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ABSTRACT: Photoinhibition may constitute an ener-
getic cost for photosynthetic organisms through dam-
age to the photosynthetic apparatus, or by increased
metabolism due to damage avoidance or repair. For
several species of scleractinian corals, fluorescence
techniques have revealed a significant reduction in
photochemical efficiency of symbiotic dinoflagellates
within coral tissue in response to excess light ab-
sorption. To date, it has been unclear whether or not
photoinhibition has a negative impact on energy
budgets in corals. We simultaneously quantified the
effect of exposure to excessive light on net rates of
photosynthesis and on fluorescence-derived photo-
chemistry. We acclimated colonies of the reef-building
coral Turbinaria mesenterina to 3 different irradiance
regimes in the laboratory. The corals were then
exposed to light levels up to 10 times higher than
their acclimation irradiance and assayed for rates of
photosynthesis and photochemical vyields. Results
indicated that daily costs of photoinhibition are negli-
gible. Reduced net rates of photosynthesis in the
afternoon, compared to the morning, were predomi-
nantly due to enhanced afternoon rates of dark respi-
ration. However, photoacclimation to high light levels
reduces daily energy acquisition in the long term,
primarily due to decreased chlorophyll concentra-
tions. Therefore, although changes in the photosyn-
thetic activity of symbiotic dinoflagellates over a
diurnal irradiance cycle do not cause a measurable
decline in net oxygen evolution for coral colonies,
repeated exposure to excessive irradiance can
reduce energy acquisition per unit surface area, and
hence influence the upper limit of the depth distribu-
tion of scleractinian corals.
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The scleractinian coral Turbinaria mesenterina is abundant on
inshore reefs, where light regimes are highly variable. Con-
spicuous pale patches may develop on the colony surface
following repeated exposure to very high light levels. This
represents an energetic cost of excessive light exposure
(photoinhibition) that becomes apparent over a time scale of
several days.

Photo: Dr. Andrew Baird,
ARC Centre of Excellence for Coral Reef Studies,
Townsville, Australia

INTRODUCTION

Increasing irradiance leads to a saturation of photo-
synthesis (Falkowski & Raven 1997), and at high
irradiances, excessive light absorption can damage
the photosynthetic apparatus or, alternatively, induce
physiological processes that dissipate energy before
damage can occur (Demmig-Adams & Adams 1992).
This phenomenon, photoinhibition, results in a 6 to
25% decline in daily carbon gain in higher plants and
phytoplankton (Ogren & Sjostrom 1990, Pahl-Wostl
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1992, Werner et al. 2001), leading to reduced growth
rates (Laing et al. 1995). For numerous scleractinian
coral species, a marked reduction in the efficiency of
light use for photochemistry by zooxanthellae, the
symbiotic dinoflagellates within coral tissue, is appar-
ent under high light conditions (e.g. Brown et al. 1999,
Jones & Hoegh-Guldberg 2001, Winters et al. 2003).
Furthermore, when isolated from their coral host, zoo-
xanthellae exhibit reduced rates of photosynthesis at
high light levels (Shick et al. 1995, Goiran et al. 1996;
but see Iglesias-Prieto & Trench 1994). Correspond-
ingly, avoidance of excessive light levels is a determi-
nant of morphology in coral colonies, and many species
generate self-shading morphologies in high-light habi-
tats (Oliver et al. 1983, Titlyanov 1991a, Muko et al.
2000). Despite this, the impact of photoinhibition on
net rates of photosynthetic energy acquisition of the
coral symbiosis is not well understood. If photoinhibi-
tion incurs significant costs for corals, it may exclude
light-sensitive species from shallow habitats. Even in
the presence of morphological strategies that reduce
light absorption, or potential changes to the composi-
tion of the symbiont population toward light-tolerant
clades (e.g. Iglesias-Prieto et al. 2004), costs of photoin-
hibition potentially demarcate an upper bound of the
depth distribution of reef-building corals.

Using O, or CO, flux measurements (respirometry),
photoinhibition has traditionally been detected as a
decline in the light-saturated photosynthetic rate (e.g.
Platt et al. 1980). An alternative method for assaying
photosynthesis is fluorometry, which allows estimates
of photosynthetic activity from the fluorescent proper-
ties of chlorophyll in vivo (Maxwell & Johnson 2000).
In the fluorometry method, photoinhibition is typically
inferred from a decline in photochemical efficiency
during and/or after exposure to high irradiance. Such
a decline may be due to reversible processes such
as increased dissipation of absorbed light as heat
(‘dynamic’ photoinhibition), or to damage to photosyn-
thetic units requiring de novo synthesis of protein for
repair (‘chronic' photoinhibition: Hoegh-Guldberg &
Jones 1999, Gorbunov et al. 2001). In corals, changes in
photochemical yield of zooxanthellae over a diurnal
irradiance cycle are generally attributed to dynamic
photoinhibition (Hoegh-Guldberg & Jones 1999, Lesser
& Gorbunov 2001, Winters et al. 2003). However,
chronic photoinhibition has also been reported, with
up to 30 % of photosynthetic reaction centers damaged
by exposure to full sunlight in shallow waters (see Gor-
bunov et al. 2001). Nevertheless, there is no evidence
to indicate whether such changes in photochemistry of
zooxanthellae lead to reduced photosynthetic energy
acquisition of the coral symbiosis. In some corals, rates
of photosynthetic oxygen evolution are higher in the
afternoon than in the morning (Levy et al. 2004), even

though photoinhibition should be greater in the after-
noon following exposure to high irradiance at midday.
To determine the ecological significance of photo-
inhibition for reef-building corals, we must resolve
whether excess light absorption entails an energetic
cost, and, if so, whether this cost constitutes a sig-
nificant proportion of daily photosynthetic energy
acquisition.

Photoinhibition, whether dynamic or chronic, may
comprise an energetic cost by reducing the maximum
rate of photosynthesis (Pysx) at supra-saturating light
levels (e.g. Platt et al. 1980). Alternatively, costs may
arise from increased sub-saturation irradiance (Eg)
following exposure to high irradiance, corresponding
to lower efficiency of light utilization for photosynthe-
sis (e.g. Kana et al. 2002). Finally, photoinhibition may
cause elevated rates of respiration (Rparx) due to
increased biosynthesis for damage repair.

The principal aim of this study was to resolve
whether photoinhibition comprises a significant ener-
getic cost for corals. Our focus was upon costs incurred
by the coral/zooxanthellae symbiosis, the ecologically
relevant unit of study for analyses of energy budgets
for coral colonies. We quantified the cost of photo-
inhibition through changes in the parameters of the
diurnal photosynthesis—irradiance (PI) relationship of
corals. Given the influence of photoacclimation on the
shape of the PI curve (e.g. Anthony & Hoegh-Guldberg
2003), we calculated costs of photoinhibition for corals
acclimated to 3 different light regimes and exposed to
2 different diurnal irradiance cycles. In all cases, we
expected that changes in photosynthesis parameters
would be most pronounced for corals acclimated
to lower light levels.

Our second aim was to evaluate the functional rela-
tionship between fluorescence and oxygen respirome-
try as assays of photosynthesis in reef-building corals.
Respirometry and fluorometry measure different as-
pects of the PI relationship: the former captures net
photosynthetic gas exchange averaged over a photo-
synthetic surface and the latter indicates gross photo-
synthetic electron transport from a small area of that
surface (e.g. Maxwell & Johnson 2000). One of the key
validations for the use of fluorescence as a measure of
photosynthesis is proportionality between the quan-
tum yields (photosynthesis per unit light absorbed) of
oxygen evolution and photochemistry (e.g. Brown et
al. 1999). Although a linear relationship between these
variables has been established experimentally for
some plants (Genty et al. 1989, Maxwell et al. 1998),
field-based measurements often reveal a non-linear
relationship (e.g. Seaton & Walker 1990, Fryer et al.
1998). This non-linearity means that gross photo-
chemical activity may vary considerably without
having any effect on net rates of photosynthesis. For
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corals, the functional relationship between Photosys-
tem II (PSII) photochemistry and oxygen evolution is
unknown. This is significant, because properties of the
coral/zooxanthella symbiosis may cause this relation-
ship to diverge considerably from that demonstrated
for higher plants (e.g. due to respiration of coral
tissue independently of photosynthetic production by
symbionts).

MATERIALS AND METHODS

We used the foliose coral Turbinaria mesenterina
(Dendrophyllidae) as our study species, because it
generates self-shading colony morphologies in high
light habitats, suggesting sensitivity to excess light
absorption (Willis 1985, Anthony et al. 2005). We
collected 36 flat fragments (measuring approximately
10 x 10 cm) from deep (6 m depth) and shallow (1 m
depth) sites at Nelly Bay, Magnetic Island (19°09'S,
146°53'E) on 15 April 2004. Colonies were transported
to aquarium facilities at James Cook University, di-
vided into groups and allowed to photoacclimate to
3 different irradiance regimes—'High', ‘Medium' and
‘Low’—which corresponded to maximum daily irradi-
ances of 570, 270 and 120 pumol photons m™2 s! and
represent 4, 7 and 10 m depth at the collection site,
respectively (M. O. Hoogenboom unpubl. data). We
used a minimum experimental depth of 4 m, as previ-
ous attempts to photoacclimate flat fragments of the
study species to higher light levels resulted in high
mortality (K. R. N. Anthony unpubl. data). This makes
our results conservative with respect to the prevalence
of photoinhibition under field conditions, as all col-
onies were acclimated to relatively low light levels.
Colonies were allowed 6 wk for recovery and photo-
acclimation, which is ample for this species (Anthony &
Hoegh-Guldberg 2003). To avoid potential changes to
photosynthetic properties of our corals due to nutrient
limitation, colonies were fed live rotifers (50 rotifers
ml~!). Water temperature was maintained between
26.5 and 28°C, approximating the modal temperature
at the collection site (=27°C, AIMS Cleveland Bay
Weather Station Data).

Experimental setting. An array of 6 closed, clear-
perspex incubation chambers (2.7 1) coupled with cali-
brated Clark-type oxygen electrodes (Cheshire Sys-
tems) was used for the oxygen respirometry assays. The
chambers were designed as flumes, equipped with
pumps to maintain continuous water circulation at 5 to
6 cm s~! (laminar flow), and were flushed for 4 min in
every 20 min measuring period to prevent oxygen su-
per-saturation. To control for photosynthesis and respi-
ration of microorganisms within the water, we regularly
left 1 chamber empty during respirometry runs. In

addition, chambers were cleaned at the end of each run
to prevent biofilm formation. Oxygen concentrations
were recorded every 20 s using a data logger (CR10X,
Campbell Scientific). We suspended 400 W metal
halide lamps (Eye) above both the chambers and
aquaria to provide the light source for both diurnal
photosynthesis measurements and the light acclimation
treatments. These lamps have a spectrum resembling
natural sunlight with the ultraviolet component pre-
sent. For the photosynthesis measurements, we varied
irradiance over the course of the day by changing the
elevation of the lamps every 20 min, during the flushing
period. Light levels (downwelling PAR) were measured
using a cosine-corrected Licor probe (Li-192S) con-
nected to a Li-1000 data logger (Licor). The chambers
were submerged in a 1000 1 water jacket with running
seawater connected to a temperature control unit
(C023, Carrier Systems) to prevent changes in water
temperature during the measurement period.

On each day of data collection, 5 to 6 colonies from a
photoacclimation treatment were selected for oxygen
evolution measurements. Photosynthesis versus irradi-
ance curves (PI curves) were constructed over 10 h di-
urnal cycles, with irradiance at time ¢, E(t), varying ap-
proximately according to a cubic sine function: E(f) =
Epax sin®(nt/d), where t is time (h after dawn), d is day
length (10 h) and Epsxx is maximum daily irradiance.
This function closely approximates diurnal irradiance
variation under natural aquatic conditions (Marra
1978). Dark respiration was measured twice each day,
at the beginning and end of each respirometry run. PI
curves were measured on consecutive days with Eysx =
600 pmol photons m™ s~ on Day 1 and 1200 pmol pho-
tons m2s~! on successive days. We used different diur-
nal irradiance cycles to assess whether costs of photoin-
hibition were influenced by the degree to which
experimental irradiance exceeded the growth (acclima-
tion) irradiance. For the corals acclimated to low light,
we repeated measurements at Eyjyx = 1200 pmol pho-
tons m~2 s~! over 3 d to determine how photosynthetic
properties change through time under potentially pho-
toinhibitory conditions. To relate oxygen flux to colony
tissue surface area, colonies were photographed to-
gether with a ruler using a digital camera (Canon G3).
Surface areas were later determined using Image Tools
(University of Texas Health Science Centre).

At the same time as colonies were selected for O,
evolution measurements, an identical set of colonies
was selected for fluorescence measurements, and posi-
tioned outside the respirometry chambers. Irradiance
at the surface of colonies inside and outside the cham-
bers varied <5%. Fluorescence assays were carried
out using a pulse-amplitude-modulated fluorometer
(Mini-PAM, Walz) fitted with a 5 mm fiber optic probe.
At the end of each 20 min illumination period, fluo-
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rescence was measured at the centre of each colony.
Apparent quantum yield of photochemistry (AF/F,,
dimensionless) was calculated as AF/F,, = (F,,/-F)/Fy,
where F is steady state fluorescence in the light and
F,' is maximal fluorescence in the light (Genty et al.
1989). Similarly, maximum quatum vyield (F,/F,, dimen-
sionless) was calculated as F,/F,, = (F,,—F,)/F,, where F,
and F,, are steady state and maximal fluorescence iin
darkness, respectively. We also calculated a non-photo-
chemical quenching coefficient as NPQ = (F,—F,,')/Fy,’
(after Maxwell & Johnson 2000). Yield measurements
were converted to relative electron transport rates
(rETR) using the formula rETR = AF/F,' x E x 0.5,
where E is irradiance and 0.5 is a factor that accounts
for the distribution of electrons between Photosystem [
and PSII (e.g. Hoegh-Guldberg & Jones 1999). We
used this relative measure of the rate of electron trans-
port, as the light absorption characteristics of tissue are
unknown for this species.

Chlorophyll concentration. Immediately after photo-
synthesis assays were completed, colonies were frozen
at —40°C and later used to determine chlorophyll con-
tent. Colonies were broken into 2 fragments and pho-
tographed for surface area measurements (see above).
Fragments were ground to a fine paste, and chloro-
phyll was extracted in the dark using cold acetone
(100%). To ensure that all chlorophyll was extracted
from each coral fragment, the initial overnight extrac-
tion (12 h) was followed by two 1 h extractions. The
combined volume of all 3 extractions was measured,
and the extract centrifuged; 10 replicate absorbance
readings at 630 and 663 nm were carried out for each
fragment, and concentration of chl a and chl c2 was
determined using the equations of Jeffrey & Humphrey
(1975). Chlorophyll concentrations were then nor-
malised to fragment surface area.

Data analysis. We fitted a hyperbolic tangent func-
tion (Eq. 1) to PI data in order to estimate Py, x (maxi-
mum rate of photosynthesis, pmol O, cm 2 h™') and E
(sub-saturation irradiance, pmol photons m~2 s7!) using
measured values of Rpsrx (rate of respiration in dark-
ness, pmol O, cm™2 h™!):

P(E) = Puyax tanh( - |- Roueg M)
K

We fitted this function to data using a Levenberg-
Marquardt non-linear estimation routine in STATIS-
TICA (StatSoft). We first estimated Py;4x and Eg for the
morning part of the diurnal photosynthesis curve. As
there was no evidence in the data of a change in (net)
Pyax in the afternoon compared with the morning, we
subsequently used the fitted Pysxvalue from the morn-
ing part of the PI curve to obtain an estimate of Ej
during the afternoon. This allowed us to detect whether
exposure to light over the course of the morning altered

the shape of the PI curve during the afternoon. We used
repeated-measures ANOVA to investigate the effect of
photoacclimation state and diurnal irradiance cycle on
changes in photosynthesis parameters over the day. We
then used the fitted parameters to calculate photosyn-
thetic oxygen evolution during mornings (5 h) and af-
ternoons (5 h), based on the integral of Eq. (1). We used
a numeric integration routine in MATLAB (MathWorks)
to evaluate this integral for each colony. Subsequently,
we calculated the energetic cost of photoinhibition as
the proportional difference between total photosynthe-
sis summed over the morning, compared with the after-
noon, and tested statistical significance of the cost by
paired-samples t-tests. The cost therefore represents
the reduction in net carbon acquisition due to exposure
to excessive irradiance over a daily timescale. We chose
this method in place of commonly used photosynthe-
sis/respiration ratios (e.g. Muscatine et al. 1981), as
rates of respiration over the day are not constant, as was
assumed under the latter method (e.g. Kuhl et al. 1995,
Al-Horani et al. 2003). To ascertain whether repeated
exposure to excessive irradiance alters the photosyn-
thetic properties of Turbinaria mesenterina, we used
paired-samples t-tests to compare mean values of 5 key
photosynthetic properties between Days 1 and 3 of
exposure.

Quantum yield of oxygen evolution, in mol oxygen
(mol photons)~!, was obtained by dividing rates of photo-
synthesis (converted to appropriate units of pmol O, m™2
s~!and corrected for dark respiration) by incident irra-
diance (pmol photons m™2 s7!) (Seaton & Walker 1990).
Because dark respiration in corals is enhanced by light
exposure (e.g. Edmunds & Spencer-Davies 1988), we
used linear interpolation between estimates of Rprx
for the morning and afternoon to convert measured
net photosynthesis to estimates of gross photosynthesis.
For comparison between fluorescence and respirometry
assays of photosynthesis, we normalized our data to
chlorophyll concentration. We chose this normalization
to avoid confounding differences in photochemistry be-
tween light acclimation treatments with any differences
in chlorophyll concentration.

RESULTS
Net photosynthesis and rETR

Photoinhibitory responses varied greatly, depending
on whether respirometry or fluorescence assays of
photosynthesis were used. In general, although rETR
decreased under high irradiance in response to declin-
ing apparent photochemical yield (Fig. 1B,C), light-
saturated rates of photosynthesis remained constant
for corals acclimated to all the 3 light regimes, regard-
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Fig. 1. Turbinaria mesenterina. Relative electron transport (rETR) and diurnal net photosynthesis versus irradiance in corals accli-
mated to 3 light regimes and subjected to 2 daily irradiance cycles (®: Eyzsx = 600 pmol photons m=2s™%; A: Eyzux = 1200 pmol photons

-2-1

m “s '), measured at 20 min intervals over the day; (A,D) high light; (B,E) medium light; (C,F) low light (mean + SE; n =5 to 8)

less of whether they were exposed to a daily irradiance
cycle of Epux = 600 or 1200 pmol photons m™2 s7!
(Fig. 1D-F). For all of our light-acclimation treatments,
NPQ was highest at midday, mirroring the decrease in
photochemical yield (results not shown). The magni-
tude of NPQ was also related to photoacclimation state,
with corals acclimated to high light showing greater
quenching capacity. Compared with rates of oxygen
evolution, TETR approached saturation more slowly
and was generally higher in the morning than in the
afternoon at the same irradiance. This effect was most
apparent at mid-afternoon under both diurnal irradi-

ance cycles, but rETR returned to morning levels by
late afternoon. In other words, effects of photoinhibi-
tion on rETR were short-lived, and photochemical
activity returned to initial values by the end of the day,
despite exposure to light levels well above those to
which corals were acclimated. Overall, we found no
evidence that low photochemical efficiency at midday
had any effect on net photosynthesis, i.e. although
rETR via photochemistry decreased under high irradi-
ance, rates of photosynthesis remained saturated even
when corals were exposed to light levels much higher
than their acclimation irradiance.
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Table 1. ANOVA for the effect of photoacclimation state (State), diurnal irradiance cycle (Treatment) and time of day (Time) on
photosynthesis—irradiance curve parameters, and results of post hoc tests (Tukey's Unequal N HSD). Py;4x: maximum rate of
photosynthesis; Eg: sub-saturation irradiance; Rpagg: rate of respiration in darkness. L, M, H: corals acclimated to low, medium
and high irradiance regimes, respectively; 600/1200: estimates under daily irradiance cycles with Ey;xx = 600 and 1200 pmol pho-
tons m™? s7!, respectively. AM, PM: estimates from the morning and afternoon half of the diurnal photosynthesis curve

Units Effect F (df) P Post hoc
Prax (mmol O, cm™2 ht) State 11 (2,29) <0.01 L<M=H
Treatment 6.9 (1,29) <0.05 600 < 1200 for L, M, H
State x Treatment 1.8 (2,29) 0.19 -
Ex (umol photons m=2 s71) State 0.24 (2,29) 0.79 -
Treatment 23 (1,29) <0.01 na
State x Treatment 5.7 (2,29) <0.01 L &M, 1200 > 600
Time 0.03 (1,29) 0.86 -
State x Time 0.33 (2,29) 0.72 -
Treatment x Time 0.02 (1,29) 0.90 -
State x Treatment x Time 0.03 (2,29) 0.97 -
Rparg (imol O, cm™2 h™Y) State 22 (2,29) <0.01 L<M=H
Treatment 2.6 (1,29) 0.12 -
State x Treatment 0.71 (2,29) 0.50 -
Time 19 (1,29) <0.01 na
State x Time 0.53 (2,29) 0.59 -
Treatment x Time 4.7 (1,29) <0.05 AM < PM when Ej;ux = 1200
State x Treatment x Time 0.21 (2,29) 0.81 -

1

As expected, the shape of the PI curve for colonies of
Turbinaria mesenterina varied with photoacclimation
state. Pyax was significantly lower for corals accli-
mated to low light levels compared with the other 2

growth irradiances (main effect of State for
Priax, Table 1). Ppyax was also higher under
exposure to more intense light for corals
acclimated to all growth irradiances (main
effect of Treatment, Table 1). This latter find-

ing indicates that photosynthesis did not

reach complete saturation under the lower W
diurnal irradiance cycle (also evident from
the filled points in Fig. 1D-F). Ey increased
with acclimation irradiance when corals were
exposed to low light levels, but not under
exposure to high light levels (Fig. 2A,B).
This difference was apparent as a significant
State x Treatment interaction (Table 1). To
our knowledge, this finding represents the

first evidence that corals dynamically down-
regulate net oxygen evolution due to exces-
sive light absorption. We found no evidence

Rpark
(umol O, ecm™? K™

of any variation in Eyx between morning and
afternoon (all effects involving Time were
non-significant for Eg, Table 1; filled points
compared to triangles, Fig. 2A,B).

Rparx was markedly influenced by light
intensity, both in terms of acclimation irradi-

ance (significant main effect of State, Table 1)
and diurnal irradiance treatment. Under both
diurnal irradiance cycles, Rpsrgx increased

with acclimation irradiance (Fig. 2C,D). Fur-

-2 S-1)

(umol photons m

thermore, Rparix was distinctly higher in the afternoon
than in the morning under the high diurnal irradiance
treatment (open triangles compared to filled points in
Fig. 2D), but not under exposure to lower light levels
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Fig. 2. Turbinaria mesenterina. (A,B) Sub-saturation irradiance (Ek), and
(C,D) respiration (Rparg) during morning (AM) and afternoon (PM) in
corals acclimated to 3 light regimes (low, medium, high) and exposed to 2

irradiance cycles (mean + 95 % confidence intervals; n = 5 to 8)
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(Fig. 2C). Consequently, we found a significant Treat-
ment X Time interaction for Rpgrx (Table 1). Therefore,
differences between rates of net photosynthesis in the
early morning compared with the late afternoon at the
same irradiance (Fig. 1E,F) are predominantly due to
changes in rates of respiration. The post-illumination
increase in rates of dark respiration was consistent
across all photoacclimation groups (i.e. none of the
interaction effects involving State were significant for
Rpark: see Table 1). This suggests that increased meta-
bolic activity following light exposure may be a gen-
eral response of the coral-zooxanthellae symbiosis,
and is not influenced by the degree to which exposure
irradiance exceeds the irradiance to which corals are
acclimated.

Cost of photoinhibition

Total net oxygen evolution (and equivalently, carbon
fixation) was significantly lower during the afternoon
than in the morning for corals acclimated to all 3 irradi-
ance regimes when exposed to the higher daily irradi-
ance cycle. Specifically, integrated rates of net photo-
synthesis under exposure to high light levels showed a
15 to 17 % decline in the afternoon, compared with the
morning (Fig. 3A; Table 2). Moreover, corals accli-
mated to the lowest light levels showed a 6 % reduction
in integrated net rates of photosynthesis during the
afternoon when exposed to the lower daily irradiance
regime. Although this reduction constitutes a consider-
able proportion of daily photosynthetic activity, gross
photosynthetic energy acquisition (disregarding oxy-
gen consumption through respiration) summed over
the morning and the afternoon did not differ signifi-
cantly for any of the comparisons (Fig. 3B; Table 2). In
other words, photoinhibition only represents a sig-
nificant energetic cost for corals if metabolic activity
associated with repair of damaged components of the

Table 2. Turbinaria mesenterina. Proportional difference be-
tween integrated net and gross photosynthesis over the
course of the afternoon compared to the morning for corals
acclimated to 3 different light regimes (State), and exposed to
2 diurnal irradiance cycles (maximum daily irradiance, Epax,
pmol photons m™2 s7!). Results of paired samples t-test

Evax  State df Net photosyn. Gross photosyn.
t p t p
600  High 5 -0.07 095 -0.06 0.96
Medium 4 -1.99 0.12 0.51 0.64
Low 5 -3.37 <0.05 -0.15 0.89
1200 High 4 44 <0.05 0.09 0.93
Medium 7 -4.5 <0.05 0.71  0.50
Low 4 -76 <0.05 -031 0.77

photosynthetic apparatus is the major cause of post-
illumination enhancement of respiration.

Although daily costs of photoinhibition appear to be
negligible for Turbinaria mesenterina, photoacclima-
tion to high light levels does not maximise integrated
daily photosynthesis. In fact, total daily energy acquisi-
tion per unit surface area was lower on average for the
high light acclimated corals than for corals acclimated
to intermediate light levels when exposed to the same
daily irradiance cycle (Fig. 4). This is primarily due to a
lower chlorophyll concentration, higher Ey, and a
higher Rpaggk for corals at high light levels, compared
to those acclimated to lower light levels. When inte-
grated photosynthesis was calculated for each photo-
acclimation treatment over a daily irradiance cycle
with Epax equal to the growth irradiance, results
indicated that higher light availability does not trans-
late to higher daily carbon acquisition for T. mesente-
rina. In other words, photoacclimation causes carbon
acquisition to remain constant across an approximately
5-fold light gradient.
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Fig. 4. Turbinaria mesenterina. Daily integrated photo-

synthetic oxygen evolution in corals acclimated to 3 light
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(mean + SD)

To determine the medium-term consequences of
photoinhibition and changes in photoacclimation state
on carbon gain, we repeated measurements of photo-
synthesis for the low light acclimated corals over 3 d of
exposure to a daily irradiance cycle with Eypux =
1200 pmol photons m2 51, Although all of the measured
photosynthetic properties varied over this time frame
(Table 3), changes were only statistically significant for
chlorophyll concentration and light-saturated Py4x. The
increase in (fitted) Ppax was partially due to a corre-
sponding increase in Rprk. The net effect of this was
that although Py, x was higher after repeated exposure
to high light levels, integrated daily photosynthesis was
actually lower, although not significantly so. In general,
these changes in photosynthetic properties were consis-
tent with photoacclimation to high light levels (increased
Pyaxi Ex, and Rpagrk, lower chlorophyll concentration
and maximum photochemical efficiency). Collectively,
our results indicate that while gradual loss of function
of individual symbionts over the course of the day has
a negligible (short-term) impact on energy budgets,
repeated exposure leads to lower concentration of chlo-
rophyll per unit surface, and consequently lower daily
energy acquisition in the long term.

Fluorescence versus respirometry

In contrast to the linear relationship between fluores-
cence and gas exchange measures of photosynthetic ac-
tivity typically assumed for corals (e.g. Brown et al. 1999,
Hoegh-Guldberg & Jones 1999), our results demonstrate
a curvilinear relationship (Fig. 5). Furthermore, there
was considerable variability in the relationship between
the quantum yields of oxygen evolution and photochem-
istry (Fig. 5A). At high light levels, ETR may decline by
>50 % without any measurable effect on the net rate of
photosynthesis. Similarly, a 3-fold variation in TETR was
evident at Py4x. On the other hand, rETR was directly
proportional to rates of oxygen evolution at low light lev-
els (i.e. low rates of photosynthesis). The breakdown of
the linear relationship between these 2 measures at high
irradiance is driven by the substantially greater degree
of hysteresis exhibited by rETR versus irradiance com-
pared with photosynthesis versus irradiance when mea-
sured over a diurnal cycle. In addition to the hysteresis
effect, lower correlation at high irradiance was related to
variation in Py;,x (oxygen evolution) due to photo-
acclimation. For corals acclimated to low light levels,
oxygen evolution per electron transported was lower
(lower rate of photosynthesis at the same rETR, Fig. 5B).
Collectively, these results demonstrate that for Turbi-
naria mesenterina, the relationship between biochemical
and energetic assays of photosynthesis is influenced by
the photoacclimation state of individual colonies, even
when variation in chlorophyll concentration between
colonies is taken into account.

DISCUSSION

Our results demonstrate that exposure of corals
to high light levels only leads to a depression of net
photosynthesis when average daily irradiances are
much higher than growth (acclimation) irradiances.
Moreover, reduced rates of net photosynthesis in the
afternoon are primarily associated with increased res-
piration rates. Previous studies of light-enhanced res-
piration in corals have demonstrated a 6- to 12-fold

Table 3. Turbinaria mesenterina. Change in photosynthetic properties (mean + SE) in corals acclimated to low light following

-2 o1

repeated exposure to excessive irradiance (Epjsx = 1200 pmol photons m™ s7), and results of dependent samples t-test (df = 3).
Ey: sub-saturation irradiance; Py4x: maximum rate of photosynthesis; Rprk: rate of respiration in darkness; F,/F,: maximum
quantum yield of photochemistry

Chlorophyll Ex Priax Rpark F,/F,
(ng cm?) (umol photons m=2 s71) (umol O? cm 2 h™!) (umol O, cm™2 h™)
Day 1 32+6 229 + 36 2.3 +0.06 0.29 + 0.17 0.66 + 0.03
Day 3 23+8 345 + 54 2.6 = 0.06 0.40 +£0.10 0.52 + 0.06
t 3.3 -2.1 -7.8 0.63 2.4
P <0.05 0.13 <0.01 0.57 0.10
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Fig. 5. Turbinaria mesenterina. Comparison between respiro-
metry and fluorescence assays of photosynthetic activity.
(A) Quantum yield of oxygen evolution (normalized to chloro-
phyll concentration) versus photochemical yield, and (B) rate
of photosynthesis (corrected for dark respiration) versus
relative electron transport rate, in corals acclimated to 3 light
regimes (high, medium, low). Data are means; error bars
omitted for clarity (n =5 to 8)

increase in oxygen consumption following light expo-
sure (Kuhl et al. 1995, Al-Horani et al. 2003). A propor-
tion of this increase may reflect energy expenditure for
repair of damage to the photosynthetic apparatus of
zooxanthellae, and/or coral tissue damage. However,
light-enhanced respiration in corals is more likely due
to enhanced metabolic activity related to e.g.
increased skeletal growth (e.g. Reynaud-Vaganay et
al. 2001) and increased photosynthetic activity, as sig-
nificant light enhancement of respiration has been

measured in corals exposed to irradiances as low as
140 pmol photons m™2 s! (Al-Horani et al. 2003). If
increased rates of respiration following exposure to
high light levels were predominantly due to costs of
repair of the photosynthetic apparatus, the magnitude
of the change in respiration between morning and
afternoon would depend upon the degree to which
exposure irradiance exceeded acclimation irradiance
(damage being greater for corals acclimated to lower
light levels). As we observed the same post-illumina-
tion increase in rates of respiration for all acclimation
treatments following exposure to the same diurnal
irradiance cycle, we conclude that daily energetic costs
of photoinhibition in corals are negligible.

Dissipation of light through non-photochemical path-
ways is recognised as an effective photoprotective
mechanism in corals (e.g. Hoegh-Guldberg & Jones
1999, Gorbunov et al. 2001), and the same mechanism
is present in other photosynthetic organisms for which
energetic costs of photoinhibition are apparent (e.g.
higher plants and phytoplankton; see Pahl-Wostl 1992,
Werner et al. 2001). Our results raise the question as to
how corals avoid these costs. Coral tissue contains
amino acids that absorb, reflect or fluoresce ultraviolet
light (mycosporine-like amino acids or MAAs; Jokiel &
York 1982), and pigments that absorb light over photo-
synthetic wavelengths (Salih et al. 2000, Dove 2004).
Therefore, the coral tissue layer may act as a protective
screen for the zooxanthellae. Indeed, there is some evi-
dence that host tissue reduces the light levels reaching
symbionts by >50% in some marine organisms (e.g.
hydroids; Fitt & Cook 2001). Alternatively, zooxanthel-
lae may shade each other, with symbionts in the upper
tissue layers shielding those in lower layers. Zooxan-
thellae in different parts of a coral colony experience
different light environments (Jones et al. 2000), and
vary in their chlorophyll fluorescence characteristics
(Hill et al. 2004). Moreover, histology of bleached
corals has revealed a greater loss of zooxanthellae from
upper tissue layers as opposed to deeper tissues (Brown
etal. 1995). Therefore, although zooxanthellae in upper
tissue layers may suffer reduced rates of photosynthe-
sis due to photoinhibition, those in lower layers are
likely to remain protected and potentially compensate
for the reduced photosynthesis of the upper layers.

If zooxanthellae do indeed shade each other, then
the use of fluorometry to measure photosynthesis in
corals may return biased results. For instance, in
microphytobenthic assemblages, the thickness of the
fluorescing layer has a pronounced impact on mea-
sured photochemical efficiency, with values over-
estimated by up to 60% in thick biofilms (Forster &
Kromkamp 2004). An equivalent phenomenon may
explain our findings of lower oxygen evolution per
electron transported for corals acclimated to low light
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levels compared with medium- and high-light accli-
mated colonies. Self-shading of zooxanthellae would
result in overestimation of apparent photochemical
efficiency as the measured efficiency of the upper
layer would be augmented by higher efficiency of sym-
bionts exposed to lower light levels deeper in the tis-
sue. This would in turn lead to overestimation of rETR,
and an apparently lower rate of oxygen evolution per
electron transported through PSII. Overall, our find-
ings indicate that future studies should take account of
tissue properties of corals, such as symbiont density,
tissue thickness and presence of other light-absorbing
pigments, when interpreting fluorescence assays of
photochemistry.

Due to the insensitivity of rates of net photosynthesis to
supra-saturating light levels, we find that photochemical
electron transport (in zooxanthellae) and photosynthetic
oxygen evolution (in the coral-zooxanthellae symbiosis)
correlate poorly at high light levels; under midday irradi-
ances, even very low photochemical efficiencies (and
high NPQ) do not necessarily result in reduced rates of
photosynthesis. Because the fluorescence behavior of
Turbinaria mesenterina is consistent with that of several
other species (e.g. Goniastrea aspera: Brown et al. 1999;
Stylophora pistillata: Jones & Hoegh-Guldberg 2001,
Winters et al. 2003), our findings are likely to reflect
general properties of the coral-zooxanthellae symbiosis.
Moreover, our results demonstrate that the influence of
non-assimilatory electron flow at high irradiances on the
relationship between fluorescence and respirometry
assays of photosynthesis may represent a general trend
for photosynthetic organisms. We find that for corals,
oxygen evolution saturates prior to rETR, as has been
shown for cyano-lichens, macroalgae and higher plants
(Sundberg et al. 1997, Fryer et al. 1998, Figueroa et al.
2003). This indicates that once the assimilatory reactions
of photosynthesis become saturated, electrons may still
be transported through PSII. The importance of electron
sinks in addition to CO, reduction for avoidance of
photoinhibition has been noted previously (Krall &
Edwards 1992, Hoegh-Guldberg & Jones 1999), with
photorespiration and the Mehler cycle as the most
obvious candidates for non-photosynthetic electron
transport (see Fryer et al. 1998, Figueroa et al. 2003). It
is clear that for a range of photosynthetic organisms,
including corals, a decline in rETR at high light levels
is not representative of a decline in photosynthetic
oxygen evolution.

Despite the negligible costs associated with photoin-
hibition on a daily basis, repeated exposure to high
irradiance does have a negative impact on photosyn-
thetic energy acquisition in corals. Cell damage caused
by prolonged exposure to ultraviolet light represents
an additional factor that may inhibit coral growth in
shallow (high light) habitats (e.g. Jokiel & York 1982),

although there is some evidence that higher concen-
trations of MAAs in corals from shallow water may be
sufficient to mitigate the effects of ultraviolet light on
rates of photosynthesis (Shick et al. 1995). Clearly,
colonies of Turbinaria mesenterina acclimated to high
light levels would have greater daily energy acquisi-
tion if they had higher symbiont population densities,
lower Eyx and higher Pyx. Although our results
demonstrate that there are negligible energetic costs
associated with short-term (1 d) exposure to excessive
irradiance, that the abovementioned combination of
photosynthetic properties does not occur is evidence
that avoiding damage to the photosynthetic apparatus
is a fundamental component of acclimation to high
light environments. This conclusion is supported by
our observation of a reduction in chlorophyll concen-
tration for low light acclimated corals following
repeated exposure to excessive irradiance. Continued
reduction of chlorophyll concentration through time
must eventually lead to a reduced daily energy acqui-
sition per unit area of colony (e.g. daily integrated pho-
tosynthesis of high light acclimated corals compared
with medium light acclimated corals in this study). Our
results indicate that costs of photoinhibition in corals
are manifest over time scales of days to weeks, rather
than being apparent over a diurnal irradiance cycle as
observed in other taxa (e.g. Platt et al. 1980, Ogren &
Sjostrom 1990). These findings are consistent with
recent observations of seasonal fluctuations in photo-
synthetic activity of several Caribbean coral species
(Warner et al. 2002), and also explain why a moderate
decrease in light availability within habitats either has
no effect on photosynthetic energy acquisition for
corals, or leads to higher photosynthesis for colonies
from shaded habitats (Titlyanov 1991b). The trade-off
between efficient utilization of light for photosynthesis
and avoidance of cumulative damage to the photosyn-
thetic apparatus due to repeated exposure to excessive
irradiance means that higher light availability does not
equate to higher energy acquisition.

Overall, changes in the photochemical activity of
zooxanthellae over a diurnal irradiance cycle do not
cause a reduction in photosynthetic energy acquisition
for coral colonies. Photoinhibition in corals is mani-
fested through a different mechanism than in other
photosynthetic organisms. For some species of micro-
algae, energetic costs of photoinhibition become appar-
ent through decreased P,;4x under exposure to light
levels comparable to those used in this study (e.g. Platt
et al. 1980, Pahl-Wostl et al. 1992), or through reduced
photosynthetic efficiency following high light exposure
that causes a reduction in rates of photosynthesis (e.g.
Kana et al. 2002). In contrast, energetic costs of photoin-
hibition in corals become apparent as a gradual reduc-
tion in photosynthetic capacity over time (several days)
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following repeated exposure to excessive irradiance.
These results indicate that, in corals, long-term rather
than diurnal changes in photosynthetic properties are
the key to understanding ecological impacts of environ-
mental gradients in light intensity.
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