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ABSTRACT: While photosynthesis of symbiotic algae is essential for reef-building corals, excess irra-
diance inhibits photosynthesis through photoinhibition, which can lead to coral bleaching under ele-
vated temperature conditions. Here we show that water flow reduces photoinhibition of in hospite
endosymbionts in the coral Acropora digitifera. Diurnal monitoring of chlorophyll fluorescence,
under 2 different flow regimes (<3 and 20 cm s! flow rates) in an outdoor aquarium, showed reduced
photoinhibition, but only under moderate flow conditions (20 cm s™!). Experimental (laboratory)
measurements, on time scales ranging from minutes to hours, showed that flow-mediated reductions
in photoinhibition occurred not by enhancing recovery of the damaged photosystem, but rather
through inducing differential photodamage. Moreover, experiments involving sequential light oscil-
lations (500/20 and 1000/20 pmol photons m~2 s7!) at 3 flow regimes, <3, 10, and 20 cm s}, on a time
scale ranging from hours to days, revealed water-velocity-dependent reductions of dynamic photo-
inhibition. These results, on time scales ranging from minutes to weeks, confirm that reduced water
flow amplifies photodamage of algal photosynthesis under strong irradiance, which in turn affects
coral tolerance to strong irradiance and temperature.
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INTRODUCTION

In the last 3 decades mass coral bleaching events
have damaged and, in many localities, caused long-
term changes to coral communities (Glynn 1991,
Goreau & Hayes 1994, Wilkinson 1999, Goreau et al.
2000, Loya et al. 2001, Sheppard et al. 2002, Hughes
et al. 2003). Although several environmental stressors
cause corals to bleach, including reduced salinity (van
Woesik et al. 1995), bacterial infections (Kushmaro et
al. 1996), sedimentation (Philipp & Fabricius 2003),
and UV radiation (Brown et al. 1994, Shick et al. 1996),
most recent bleaching events have been a conse-
quence of high sea surface temperature in direct com-
bination with high irradiance (Glynn 1993, 1996, Shick
et al. 1996, Hoegh-Guldberg 1999).
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While dependent on photosynthetically active radia-
tion, corals and their symbionts are adversely affected
by excessively strong irradiance, a phenomenon
known as photoinhibition (Barber & Andersson 1992,
Aro et al. 1993, Osmond 1994, Jones et al. 1998,
Warner et al. 1999), and recent studies have shown
that photoinhibition is involved in coral bleaching
(Lesser 1997, Jones & Hoegh-Guldberg 2001, Warner
et al. 2002). Shallow-water corals frequently suffer
from continuous exposure to strong irradiance during
low tide (Brown et al. 1994, 2000). However, such shal-
low reef environments also provide high water flow,
inducing high mass transfer rates (Dennison & Barnes
1988, Sebens et al. 2003). Several metabolic processes
are affected by water-flow rates (Dennison & Barnes
1988, Patterson 1992, Atkinson et al. 1994, Lesser et al.
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1994), which are assumed to be related to differential
diffusion via mass-transfer-limited processes (Naka-
mura & van Woesik 2001).

Water-flow rates also influence the degree to which
corals can tolerate high temperatures and irradiance
(Nakamura & van Woesik 2001, Nakamura et al. 2003),
yet the mechanisms associated with differential toler-
ance remain unclear. One possibility is that the exter-
nal supply of carbon dioxide becomes insufficient to
sustain algal photosynthesis under strong irradiance
and high temperature (Weis et al. 1989), particularly
when water-flow rates are low and diffusion is
restricted. Alternatively, oxygen radicals that build up
within corals during high temperatures and strong
irradiance may damage adjoining tissue (Lesser 1997,
Downs et al. 2002), which may become less concen-
trated in high-water-flow environments. While the
mechanism(s) remain unknown, it is clear that increas-
ing water-flow rates reduces bleaching susceptibility
in branching corals (Nakamura & van Woesik 2001).
Here we test whether there is any down-regulation in
photosystem II (PS II) activity of chloroplasts within
symbiotic algae during acute light stress events that
varies in accordance with water-flow rates in Acropora
digitifera, and we examine whether photosystem
recovery under dim light is directly affected by the
water-flow regime. We undertook 3 different experi-
ments. The 1st experiment, conducted in an outdoor
aquarium, examined photosynthetic efficiency under
naturally fluctuating irradiance and temperature with
controlled water-flow rates. The 2nd laboratory exper-
iment examined hour-scale dynamic photoinhibition
and recovery in accordance with 2 light and 2 flow
treatments. The 3rd experiment was a novel sequential
light-oscillation experiment that assessed whether
differential photoinhibition is water-flow dependent.
We demonstrate in all 3 cases that water-flow rates
strongly influence levels of photoinhibition.

MATERIALS AND METHODS

Sample collection and acclimation. In early May
2002, we sampled 180 (4.5 to 5.0 cm) branches from 32
Acropora digitifera coral colonies (5 to 6 branches per
colony) from a shallow (1 m at low water spring) lagoon
off Ginowan, Okinawa, Japan. Samples were taken
from the central portion of each colony to obtain simi-
lar-shaped, vertical branches. They were immediately
attached to polycarbonate screws using gel superglue
(Alone-alpha, Toagosei, Japan). Nubbins were accli-
mated in an open-flow-through aquarium (length
200 cm, width 100 cm, depth 60 cm) at Sesoko Station,
Tropical Biosphere Research Center (University of the
Ryukyus, Japan) for 3 mo. Using a neutral shade cloth

we reduced irradiance to ~500 pmol photons m2s7! at
midday maximum (measured using the microphoton
PAR sensor on a Diving-PAM fluorometer). The aquar-
ium was aerated, and water flow was maintained at
~3 c¢m s7! with a submersible pump (REI-SEA RSD-40,
Iwaki Pumps).

Open-aquarium experiments. For experimental
manipulation, the coral samples were kept in Perspex
miniflumes (length 140 cm, width 10 cm, height 10 cm;
water depth was kept constant at 5 to 6 cm, similar
to the method described by Atkinson & Bilger 1992,
Nakamura & van Woesik 2001, Nakamura et al. 2003).
These miniflumes were supported on concrete blocks
within an open aquarium (length 200 cm, width
150 cm, depth 50 cm) supplied with running seawater.
All samples were suspended horizontally by mounting
polyscrews on acrylic holders so that the fixed portions
of the samples were exposed to sunlight. In the mini-
flumes the water-flow rates were generated and main-
tained at 20 cm s™! and <3 cm s! with submersible
pumps (REI-SEA RSD-40).

During the period from August 7 to August 21, 2002,
maximum quantum yield of PSII (F,/F,,) was measured
for in hospite symbiotic algae in the Acropora digitifera
samples exposed to different flow treatments (n = 5 per
treatment). Irradiance levels were continuously moni-
tored and averaged every 5 min using a data logger
and a photon sensor (LI-COR, LI-193 SA, LI-1000).
Simultaneously, StowAway data loggers (Tidbit, Onset)
were deployed for each flow-treatment flume in order
to record the water temperature variability over the
experimental period; loggers were calibrated before
flume deployment.

Before the experiments began, initial samples (n = 5)
were extracted and frozen at —-20°C for analysis of
zooxanthella density and chlorophyll content. Upon
termination of the experiments, all samples (n = 5 per
treatment; total n = 10) were immediately frozen and
taken to the laboratory to determine zooxanthella den-
sity and chlorophyll content. For zooxanthella density
counts, tissue was removed from skeletons with a
WaterPik (Johannes & Wiebe 1970) and centrifuged
(15000 x g, 15 min, 10°C). The top clear layer was then
discarded, and remaining zooxanthella pellets were
resuspended in 10 ml of filtered seawater. Centrifuga-
tion was repeated 3 times. Subsamples were then
taken for hemocytometer counts. Only healthy looking
zooxanthellae were counted (i.e. irregular-shaped cells
were excluded) each time. Four replicates were taken
from each WaterPik product. Coral surface area was
estimated using the aluminum foil method (Marsh
1970). For chlorophyll extraction, 90% acetone was
added to zooxanthella pellets after 3 repeated washing
centrifugations; the samples were left in the dark at
low temperature, 7 to 10°C, for 48 h. The extracted
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solution was centrifuged to exclude suspended matter
prior to spectrophotometer measurements. Chloro-
phyll a and ¢, concentrations were calculated using the
equations described by Jeffrey & Humphrey (1975).

To assess the PS II efficiency of the in hospite symbi-
otic algae, we applied chlorophyll fluorescence tech-
niques (Schreiber et al. 1986) using a Diving-PAM
fluorometer (Walz, Germany). The appropriate dura-
tion of dark adaptation was determined by measuring
fluorescence after 1, 3, 5, 10, 15, 20, 30, 45, and 60 min
of darkness. Minimum fluorescence (F,) was deter-
mined using 3 ps pulses of a light-emitting diode (mea-
suring light, LED, peak emission at 650 nm), and the
maximum fluorescence (F,,) of each dark-adapted
sample was measured by a 0.8 s saturation light pulse
(8000 pmol photons m~2s7%). F,/F,,, the ratio of variable
fluorescence (F,, where F, = F,, — F;) to F,, was deter-
mined for various dark-adapted periods (n = 4 per
period). Dark-adapted F,/F, values increased expo-
nentially in the first 15 min and then rapidly stabilized;
therefore, we dark-adapted the experimental samples
for 15 min.

Dark-adapted F,/F,, is a measure of the maximum
potential quantum yield of PS II (Demmig & Bjorkman
1987), and the loss of F,/Fy, is synonymous with photo-
inhibition of photosynthesis in response to strong irra-
diance (Franklin et al. 1992). Therefore, we used this
parameter of photosynthesis to determine the degree
of photoinhibition under strong irradiance. Fluores-
cence measurements were carried out from 05:00 to
21:00 h (measurements at: 05:00, 07:00, 09:00, 12:00,
15:00, 17:00, 19:00, and 21:00 h) after 15 min dark
adaptation. To monitor the detailed diurnal dynamics
of F,/F,, separate groups of coral samples (n = 5 per
treatment) were measured every hour for the 1st day of
the experimental period. The sun rose around 06:10 h
and set around 19:10 h during the experimental period.

Laboratory experiments. All the laboratory experi-
ments were conducted at 28°C using a thermominder
system (SM-05R, TAITEC). Samples were chosen ran-
domly and kept horizontally suspended within the
miniflumes (length 100 cm, width 10 cm, height 15 cm;
water depth was kept constant at 10 cm, according to
the method of Atkinson & Bilger [1992] with slight
modifications). In the 1st laboratory experiment, we
examined the effect of water-flow treatments: <3 cm
s and 20 cm s7!, referred to as still and flow, respec-
tively. Water motion for the still treatment was gener-
ated simply using the thermominder and aeration.
Water flow for the (flow) treatments was generated
using submersible mini water pumps (WISE-MICRO,
Suisou Pumps) and thermominders and aerators. Sam-
ples (n = 12 per treatment) were exposed to 2 light
treatments, (1) 500 pmol photons m™2 s! and

(2) 1000 umol photons m™ s7!, using optical tubes

connected to a cool-light system and a UV filter (NPI,
Picl-nex; projection lamp 150 W, PHILLIPS, USA) for
1 h. To examine photosystem recovery, 1 h of high irra-
diation was followed by non-photodamaging 20 pmol
photons m™2 57! for the next hour. F,/F,, was measured
after every 30 min of light exposure followed by 15 min
of dark adaptation. The 2nd experiment assessed the
flow effect on recovery of equally damaged samples.
Samples (n = 12 per treatment) were preexposed to
1000 pmol photons m™2 s7! for 1 h under still conditions
before the measurements were taken, then placed in
either flow or still conditions for the next hour under
dim light to assess recovery. Flume water was changed
slowly (500 ml/min) with preheated (28°C) filtered
seawater every 30 min.

In the 3rd experiment, photodamage and recovery
(dark-adapted F,/F,) were investigated over 2 h inter-
vals at 28°C. We maintained 3 flow treatment veloci-
ties: <3, 10, and 20 cm s~! referred to as still, medium,
and high, respectively. We assessed differential effects
of water flow by exposing samples to 2 h of 500 pmol
photons m~2 57! light (damage phase) followed by 2 h of
20 umol photons m2s™! (recovery phase) for 10 cycles
(40 h). F,/F,, values were measured every 2 h (between
damage and recovery phases), followed by 15 min of
dark adaptation throughout the experimental period.
We undertook similar experiments under 2 h of
1000 pmol photons m™2 s7!, followed by 2 h under
20 pmol photons m~2 s7! (recovery phase), for 6 cycles
(24 h). Flume water was changed slowly (500 ml min?)
with preheated (28°C) filtered seawater every hour.

Data analysis. For the results of the outdoor experi-
ments, a nested ANOVA with repeated measures was
used to compare the dark-adapted quantum vyield of
PS Il (F,/F,) between the flow and still treatments.
All data were assessed for normality and homogeneity
of variances prior to testing. Transformations were
applied where appropriate, and violations of ANOVA
assumptions were reevaluated. Two-tailed {-tests were
used to assess the differences in experimental treat-
ments relating to the dependent variables chlorophyll
content and zooxanthella density and differential
water-flow treatment (comparing initial samples, with
still, at <3 cm s~! and flow, at 20 cm s™! treatments).

RESULTS
Outdoor experiments

During the course of the experiment, as expected,
and as may occur on shallow reefs, the water tempera-
ture closely followed irradiance intensity (Fig. 1A).
PS 1I efficiencies inversely tracked photosynthetically
active radiation (PAR), at least for the first day of the
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experiment where the SST stayed lower than 30°C
(Fig. 1B,C, F,/F, = —0.0006 x PAR + 0.5575, total n =
180, correlation r? = 0.598 for Fig. 1C). It is noteworthy
that the water temperatures did not differ significantly
between water-flow treatments throughout the exper-
imental period (Table 1). The maximum potential
quantum yield of PS II (F,/F,) under both flow treat-
ments showed a gradual decline after the 1st day
following an increase in irradiance and temperature
(Fig. 1). The most notable result was the significantly
reduced photoinhibition under increased water flow
(p < 0.045, nested repeated measures ANOVA,
Table 2); F,/F,,, became ~10% higher under moderate
flow compared with low flow treatment (Fig. 1C).

Table 1. Descriptive summary statistics on water temperature
(°C) for both flow and still treatments during the 13 d experi-
mental period

Treatment Mean SD n Min. Max.
Flow 28.838 0.717 2030 27.58 30.69
Still 28.803 0.718 2030 27.54 30.65

There was no statistical difference in (healthy-shaped,
pigmented) zooxanthella density between the 2 flow
treatments (t-test, p > 0.71, Fig. 2). Both treatments
showed statistically significant reductions from the
initial samples (by 1/6, t-tests, p < 0.001 for both, Fig.
2). Chlorophyll concentrations per tissue area showed

Table 2. Acropora digitifera. Nested repeated measures ana-
lysis of variance (ANOVA) assessing the dark-acclimated
quantum yield of PS II (F,/F,,) for flow treatments over 13 d

df MS F p-level
Between subjects
Flow (F) 1 0.9461 5.6307 0.0450
Error 8 0.168
Within subjects
Day (D) 12 0.1157 58.3142 0.0001
Error 96 0.002
Hour (H) 91 0.1523 166.8164 0.0001
Error 728 0.001
FxD 12 0.0037 1.8619 0.0489
Error 96 0.002
FxH 91 0.0014 1.5568 0.0013
Error 728 0.001
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Fig. 2. Acropora digitifera. Number of zooxanthellae per unit

coral tissue area at onset of experiment (initial) compared

with after 13 d of flow (20 cm s7!) and still (<3 cm s7') treat-
ments (n = 5 per treatment)

significant differences between the flow (20 cm s7!)
and still (<3 cm s7!) treatments (t-test, p < 0.003), with
moderate flow inducing higher chlorophyll per zoo-
xanthella concentrations than both the still and initial
concentrations (p < 0.0092 for Flow x Still, p < 0.00540
for Flow x Initial, Fig. 3).
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Fig. 3. Chlorophyll content per single algal cell (mean + SE) at
onset of experiment (initial) compared with after 13 d of flow
(20 cm s7!) and still (<3 cm s7!) treatments (n = 5 per treatment)

Laboratory experiments

Flow-dependent F,/F, differences appeared only
after 60 min under the 500 pmol photons m™2 s7! treat-
ments; higher F,/F,, values were observed for coral
samples in 20 cm s~ water flow compared with colonies
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Fig. 4. Acropora digitifera. F,/F,, changes in symbiotic algae under flow (@, 20 cm s™!) and still (O, <3 cm s7!) conditions at 28°C.

Corals were exposed to (A) 500 pmol photons m™2 s™*

and (B) 1000 umol photons m~2 s7! for the first hour, then placed under

20 pmol photons m™2 s™! for the next hour to recover (n = 12 per data point). (C) Recovery under flow and still treatments in corals
(n = 12 per treatment) that were exposed to 1000 pmol photons m~2 s~! light under still conditions for 1 h prior to the recovery
measurements. Error bars = SE
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Fig. 5. Acropora digitifera. F,/F,, changes in symbiotic algae under high (20 cm s7'), medium (10 cm s™!), and still (<3 cm s7!) flow

conditions. Corals were exposed to (A) 500 umol photons m™2 s™! and (B) 1000 pmol photons m=2 s~! for 2 h followed by 2 h of

20 pmol photons m™2 s™!. Sequential light oscillations were conducted over 10 cycles (A; n = 12 per data point; averaged SE

for max., low, and min. is 0.0142, 0.0154, and 0.0149, respectively) and 6 cycles (B; n = 12 per data point; averaged SE for max.,
low, and min. = 0.0223, 0.0156, and 0.0153, respectively)

subjected to <3 cm s7! (Fig. 4A). As expected, photoin-
hibition was more severe under 1000 umol photons m™2
s~! treatments compared with 500 umol photons m=2 s~}
treatments, but the rate of F,/F,, decline was less at
20 cm s! (0.0131 min™!) compared with <3 cm s7!
(0.0165 min!) in the first 30 min (Fig. 4B). A 1 h ex-
posure to 1000 pmol photons m~2 s~! reduced F,/F,, to
0.115 + 0.008 (n = 24). The net recovery rates, at least
for the first hour, showed no differences between the
flow (20 cm s71) and still (<3 cm s™!) conditions (Fig. 4C).
The F,/F,, values after a 1 hrecovery phase was 0.309 +
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Fig. 6. Acropora digitifera. Representative changes in colony coloration

among 3 flow treatments, under 500 pmol photons m2 s™!: high (20 cm s7}),

medium (10 cm s7!), and still (<3 cm s7!) flow treatments (columns, left to right)
for O (initial), 12, 24, 32, and 42 h (rows, top to bottom)
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0.008 and 0.310 = 0.009 for flow and still treatments,
respectively (n = 12 per treatment).

Under sequential exposure to 500 pmol photons m2
s7! followed by 20 pmol photons m™2 s7! of dim light,
all (flow) treatments showed that gradual declines
in PS II efficiency were a consequence of higher
rates of photoinhibition relative to recovery. Yet PS 1II
efficiency was highly dependent on flow rates, with
higher flow rates showing higher F,/F, ratios
(Fig. 5A). Notably, there was less photoinhibition in
the second 24 h (sequential light oscillation) period
compared with the first 24 h period (at
500 pmol photons m2 s71), although the
recovery rate from photoinhibition (dur-
ing the 20 pmol photons m2 s™! periods)
was similar over time for all treatments
(Fig. 5A). Similar results were obtained
in 1000 pmol photons m=2 57! treatments,
but photoinhibition was greater; F,/F,
was reduced to below 50% within the
first 2 h of exposure (with decline rates
of 0.0041, 0.0043, and 0.0050 min~! for
high, medium, and still treatments,
respectively). Only colonies in high-flow
treatments (20 cm s™!) regained 25% of
their initial PS II efficiency (F,/Fy) after
every recovery phase (Fig. 5B). Visible
pigment loss occurred particularly under
still (<3 cm s7!) conditions after 48 h of
sequential 500/20 pmol photons m2 s7!
oscillations (Fig. 6). Colonies bleached
in both 10 cm s7! and <3 cm s! under
1000 pmol photons m~2 s7! exposure (not
shown), with the severity of photoinhibi-
tion in agreement with the degree of
visible pigment loss.
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DISCUSSION

There is a clear reciprocity between temperature
and irradiance, an increase in irradiance of 250 pmol
photons m~2s7! can induce the same effect as a 1°C rise
in temperature (Takahashi et al. 2004). The dynamics
of water flow may be equally important in explaining
some patterns of bleaching and postbleaching recov-
ery. Recent experimental evidence has shown that the
prevention of and rapid recovery from bleaching is
enhanced by water flow. This suggests that mass-
transfer-limited processes are clearly involved in coral
bleaching (Nakamura & van Woesik 2001, Nakamura
et al. 2003). In the present study we show that the rates
of down-regulation in PS II activity, during acute irra-
diance stress, are directly affected by water-flow rates.
An increase in water flow led to a reduction in photo-
inhibition, which appeared to be independent of time
scale (from minutes to weeks, Figs. 1, 4, & 5). These
results agree with several previous studies that investi-
gated the effects of water flow on photosynthetic activ-
ity (Dennison & Barnes 1988, Patterson et al. 1991,
Lesser et al. 1994). Interestingly, on the scale of hours,
moderate water flow reduced the level of photo-
inhibition by reducing the damaging process, but not
by enhancing recovery of the damaged photosystem.
Photoprotective dissipation of excess excitation energy
through the cycling of xanthophyll pigments plays a
major role in the down-regulation of PS II (Brown et al.
1999). However, the effects of water flow on the xan-
thophyll cycle (i.e. total pool size, turnover rate, and
functional efficiency) under the influences of stressful
temperature and irradiance conditions are not well
known. We may consider that water flow increases the
efficiency of xanthophyll cycling in the excess-energy-
dissipation process in zooxanthella chloroplasts.

Research has shown that coral physiology is regulated
by uptake processes (Atkinson & Bilger 1992, Thomas &
Atkinson 1997). Increased water flow has also been
reported to increase coral survival
(Jokiel 1978), rates of photosynthesis
(Lesser et al. 1994), calcification (Den-
nison & Barnes 1988), phosphate up-
take (Atkinson et al. 1994), and the
generation of UV protective com-
pounds (Kuffner 2001, 2002). Clearly,
thick boundary layers form around
corals under limited flow (Patterson &
Sebens 1989, Bilger & Atkinson 1992),
which may exacerbate photoinhibition
because of insufficient mass transfer.
Several possible steps explain the con-

Molecular

Cellular

Physiological

Ecological

at the initial onset of dysfunction, is which molecules
actually become limiting and dependent on flow rates.
One possibility is that the external supply of carbon
becomes insufficient to maintain photosynthesis under
stress induced by high irradiance and high temperature
(Weis et al. 1989), just as the photosynthetic-activity and
carbon-uptake pathways are regulated by external
carbon source (CO, and HCOj3;7) concentrations for
phytoplankton (Tortell et al. 2000).

Alternatively, passive diffusion of oxygen radicals
that build up within corals during high temperatures
and irradiance are retained and damage adjoining tis-
sue (Lesser 1997). Photoinhibition involves inactivation
of the photosynthetic apparatus through the produc-
tion of reactive oxygen species (ROS) such as super-
oxides (Asada 1999). Photoinhibition can depend solely
on the intensity and duration of irradiance (Fig. 4).
Excessive irradiance causes the overproduction of
harmful ROS that in turn damage the photosynthetic
apparatus (Asada 1999, Downs et al. 2002). Light-
dependent ROS production occurs in chloroplasts,
involving several possible pathways in both PS I and
PS1II (Badger 1985, Richter et al. 1990, Tjus et al. 2001),
where the Mehler reaction (Mehler 1951) generates
hydrogen peroxide (H,O,) from superoxides (Downs et
al. 2002). Consequently, highly permeable H,O, would
be removed efficiently by increasing mass transfer
rates, from zooxanthellae to the surrounding water
mass via the host cells. In this case, the reduction
(simply by removal or detoxification) of harmful ROS
molecules may become a crucial process for sustain-
able photosynthesis. Suppression of photoinhibition in
the flow-treated Acropora digitifera may be explained,
in part, by more rapid diffusion through the corals’
boundary layers, yet such experiments need to be
undertaken. In other words, diffusion limitation may
enhance photoinhibition, and sustainable photosyn-
thesis requires that irreversible photodamage to the
photosynthetic apparatus be minimized.
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Fig. 7. Hypothetical steps leading to coral mortality, initiated in low-flow environments
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Aro et al. (1993) reviewed the literature and sug-
gested that damaged photosystems require light
energy to repair damaged protein through de novo
synthesis. Although damaging and recovery processes
of PS II occur simultaneously under light exposure,
irreversible damage to photosystems may occur when
the rate of damage to the photosynthetic apparatus
exceeds the rate of recovery. This may explain why the
highest F,/F, in the evening was often not as high as
F,/F, in the morning at 07:00 h, when irradiance was
sufficient to induce light-dependent recovery of the
damaged photosystem. When little recovery occurs
under dim irradiance, further damage occurs upon
exposure to high irradiance (Warner et al. 1999, Jones
& Hoegh-Guldberg 2001). The result of continuous
stress, which is the fraction of nonfunctional photo-
systems over total photosystems, becomes larger and
leads to chronic damage to the photosystems.

To maintain adequate levels of photosynthesis, dam-
age must be reduced or repaired. Warner et al. (1999)
and Takahashi et al. (2004) showed that inhibition of
PS II protein repair leads to heat-dependent photoinhi-
bition; therefore, high temperature tolerance is a con-
sequence of high rates of photosystem repair relative
to photodamage rather than simply a response of dif-
ferential degrees of damage. However, when net dam-
age is reduced, corals may sustain adequate levels of
photosynthesis even under the temperature-dependent
inhibition of photosystem recovery.

The sequential light-oscillation experiments, which
repeatedly overstimulated and released the photocen-
ters within chloroplasts, showed a consistent and posi-
tive relationship between reduced photoinhibition and
water-flow rates. Yet the relationship is dynamic and
far from linear and accumulative (Fig. 5). The coral
samples in these experiments followed nonlinear func-
tions over time, and interesting acclimative responses
occurred even after just 24 h. This requires further
investigation. While there were relationships between
the severity of photoinhibition and the degree of pig-
ment loss, there were also relationships among limited
flow, photoinhibition, and pigment loss. Although sam-
ples in both flow and still treatments had reduced
zooxanthella populations (Fig. 2), the flow-treated
samples kept the chlorophyll content per tissue area at
a higher level compared with the still-treated samples
(data not shown). In fact, a large proportion of irregu-
lar-shaped zooxanthellae (shrunk) were found in flow-
treated colonies and excluded from the counts; our
strict (i.e. conservative) counting method may have
led to the underestimation of zooxanthella populations
in flow-treated samples.

In conclusion, in an earlier study (Nakamura & van
Woesik 2001) we showed that flow-treated colonies
had higher survival under stressful temperature and

irradiance. In this study we examined the flow effects
on photoinhibition, especially under stressful, bleach-
ing conditions, i.e. under the influence of high irradi-
ance and high temperature. We showed that bleaching
is less likely in flow-affected environments because
photoinhibition is reduced. While elevated sea sur-
face temperatures induce large-scale coral bleaching
events, the present study supports the hypothesis that
flow-mediated enhancement of mass transfer reduces
coral mortality by reducing photoinhibition at various
time scales. In other words, while the mixing effect of
high water flow may indeed reduce water tempera-
tures, as shown by some recent studies, we suggest
that enhanced shear stress across the coral tissue pro-
motes passive diffusion across the boundary between
the coral tissue and the ambient environment, thereby
reducing stress through flow-mediated reduction of
photoinhibition. However, which molecules become
limiting or overproduced under low flow conditions is
not fully understood and needs further investigation,
especially for corals.
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