects coming
from intertidal corals in Thailand. In this location, Goniastrea aspera
that were emerged at low tide and exposed to high light intensities
from January to March subsequently displayed acquired resistance
(i.e., acclimatization) 2–5 months later to elevated seawater tem-
peratures, most likely as a result of increases in cellular defenses in
the cnidarian host (Brown et al., 2002). Similarly, for sub-tidal
corals, their physiological response to increased temperature can be
ameliorated by their temperature history (Castillo and Helmuth,
2005; Middlebrook et al., 2008; Edmunds, 2009).

Thewidespread use of remotely sensed SST to characterize seawater
temperatures, specifically those associated with coral bleaching (e.g.,
Gleeson and Strong, 1995) may not detect aspects of the underwater
thermal regime that are also important to corals (Brown,1997b; Leichter
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Fig. 1. Seawater temperature at 2–4 m depth in the back reef of Moorea. (A) Temperature
at one representative site fromOctober 2005 to April 2007; these datawere recordedwith
a sampling interval of 10 min (Oct 05–Dec 06) and 15 min (Jan 07–April 07) and are
plottedwith the checkmarks on the abscissa corresponding to thefirst day of eachmonth.
(B) Temperature from a period of unusually strong daily fluctuation during October 2005;
with peaks corresponding tomidday solarwarming, andminima occurringbetween19:30
and 07:30. (C) Histogram of daily range in seawater temperature between October 2005
and April 2007. Values displayed are based on data collectedwith a sampling interval of 10
or 15 min (see above) at 10 sites. A daily range of ~1 °C was measured with the greatest
frequency (vertical dashed line),with amaximumdaily range of 4.7 °C (n=4878 records).
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et al., 2006; Sheppard, 2009). Critically, SST in reef environments
routinely differs from underwater measurements by as much as ≈3 °C
(Leichter et al., 2006), and sub-surface temperatures are more dynamic
over short periods. For instance, underwater temperature fluctuates
rapidly (i.e., up to ~5 °C in b24 h) throughout the Florida Keys, the
Bahamas, St. Croix, Belize, and Bonaire (Leichter et al., 2006), largely as a
result of diurnalwarming in shallowwater (10 m), and tidal forcing and
internalwaves atgreater depths(20–30 m).Dailyfluctuations as large as
10 °C also affect the near-shore, shallow reefs of Oman and Taiwan
(Coles, 1997; Lee et al., 1999), and daily fluctuations of ~6 °C are
common in the lagoon and over fringing reefs (1–10 m depth) in
American Samoa and other Pacific islands (Brown, 1997b; Craig et al.,
2001). SST records can also miss more subtle characteristics of the
thermal environment affecting corals, notably the variation in temper-
ature of individual colonies due to their color and the ways in which
seawater flows around them (Fabricius, 2006; Jimenez et al., 2008).

Lagoon and back reef environments provide interesting locations
for studying the response of corals to complex thermal signals,
because they are often characterized by rich coral communities in
temperature regimes that fluctuate with a high frequency and
magnitude (Craig et al., 2001; Sheppard, 2009; Edmunds et al.,
2010). Such fluctuations occur within a context that may already
place the mean habitat temperatures close to the upper thermal limit
for corals (Brown, 1997a), at least during the summer, and this effect
is likely to intensify as global temperatures continue to rise (IPCC,
2007). The back reef of Moorea, French Polynesia, is representative of
this type of thermal regime (see also Birkeland et al., 2008), and in this
location mean seawater temperature reaches 32 °C in summer, and
adjacent to the benthos at 2–3 m depth, temperature varies diurnally
by 0.2 °C to 4.7 °C (Edmunds et al., 2010, P.J. Edmunds unpublished
data). Such an extreme thermal regime might be expected to be
physiologically challenging to corals (Coles and Brown, 2003), yet
healthy corals grow throughout this environment and cover as much
as 33±2% of the benthos (in 2005 [P.J. Edmunds unpublished data]).
With these observations as a context, in this study we used corals
from the back reef of Moorea to test the hypothesis that their
physiology is affected differentially by fluctuating versus steady
temperatures. Our approach used two common corals – Pocillopora
meandrina (Dana 1846) and Porites rus (Forskål 1775) – and tested
their response to a combination of thermal regimes using four
dependent variables selected to evaluate the impacts of the
treatments on the coral host and the Symbiodinium symbionts.

2. Methods

As part of another study, seawater temperature in the back reef of
Moorea was measured with loggers (HOBO Water Temp Pro, Onset
Computer Corp. Bourne, Massachusetts, USA; accuracy ±0.2 °C)
placed at 2–4 m depth at multiple locations (Edmunds et al., 2010,
P.J. Edmunds unpublished data). The temperature records from these
deployments revealed diurnal fluctuations, with a maximum daily
range of 4.7 °C and a mean daily range of 1.1 °C (Fig. 1). These results
were used to provide an ecological context for the design of the
present manipulative experiments.

To test the effects of diurnal fluctuations in temperature on coral
physiology, two experiments were completed in April and May 2007.
Independent treatment replicates were obtained by completing two,
18-day trials (5 days acclimation and 13 days treatments), one
beginning on April 10 (trial 1) and one beginning on April 26 (trial 2).
Fragments (~4–6 cm in length) of P. rus (Forskål, 1775) and
P. meandrina (Dana, 1846) were collected from 2 to 4 m depth in the
back reef, with only one branch collected from each colony, and one
nubbin formed from each branch to increase the likelihood that unique
genotypes were sampled. Fragments were transported to the Richard B.
Gump South Pacific Research Station where they were formed into
nubbins by attaching them to bases using underwater epoxy (A-788,
Z-Spar Los Angeles, California, USA) and allowed to recover for ~24 h
in a re-circulating seawater. Following recovery, the nubbins were
acclimated to the experimental conditions for 5 days at ambient
temperature (28 °C) and light (~530 μmol photons m−2 s−1). The
experimental incubations began after this period and lasted 13 days. To
examine the effects of these treatments, response variables were
assessed at the termination of the experiments.
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The temperature treatments were created in indoor microcosms
consisting of four 135-L tanks, each with a separate chiller, heater,
pump, and filter. The tanks were filled with seawater freshly collected
from the outer reef, and this was continuously circulated and partially
replaced (~20%) daily. Each tank was fitted with a microprocessor-
controlled regulator (AquaController Jr., Neptune Systems, San Jose,
California, USA) that maintained temperature with a resolution of
±0.2 °C. These regulators were used to create steady treatments aswell
as a fluctuating treatment designed tomimic conditionswithin the back
reef (Figs. 1 and 2). The experiment consisted of a control, a steady
temperature close the annual mean temperature of the back reef
(28 °C), and three treatments of: (1) fluctuating temperatures (26–
30 °C over 24 h), (2) a steady 26 °C, and (3) a steady 30 °C. In the
oscillatory treatment, the tanks were maintained at 26 °C between
00:00 and 06:00 h, increased to 28 °C from 06:00 to 10:00, increased
again to 30 °C from 10:00 to 14:00, decreased to 28 °C from 14:00 to
18:00, and finally decreased to 26 °C at 18:00 and remained at this
temperature until the followingmorning at 06:00 h,when the sequence
was repeated. Toassess theefficacyof the treatment, temperatureswere
logged at 1 h intervals throughout the experiment (Fig. 2).

While light and temperature are both causative factors in the coral
bleaching (Fitt et al., 2001), it was not feasible to include light
manipulations due to logistical constraints. Instead, incubations were
completed at a single irradiance provided with lamps (Sylvania,
Metalarc, 1000 W) suspended above the tanks, with their height
adjusted to provide light at ~45% of the maximum light intensity at
the collection depth (2–4 m); the reduced intensity ensured that the
daily integrated light exposure was similar in the tanks and the field.
The average maximum light intensity at noon on cloudless days in
April was 1438±55 μmol photons m−2 s−1 (±SE, n=25 over
2 days) and, therefore, the light in the incubation tanks was adjusted
to ~640 μmol photons m−2 s−1 (all light measurements were taken
with a Li-Cor® 4π sensor [LI 193SA] attached to a LI 1400 m). The
lamps were operated on a 12 h light:12 h dark cycle, commencing at
06:30 h, and the light in the tanks was measured multiple times each
day using a 4π sensor (LI 193SA).

2.1. Symbiont response variables

The effect of the treatment on Symbiodinium was assessed as
maximum dark-adapted quantum yield of PSII (FV/FM [Genty et al.,
1989]), which quantifies the efficiency of PSII (Jones et al., 1998;
Warner et al., 1999). Decreases in FV/FM can signal chronic photo-
Fig. 2. A representative day (11 April 07) of seawater temperature in the four treatment
conditions created in trial 1 (solid black line = 30 °C, dotted and dashed line = 28 °C,
dashed line = 26 °C, and dotted line = oscillating from 26 °C to 30 °C and back to
26 °C). Temperatures were recorded in each treatment with a frequency of 1 h, and all
treatments were maintained at the programmed temperatures with a SE of b0.2 °C
(n=312 readings tank−1). Refer to text for further details.
inhibition (damage to the photosynthetic apparatus), or reversible
photoinhibition (Gorbunov et al., 2001). Fluorescence measurements
were taken on the final night of treatments, using a Diving-PAM
(Walz, GmbH, Effeltrich, Germany), after 2.5 h of darkness (~21:00 h).
To measure FV/FM, each coral was removed from its treatment tank
in a darkened beaker (500 mL) filled with seawater, and a single
measurement taken using the 5.5-mm diameter probe of the Diving-
PAM. To minimize variation in FV/FM due to location of the probe or
branch orientation, all measurements were taken ~2 cm from the tip
of each branch, with the probe held 1 cm above the tissue.

Corals nubbins were split in half for the analysis of Symbiodinium
density and chlorophyll-a (chl-a) content. Half of each nubbinwasfixed
in formalin (5% in seawater) and the remainder frozen at −20 °C. To
completely remove tissue from the skeleton to quantify Symbiodinium
density, the skeleton of the fixed portion was dissolved in 10% HCl
(in fresh water), and the tissue layer homogenized using an ultrasonic
dismembrator (Fisher 15-338-550)fittedwitha3.2 mmdiameterprobe
(Fisher 15-338-67). This is especially important in perforate skeletons
such as P. rus, where nondestructive methods such as waterpiking and
airbrushing do not fully remove tissues. Six replicate counts of
Symbiodinium in the homogenate were completed using a haemocy-
tometer, and an aliquot of the slurry was dried at 60 °C to determine
biomass. The Symbiodinium density was normalized to dry tissue
biomass and expressed in units of cells mg−1.

To extract chlorophyll-a, the frozen portion of the nubbins was
immersed in 100% acetone in the dark at 4 °C for 24 h. The extract was
centrifuged at 14,000 rpm for 1 min, and the supernatant removed for
absorbance measurements at 630 nm and 663 nm. To ensure full
pigment extraction, this process was repeated for a second 24 h
period. Chlorophyll concentration was calculated using the equations
of Jeffrey and Humphrey (1975), and normalized to surface area of the
fragments (μg cm−2) as estimated by aluminum foil (Marsh, 1970).

2.2. Holobiont-related response variables

To estimate changes in skeletal weight in response to treatments
(i.e., calcification), corals were buoyant weighed (±1 mg; Davies,
1989) prior to manipulations, and immediately following the
experiment. Changes in buoyant weight were converted to dry
weight using an aragonite density of 2.93 mg cm−3 (Davies, 1989).
Due to the necessity to divide samples for Symbiodinium density and
chl-a following growth measurements, calcification was normalized
to surface area (mg cm−2 day−1) as estimated by the aluminum foil
method (Marsh, 1970).

2.3. Statistical analysis

All experimental methods used in trial 1 were repeated for trial 2.
Initially, the whole experiment was analyzed with a randomized block
ANOVA, with factors of treatment (fixed), species (fixed), and trial
(a random blocking factor); species was treated as a fixed factor as they
were chosen to contrast an imperforate (P. meandrina) and a perforate
(P. rus) coral. However, this design was subsequently modified because
of a significant trial effect (Symbiodinium density F=79.26, df=1,
Pb0.0001; FV/FM F=4.39, df=1, Pb0.05; chl-a F=32.72, df=1,
Pb0.0001; and growth F=8.04, df=1, Pb0.01), which was evident
despite the considerable effort taken to create identical treatments
(Fig. 2, Table 1). Consequently, data were analyzed separately by trial
with the nubbins treated as statistical replicates. While the experiment
was therefore pseudoreplicated (Hurlbert, 1984) in each tank, it is likely
that the individual nubbins were functionally independent because
their aggregated biomass relative to the volume of seawater was
exceedingly small (1:~3500). Moreover, the seawater was changed
partially (20%) every day, and daily repositioning of the corals in each
tank was used to counteract any bias from a position effect.

image of Fig.�2


Table 1
Conditions recorded hourly in the four tanks during both trials. Values shown are
mean±SE (n) [coefficient of variation]. Fluctuating temperatures are calculated over the
time spent at each temperature (26 °C, 28 °C, and 30 °C, see Fig. 2).

Treatment Temperature (°C)

Trial 1 Trial 2

Acclimation period 28.0±0.2 (121) [0.4] 28.0±0.2 (93) [0.3]
Ambient (control) 28.0±0.2 (305) [0.4] 28.0±0.2 (303) [0.4]
Steady, low 26.0±0.2 (305) [0.4] 26.0±0.2 (305) [0.4]
Steady, high 30.0±0.2 (280) [0.3] 30.0±0.2 (305) [0.4]
Fluctuating

Mean (28 °C) 28.0±0.2 (101) [1.3] 28.0±0.2 (99) [1.1]
Mean (30 °C) 30.0±0.2 (48) [0.6] 29.9±0.2 (47) [0.8]
Mean (26 °C) 26.1±0.2 (155) [0.4] 26.0±0.2 (155) [0.5]

Table 2
Results of statistical analyses by MANOVA of physiology (Symbiodinium density, FV/FM,
chl-a content, and calcification) of Pocillopora meandrina and Porites rus among the four
treatments (Table 1) in trials 1 and 2.

Trial Source Pillai's Trace df F P

1 Treatment 0.591 12, 192 3.929 b0.001
Species 2.334 4, 62 36.176 b0.001
Treatment×Species 0.261 12, 192 1.528 0.117

2 Treatment 0.254 12, 195 1.505 0.125
Species 3.680 4, 63 57.953 b0.001
Treatment×Species 0.246 12, 195 1.453 0.145

Table 3
Results of statistical analyses with univariate ANOVAs of each response variable from
trial 1 (A) and trial 2 (B) for Pocillopora meandrina and Porites rus. The main effects of
treatment and species are denoted as T and S, respectively, and the interaction as T×S.
All non-significant T×S terms (at PN0.25) were pooled with the error term for
significance testing (Quinn and Keough, 2002).

Source df MS F P

(A) Trial 1
Symbiodinium density T 3 0.688 9.050 b0.001

S 1 2.067 27.211 b0.001
T×S 3 0.190 2.500 0.066
Error 72 0.076

FV/FM T 3 0.005 3.906 0.012
S 1 0.101 80.356 b0.001
Error 79 0.001

Chlorophyll-a T 3 0.305 1.800 0.154
S 1 8.356 49.308 b0.001
T×S 3 0.429 2.531 0.063
Error 75 0.169

Calcification T 3 0.176 5.961 0.001
S 1 1.497 50.592 b0.001
T×S 3 0.066 2.238 0.091
Error 73 0.030

(B) Trial 2
Symbiodinium density T 3 0.091 0.670 N0.05

S 1 0.053 0.391 N0.05
T×S 3 0.292 2.162 N0.05
Error 74 0.135

FV/FM T 3 0.001 0.410 N0.05
S 1 0.222 171.220 b0.001
T×S 3 0.002 1.784 N0.05
Error 75 0.001

Chlorophyll-a T 3 0.711 3.739 0.014
S 1 3.513 18.476 b0.001
T×S 3 0.288 1.517 N0.05
Error 79 0.190

Calcification T 3 0.316 2.859 0.042
S 1 9.345 84.604 b0.001
Error 80 0.110
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For each trial, a MANOVA was used to test for an overall effect of
the treatments using all four measures of coral condition as response
variables, fixed factors of treatment and species, and Pillai's Trace as
the inferential statistic. Having completed a multivariate test of
treatment effects that was protected from the risks of Type I error,
univariate ANOVAs were used to identify the variable(s) driving the
results, as well as the direction of effect; interaction terms were
pooled with the residual error termwhen PN0.25 (Quinn and Keough,
2002). Even if the main effects were not significant in the MANOVA,
subsequent univariate ANOVAs were conducted in order to support a
qualitative contrast of the treatment effects in both trials. While all
univariate ANOVAs are presented, statistical inferences are based only
those factors significant in the multivariate analysis. Assumptions of
parametric statistics were assessed through graphical analysis of the
residuals following transformation of the data. All analyses were
carried out using JMP 7.0 software (SAS Institute Inc.), and post hoc
comparisons with Tukey's T' Method for unequal sample size (Sokal
and Rohlf, 1995) were completed whenever the univariate test of
main effects was significant.

3. Results

The treatment temperatures remained at target levels (all SE±0.2 °C)
throughout the experiment (Fig. 2) andwere statistically identical in both
trials (Table 1). Light levels averaged by day in trial 1 were 646±4 μmol
photons m−2 s−1, and for trial 2 were 636±6 μmol photons m−2 s−1

(both±S.E., n=12 trial−1), and did not differ between trials
(F=1.720, df=1,22, PN0.05).

3.1. Trial 1

There was slight paling of coral tissue during the treatments,
however, no necrosis or mortality was observed, and normal polyp
expansion occurred throughout the experiment. MANOVA revealed
that the overall response of the corals differed significantly among
treatments, and between species, although there was no interaction
between the two (Table 2).

3.1.1. Symbiont-related response variables
Following the treatments, the density of Symbiodinium ranged

from 1.55 to 2.83×105 cells mg−1 for P. meandrina, and 2.67 to
3.21×105 cells mg−1 for P. rus, and was significantly affected by the
treatments (Table 3). The largest reduction in the Symbiodinium
density was seen in the fluctuating treatment and the 30 °C treatment
for P. meandrina (Fig. 3), where mean density decreased 45% and 36%,
respectively, compared to the control (28 °C). There was a similar
trend for P. rus, where mean Symbiodinium density showed the
greatest decrease in the fluctuating treatment (17%), compared to
the control, although in this case the post hoc contrasts were not
significant (Fig. 3). There was also a significant difference in
Symbiodinium density between two species, with lower densities in
P. meandrina (12–42% across treatments), but there was no treat-
ment×species interaction (Table 3).

FV/FM was ~8% higher in P. rus at the steady 26 °C treatment
compared to control (F=3.906, df=3,79, P=0.012), but was unaffect-
ed by the fluctuating treatment (Fig. 4) in comparison to the control.
Statistically, FV/FM of P. meandrina was unaffected by the treatments,
although there was a trend for an increase at 26 °C (Fig. 4). The main
effect of species was also significant (F=80.356, df=1,79, Pb0.001),
but there was no treatment×species interaction (Table 3). The species
effect for FV/FM resulted from~10%higher values for P.meandrina (0.62–
0.64) compared to P. rus (0.55–0.60). The mean chl-a content in
P. meandrina ranged from 1.6 to 2.6 μg cm−2 after treatment, and in
P. rus from 3.3 to 4.2 μg cm−2. Chlorophyll-a content was unaffected by
the treatments, but it differed significantly between species, and was
unaffected by the treatment × species interaction (Table 3). On average,
chl-a concentrationswere ~2× lower in P. meandrina compared to P. rus
(Fig. 4).



Fig. 3. Effects of temperature treatments on Pocillopora meandrina (open symbols) and Porites rus (closed symbols) during trial 1 (10 April–29 April, 2007) and trial 2 (26 April–15
May, 2007). (A, B) Symbiodinium density and (C, D) calcification. Values are displayed asmeans±SE using log transformed data for Symbiodinium density (Trials 1 and 2) and growth
(Trial 2) (n=8–13 nubbins bar−1). Treatments marked with similar lower case letters are not statistically different from each other as identified by Tukey's T' Method post hoc
analysis (Sokal and Rohlf, 1995), which was completed when the main effect of treatment was significant both in the MANOVA and univariate ANOVA (i.e., trial 1 only, Tables 2
and 3). Shaded area denotes the control treatment (28 °C).

Fig. 4. Effects of temperature treatments on Pocillopora meandrina (open symbols) and Porites rus (closed symbols) during trial 1 (10 April–29 April, 2007) and trial 2 (26 April–15
May, 2007). (A, B) dark-adapted maximum quantum yield of PSII (FV/FM), and (C, D) chlorophyll-a (chl-a) concentration. Values are displayed as means±SE using transformed data
for FV/FM (squared) and chl-a (log) (n=8–13 nubbins bar−1). Treatments marked with similar lower case letters are not statistically different from each other as identified by
Tukey's T' Method post hoc analysis (Sokal and Rohlf, 1995), which was completed when the main effect of treatment was significant both in the MANOVA and univariate ANOVA
(i.e., trial 1, Tables 2 and 3). Shaded area denotes the control treatment (28 °C).
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3.1.2. Holobiont-related response variables
Mean calcification ranged from 0.36 to 0.54 mg cm−2 day−1 for

P. meandrina, and from 0.62 to 0.93 mg cm−2 day−1 for P. rus (Fig. 3).
Calcification differed significantly among treatments, with the effect
driven by P. rus, for which the highest rates occurred in the steady
30 °C treatment, which differed from the 26 °C treatment and control
(28 °C) (Fig. 3). However, calcification in the fluctuating treatment did
not differ significantly from any other treatment. Conversely,
calcification of P. meandrinawas unaffected by the treatments. Overall
the mean calcification of P. rus was 1.6× higher than for P. meandrina,
and this resulted in the significant species effect for this variable, but
did not result in a treatment×species interaction (Table 3).

3.2. Trial 2

Again in trial 2, the corals remained healthy in appearancewith only
slight paling recorded in the treatments. MANOVA revealed no clear
effect of the treatments, however the species effect was significant
(Table 2), as in trial 1. Although the main factor of treatment was not
significant in the MANOVA, exploratory univariate ANOVAs were
completed to support a qualitative contrast of the outcomes of trials 1
and 2; results presented for trial 2 focus on theunivariate analyses of the
main effect of species.

3.2.1. Symbiont-related response variables
Symbiont density was not affected significantly by species, or the

interaction of the main effects (Table 3). However, treatment-
averaged densities of Symbiodinium were ~23% lower in P. meandrina
in trial 2 compared to trial 1, and ~43% lower in P. rus in trial 2
compared to trial 1. Following treatments, FV/FM for P. ruswas 10–15%
lower across treatments in comparison to FV/FM for P. meandrina
(Fig. 4), but was unaffected by the treatment × species interaction
(Table 3). Similar to trial 1, chl-a content differed between species
(F=18.476, df=1,79, Pb0.001); P. meandrina had ~1.5× less chl-a
than P. rus (Fig. 4). Notably, chl-a content of P. rus and P. meandrina
was reduced 62% and 19%, respectively, in trial 2 compared to trial 1.

3.2.2. Holobiont-related response variables
Calcification in each treatmentwas similar between trial 1 and trial

2 (Fig. 3). In trial 2, there was a significant effect of species, but not of
the treatment×species interaction (Table 3). The species effect was
created by the ~2-fold greater average calcification in P. rus compared
to P. meandrina.

4. Discussion

Our study was motivated by the observation that coral commu-
nities can flourish in thermally unstable habitats (Craig et al., 2001;
Lee et al., 1999; Leichter et al., 2006; Sheppard, 2009), including the
back reef of Moorea, and had the objective of contrasting the effects of
fluctuating and steady temperatures on two species of corals. We
went to great lengths to create fluctuating temperature treatments
with temporal replication, but the logistical challenges of this task
resulted in a time effect preventing an analysis replicated in time. We
cannot be certain what caused this effect, but the identical conditions
in the two trials supports the conclusion that the corals differed in
their responses because they had dissimilar histories on the reef prior
to collection.

The results of the first trial demonstrate that fluctuating tempera-
tures (4 °C amplitude at 11.5 μHz) resulted in a decline of Symbiodinium
density in P. rus and P. meandrina relative to the control and the steady
26 °C treatment. Similar declines also occurred in the steady 30 °C
treatment. The largest reductions in Symbiodiniumdensities in our study
(13–45%) are characteristic of thermal bleaching (Fitt et al., 2001), yet
other Symbiodinium parameters were largely unaffected, and calcifica-
tion was maintained or slightly enhanced. Unlike the results of our
study, naturally occurring thermal bleaching typically involves de-
pressed photophysiology and chlorophyll content, and impaired
holobiont growth (Porter et al., 1989; Fitt et al., 2001; Goreau and
Macfarlane, 1990). While it is possible that such effects were not
expressed in our experiment due to its duration (13 days), it is
surprising that Fv/Fm was unaffected by exposure to 30 °C, as this
metric is usually sensitive to thermal stress within only a few hours
(Jones et al., 1998). Perhaps in the present case, the reduction in
Symbiodinium density was a product of a process similar to “animal
stress bleaching” (sensu Fitt et al., 2001), which is thought to be
characteristic of rapid and large changes in temperature (Fitt et al.,
2001), as employed in our study, and involves the expulsion of oral
endoderm cells containing viable Symbiodinium (Gates et al., 1992; Fitt
et al., 2001). However, this is challenging to reconcile with the absence
of an effect on calcification, but perhaps growth effectswould be evident
over a longer experimental duration. Regardless of the underlying
mechanism, our study demonstrates that an ecologically relevant
fluctuating thermal regime has effects on corals that are comparable
to those resulting fromcontinuous exposure to 30 °C. It is unknownwhy
cyclic exposure to a maximum of 30 °C for such a short period elicits
such a strong effect, but this outcome could result from one or more of
the following: 1) the time spent at the elevated temperature, 2) the
juxtaposition of rapid and cyclical exposures to low and high
temperature, or 3) the rate of transition between the temperatures
(e.g., Middlebrook et al., 2010). Elucidating the importance of each of
these thermal signals will require experiments more complex than the
one utilized here, and should utilize corals that are naïve with regard to
historic exposure to fluctuating temperatures.

The response of P. meandrina and P. rus to fluctuating temperatures in
trial 1 demonstrated that corals found naturally in thermally unstable
conditions are responsive to such conditions during experimental
manipulation, although this does not involve calcification (i.e., an aspect
of growth), which is related to fitness in corals. It is possible that there
were other effects offluctuating temperatures, for although the treatment
contrast was significant for three of the four variablesmeasured, post hoc
analyses detected only one difference between the control and the
fluctuating treatment (i.e., Symbiodinium density in P. meandrina). The
mean densities of Symbiodinium in P. rus, aswell as calcification and Fv/Fm
for both species, suggest that these variables might also have changed
under fluctuating conditions in trial 1. Declines in Symbiodinium density
can be expected to affect the capacity for autotrophy, nutrient recycling,
and light-dependent calcification (Muller-Parker and D'Elia, 1997), with
the implications accentuated with greater declines in Symbiodinium
density, eventually resulting in death (Jokiel and Coles, 1990; Szmant and
Gassman, 1990; Fitt et al., 2001; Rodrigues and Grottoli, 2007). Contrasts
of the present resultswith comparable studies employing steady thermal
stress for similar durations indicate that the losses of Symbiodinium
reported here are large. For instance, Symbiodinium densities in
P. damicornis declined ~10–20% after 2 weeks at 30 °C in Panama
(ambient +2 °C) (Glynn and D'Croz, 1990), and in P. damicornis from
Australia, they declined ~15–25% after 2 weeks at 29 °C (ambient+3 °C)
(Ulstrup et al., 2006). Against this backdrop, it is surprising that the
collateral effects in the present study of exposure to fluctuating
temperatures and 30 °C were small, and included calcification rates that
remainedwithin the range reported for congeners (Marubini and Davies,
1996; Edmunds, 2005, P.J. Edmunds unpublished data). As our study also
demonstrates that dissimilar results can be generated from the same
treatments in a different temporal context – for example in a consecutive
trial (described below) – our findings from trial 1 are best interpreted as
one of several possible outcomes of exposing back reef corals to
fluctuating temperatures.

Perhaps most unexpected was the finding of large differences in the
response of corals to treatments between the trials. We attempted to
standardize the historic effect in our study by beginning our experi-
ments with a 5-day incubation under steady conditions, although
logistical constraints prevented an explicit test of the efficacy of this
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procedure. Trial 2 began 16 days after trial 1 using freshly collected
corals, yet even though the treatments were identical, the outcomes
differed; there was no multivariate effect of treatment, and the
univariate ANOVAs revealed restricted effects of the treatments.
Specifically, Symbiodinium density and Fv/Fm were unaffected by the
treatments, calcification was barely altered (P. rus), and chlorophyll-a
was strongly affected (P. meandrina). The most striking difference
between trials was the reduction in Symbiodinium density (≈50%) and
chlorophyll-a content (≈40%) in corals from the control treatment of
trial 2 versus 1. Therewere no signs of bleaching (i.e., difference in color)
in trial 2 compared to trial 1, or among conspecifics on the back reef, and
while the mean seawater temperature in this habitat reached 29.4 °C
throughout April 2007 (PJ Edmunds, unpublished data), such tempera-
tures are common, as are transgressions to N30 °C (Fig. 1a). Thus, while
the temperature in the back reef during April 2007 (when trial 2 was
conducted) was close to the local threshold for bleaching (~29.8 °C,
http://coralreefwatch.noaa.gov), it was not unusually high, and prob-
ably did not pose a substantial physiological stress on the corals that
grow there, as indicated by the similarity of Fv/Fm between trials (Fig. 4).
Although we cannot exclude the possibility that the corals were
compromised by stress-related bleaching in trial 2, in part because
coral color and Symbiodinium density can be uncoupled in the early
stages of bleaching (Fitt et al., 2001), we suspect that the declines
in Symbiodinium density reflected the onset of routine seasonal changes
in algal populations (Brown et al., 1999; Fitt et al., 2000). Such changes
can be rapid, and in the Caribbean coral Montastrea faveolata, for
example, seasonal declines in Symbiodinium density can occur at
2.2×106 cells cm2 month−1 in a non-bleaching year (i.e., when corals
do not appear pale), which corresponds to a 44% reduction month−1

from the winter maximum (Fig. 1 in Fitt et al., 2000).
If our hypothesis regarding seasonal variation is correct, then routine

temporal variation in the biology of P. meandrina and P. rus were the
cause of the apparent environment x trial interaction, possibly
overshadowing a treatment effect in trial 2. A priori, we assumed that
the back reef environment in the Austral autumn was sufficiently
constant to justify temporal replications as a means to replicate
treatments whose complexity and expense precluded concurrent
replication. While the physical appearance of the corals emboldened
us in our approach (i.e., their color did not vary appreciably), it appears
that the assertion of environmental constancy (and its impacts on
biological processes)was incorrect. This outcome serves as a cautionary
reminder of the importance of repeating experiments – and of working
towards alleviating the limitations of pseudoreplication (Hurlbert,
1984) – even when the experiments are difficult to accomplish.

Despite the unforeseen environment×trial interaction that eroded
the analytical capacity of our study, overall our experiment con-
tributes to understanding the impacts of fluctuating thermal regimes
on corals. The results of the two trials suggest that the response of
back reef corals to oscillatory thermal environment may differ
between periods when their tissues are well populated with, versus
depleted of, Symbiodinium. When Symbiodinium densities are high, for
example in the winter and spring (Brown et al., 1999; Fitt et al., 2000),
corals are able to respond by reducing their Symbiodinium population
in response to diurnal variations in temperature. This responsiveness
may degrade, however, as Symbiodinium populations decline through
seasonal effects concurrent with the end of summer and start of
autumn (Brown et al., 1999; Fitt et al., 2000).

As our corals came from the thermally unstable back reef habitat, it
is reasonable to hypothesize that this regime has led to an acquired
resistance to thermal stress, as demonstrated by Barshis et al. (2010).
Assuming that the back reef corals of Moorea are not genetically
adapted to their environment on account of the frequent exchange of
seawater with the outer reef (Hench et al., 2008), and the potential for
connectivity among populations with pelagic larvae (Cowen and
Sponaugle, 2009), resistance to thermal challenges in this habitat
would be acquired through acclimatization and physiological plastic-
ity (sensu Kingsolver and Huey, 1998). Without further research, such
mechanisms remain a matter of speculation and are generally beyond
the scope of what can be described in a study based on empirical
results. Nevertheless, we are struck by the potential of one such
mechanism to account for our results, and for this reason suspect it
could be a productive subject of further experimental investigation. In
short, it is intriguing to consider the possibility that a fluctuating
thermal regime induces the reduction in Symbiodinium density within
corals as a stress response, but thereafter this response leaves them
well suited to adjust for the losses of their symbionts by up-regulating
host metabolism. This might be accomplished by exploiting tissues
reserves (Rodrigues and Grottoli, 2007), and/or alternative hetero-
trophic resources (Anthony and Fabricius, 2000), or by differentially
exploiting the Symbiodinium remaining, and sustaining calcification
through still poorly known linkages with photophysiology (Allemand
et al., 2004).
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