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Effects of Temperature on the Oxygen- and
Fluorescence-Based Estimates of Photosynthetic
Parameters in the Reef Coral Stylophora pistillata
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ABSTRACT

The effect of temperature on the O,-based and chlorophyll fluorescence of Photosystem II
(PSll)-based parameters of photosynthesis in the reef coral Stylophora pistillata was investigated.
Coral nubbins were maintained in coral reef mesocosms at three temperature levels (20, 25 and 28
C) for ten days. The maximum PSII quantum efficiency (F./Fr) and electron transport rates (ETR)
were measured by diving pulse amplitude modulate (PAM) fluorometry and the rate of O, evolution
was caried out by oxygen respirometry. The tissue composition, maximum rate of gross photosynthesis
(P%+wx) and sub-saturation irradiance (l) measured by respirometry, photosynthetic efficiency (a)
measured both by respirometry and PAM, as well as F./Fr, were similar among different tempera-
ture treatments. However, the maximum electron transport rate of photosynthesis (ETRmax) of corals
at 25 and 28°C was two times higher than that of corals at 20°C. In addition, the sub-saturation
irradiance (lerr) Was significantly higher at 28 and 25°C than that at 20°C. It suggests that the
photosynthetic process of PSII electron transport rate is rather sensitive to temperature and ETR max
and leetr increased with increasing temperature.  Furthermore, a similar linear relationship between
gross photosynthesis rate (GP) and ETR was found under irradiances below 400 pE m?s™ or GP
less than 14 umol O, m?s” at the three temperature treatments. This suggests that diving-PAM may
provide a quick and non-invasive way to estimate primary productivity of corals under moderate
irradiances.
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reefs with high primary production in oligotro-
phic environment.
Some factors, such as temperature, light

INTRODUCTION

Photosynthesis of symbiotic algae is
important to reef function and primary produc-
tion by providing reef corals with a large
fraction of organic carbon that is required for
metabolism, growth and calcification (Barnes
and Chalker, 1990). The photosynthetically
fixed carbon of zooxanthellae is not only the
major energy source of reef corals, but also
can be transported to other organisms through
mucus-releasing of corals (Wild et al., 2004).
This is the main reason that supports coral

and nutrient, appear to regulate the photo-
synthetic rate of corals (Barnes and Chalker,
1990). Temperature and light not only change
on seasonal, daily and hourly time scales but
also co-vary, thus confounding their individual
effects in field situations. In order to accurately
modeling rates of primary production on coral
reefs, it is necessary to identify the relation-
ships between temperature and photosyn-
thesis (Morris and Kromkamp, 2003).
Various methods have been used to
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measure photosynthetic parameters and
primary production. PAM (pulse amplitude
modulate) chlorophyll fluorescence methods
offer an alternative to traditional gas exchange
techniques for the non-intrusive analysis of
photosynthetic activity (Beer et al, 1998;
Ralph et al, 1999). There is a growing
interest in using PAM techniques for making
qualitative comparisons of photosynthetic
performance under different conditions and for
quantifying aquatic productivity. Comparisons
of photosynthetic rates estimated from PAM
fluorometry and oxygen evolution have been
made in a number of marine organisms and
linear correlations between these two measure-
ments have been reported (e.g. Figueroa et
al., 2003; Morris and Kromkamp, 2003).
However, few attempts have been made by
using electron transport rate (ETR) for quantita-
tive calculations of photosynthetic rates in
reef corals (Beer et al., 2000; Yakovleva and
Hidaka, 2004).

Mesocosms are increasingly being used
for coral and coral reef experiments (Atkinson
et al, 1995; Marubini et al, 2001). They
provide powerful tools for experimental
studies that can not be carried out in natural
systems, such as the evaluation of the effects
of environmental parameters (e.g. tempera-
ture or light intensity) on coral physiology.

In this study, we investigate the effects
of temperature on tissue parameters and
photosynthesis-irradiance (P-1) curve parameters
in the reef coral Stylophora pistillata (Esper,
1797) cultured in coral reef mesocosms
under controlled temperatures (20, 25 and 28
C) for 10 days. Both oxygen evolution and
PAM fluorescence methods were applied
and the relationship between ETR and gross
photosynthesis was examined by comparing
the values obtained from these methods.

MATERIALS AND METHODS
Biological materials

Six colonies of the branching zooxan-
thellate reef coral Stylophora pistillata were
collected from 6-8 m depth at Nanwan Bay,
southern Taiwan (21°56'29"N, 120°44'70"E).
Fifteen coral nubbins were removed from

each of the 6 colonies (n = 90) and then
randomly suspended with nylon lines in 6
mesocosms under the same conditions.
After 1 month, coral nubbins were entirely
covered with new tissue and were used in
temperature experiments.

Maintenance of mesocosms

Temperature experiments were conducted
using 6 oval-shaped fiberglass tanks, each
with dimensions of 3 m length x 2 m width x
1 m depth. The tanks were located indoors
and shaded from direct sunlight. The tanks
were filled with seawater pumped from an
inshore reef at 5 m depth and filtered through
sand filters (50 ym). Approximately 10% of
the water was replaced daily with fresh seawater
to keep the stability of the mesocosms.
Water circulation in each mesocosm was
facilitated independently by a 4500 | h™
centrifugal pump. Seawater temperatures
were controlled (£1°C) using an automated
microcomputer and were recorded by HOBO
electronic temperature loggers (Onset Computer
Co., MA, USA). Three 400-W metal halide
lamps (HQI-BT 400W/D, Osram) provided a
constant irradiance of 200 pmol photons
m?s” (photoperiod 12 : 12 h = light : dark).
The lamps could be moved up or down to
control the irradiance as required. Light was
measured using a LI-COR 193SA spherical
quantum sensor attached to a data logger.

Prior to the experimental treatments, the
biotic communities in the mesocosms have
been established for 4 years. The substratum
was a live sand system with a carbonate
sand layer separating the main seawater from
a layer of confined, stagnant water (Jaubert
1989). Living organisms in the mesocosms
were collected from reefs in southern Taiwan.
They include scleractinians, alcyonaceans,
and coralline algae, as well as surgeonfishes
(Zebrasoma sp., Acanthurus sp.), rabbitfishes
(Siganus sp.), sea urchins (Trpneustes gratilla,
Echinometra mathaei), sea cucumbers
(Holothuria (Mertensionthuria) leucospilota),
gastropods (Trochus sp.), crustaceans and
polychaetes.

Temperature of the 6 mesocosms was
originally maintained at 25°C. After experi-
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mental nubbins recovered from tissue damage,
temperatures of 4 mesocosms were changed
gradually, with 2 mesocosms were elevated
by 1°C per 3 days until they reached 28°C
and 2 mesocosms were lowered by 1°C per
2 days until they reached 20°C. The 2
mesocosms maintained at 25°C served as
the control group.  After maintaining at tempera-
ture treatments for 10 days, 3 nubbins from
each mesocosm were used to measure their
photosynthesis parameters by the fluoresc-
ence and O, evolution methods. Tissue
composition of the nubbins was also measured.

Chlorophyll a fluorescence measurements

Fluorescence of coral nubbins was
measured using the diving PAM (Walz,
Germany). The ratio of variable (F,) to
maximum fluorescence (F.), F./F., was
used as an indicator of maximum potential
quantum yield. Measurements of F./F,, were
taken following a dark-adaptation period for
30 min (Jones and Hoegh-Guldberg, 1999).
Electron transport rates (ETR) were measured
under different irradiances (0, 50, 100, 200,
400, 600, 800, 1200 and 1600 umol photons
m?s™") based on the function:

ETR =Y x PPFD x FA x 0.5,

where Y is quantum yields of photosystem |
(PSIl), PPFD is photosynthetic photon flux
density, FA is the estimated fraction of light
absorbed by coral (we used 0.84 as the
default value), and 0.5 is the estimated value
indicates that half of the light is used in PSII
(Beer et al., 1998; Ralph et al., 1999).

The P- curve parameters were estimated
by fitting the model (Jassby and Platt, 1976):

ETR = ETRnax (1-exp(-/leTr)),

where ETR.. is the maximum electron
transport rates, | is the irradiance, I eris the
sub-saturation irradiance. The a value, the
slope of the P-I curve, was obtained from the
following relationship: o = ETRmax/ lketr-

0O, evolution measurements

Nubbins were placed in a respirometric
chamber (390 ml) containing a WTW Cellox
325 oxygen electrode and immersed in a
themmostat water bath (20, 25 or 28°C, respec-
tively). The oxygen sensor was calibrated
using air-saturated seawater and a saturated
solution of sodium sulfite (zero oxygen). The
chamber was filled with filtered seawater
(0.45 pym) and the incubation medium was
continuously stirred with a stirring bar.
Nubbins were incubated for 20 min under
their corresponding culture irradiance (0, 50,
100, 200, 400, 600, 800, 1200, 1600 and O
mol photons m? s™). Light was attenuated
to the desired intensity by changing the
elevation between the lamp and the chamber.
Oxygen was recorded every 60 s. Rates of
photosynthesis and respiration were estimated
using a linear regression of oxygen data against
time.

Descriptive parameters of the P-I curves
were estimated by fitting the data to an
exponential function using a non-linear
regression technique (Romaine et al., 1997):

Pn= Pgmax [ 1'eXp('|/|k)] + R1

where P,is net photosynthetic rate, P%.is
gross maximum photosynthetic rate, | is
irradiance, Ixis irradiance at which initial slope
(o) intersects light-saturation rate (P%nax;
pmol m'zs'1), and R is respiration rate. The
o value, the slope of the P-l curve, was
obtained using the following function: o =
Pgmax/Ik-

Finally, the nubbins were frozen at -20°C
over night, then the zooxanthellae density,
chlorophyll a concentration, protein concentra-
tion and surface area were measured.

Determination of zooxanthellae density,
chlorophyll a content and protein

A jet of filtered seawater (0.45 ym) was
used to collect the nubbin tissue and
homogenized to 70 ml (Johannes and Wiebe,
1970). Ten ml of the tissue was used to
determine the density of zooxanthellae by
using a hemocytometer, 30 ml was used to
quantify chlorophyll a and ¢ concentrations,
and 30 ml was used for protein analysis. For



256 Tai-Ying Wu, Chang-Feng Dai and Tung-Yung Fan

chlorophyll a and ¢ concentrations, the tissue
was filtered by GF/C filter and 100% acetone
was used to extract chlorophyll at 4°C for 24
h, then calculated using the equations of
Jeffrey and Humphrey (1975). For protein
analysis, 30 ml was filtered by GF/C filter and
solublized using 1N NaOH at 90°C for 30
min. Total protein content was measured with
a Coomassie Brilliant Blue assay (Bradford,
1976).

Determination of surface area

Surface area of nubbins was determined
using melted wax maintained at 65°C in a
water bath (Stimson and Kinzie, 1991).
Nubbins were dipped in the melted wax for 5
s, weighed, and then dipped in the wax and
weighed again. The difference between the
first and the second weight allows the surface
area to be calculated by comparing with
standardized cubes of known surface area
(Stimson and Kinzie, 1991).

Statistical analyses

Data from the same temperature treatment
were pooled since most parameters of
nubbins from 2 mesocosms of the same
temperature treatment were not statistically
different (Mann Whitney test, most p > 0.05,
with few p = 0.05). The effect of temperature
was examined using the Kruskal-Wallis test.
Statistical analysis was performed using
StatView 5.01. Data are reported as mean +
standard error.

RESULTS

After coral nubbins of Stylophora pistillata
grew at different temperature treatments for
10 d, tissue parameters including protein
concentration (0.389 - 0491 mg cm?),
chlorophyll a concentration (12.519 - 17.878
Mg cm'z), zooxanthellae concentration (3.171
- 4.087 10° cells cm'z), ratio of chlorophyll a to
protein (32.427 - 40.402 yg mg™), chloroph}lll
a per zooxanthellae (4.108 - 4.413 pg cell)
zooxanthellae per unit protein (7.463 - 9.349
10° cells mg’1) and the ratio of chlorophyll a
to ¢ (2926 - 3.172) were not statistically

different among different temperature treat-
ments (Table 1).

The 3 P-l curves of gross photosynthetic
rates versus iradiance under different tempera-
ture treatments display a similar pattern (Fig.
1A, B, C). All parameters of photosynthesis
were not significantly different among tempera-
ture treatments (Table 2). The sub-satura-
tion irradiance (l) and the photosynthesis to
respiration ratio ranged from 245.5 to 283.7
pmol quanta m? s’ and from 3.2 to 3.6,
respectively. F,/F,, (0.681 - 0.717) and
photosynthetic efficiency (a, 0.167 - 0.205
pumol electrons pmol quanta’1) measured by
PAM were not significantly different under all
treatments (Table 3).

The P-l curve of relative ETR versus
iradiance at 25 and 28°C (Fig. 1D, E) shows
different pattern from that at 20°C (Fig. 1F).
ETRmaxat 25 and 28°C (Table 3, 63.037 and
66.546 umol electrons m* s™, respectively)
were two times higher than that at 20°C
(33.091 pmol electrons m? s™).  In addition,
the sub-saturation irradiance (lkgrr) at 25
and 28°C (330.4 and 439.9 umol quanta m?®
s”, respectively) was significantly hi%her than
that at 20°C (192.4 umol quanta m™®s™).

Linear relationships between gross photo-
synthesis rate (GP) and ETR were found
under light intensity lower than 400 pmol
photons m? s™ or GP smaller than 14 pmol
0, m?s” (Fig. 2). The slopes (2.91-3.33) of
these regression lines were similar among
different temperature treatments (Kruskal-
Wallis test, H = 0.813, p > 0.05). However,
deviations from linearity occurred at light
intensity higher than 400 ymol photons m™>
s” or GP higher than 14 pmol O, m*s™.

DISCUSSION

The F/F., tissue composition and photo-
synthetic parameters based on O, evolution
of Stylophora pistillata were not significantly
different among three temperature treat-
ments for 10 days. These results indicate
that the physiological condition of the organisms
assessed is healthy.

The P : R ratios obtained for S. pistillata
in this study (3.2-3.6) were higher than those
measured in other studies using this species
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Fig. 1. Gross photosynthetic rate and electron transport rate as a function of the irradiance measured for reef
coral, Stylophora pistillata, cultured at different temperatures for 10 days. (A) 28°C, (B) 25°C, (C) 20°C,

(D) 28°C, (E) 25°C, (F) 20°C. (mean * SE, n = 6)

(1.10-1.76 in Porter et al., 1984; 0.9-1.5 in
Ferrier-Pages et al., 1999). The high P : R
ratios suggest that the amount of carbon
fixed by photosynthesis highly exceeds the
basal metabolic demands.

The effect of temperature on ETR,ax
and l.etr Was significantly different between
treatments. It suggests that the photosyn-

thetic process of PSII electron transport rate
is more sensitive to temperatures compared
with the rate of oxygen evolution. The most
prominent effect of temperature on photo-
synthesis in S. pistillata occurred between 20
and 25-28°C, where the ETRax and leetr
increase with increasing temperatures. A
possible explanation is that the corals in this
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Table 3. The fluorescence-based estimates of photosynthetic parameters of reef coral Stylophora
pistillata after temperature treatment for 10 days and the results of Kruskal-Wallis analysis.

20°C 25 28°C
Response parameter Mean SE Mean SE n Mean SE n H P
Photosynthetic parameters (from PAM)
Fu/ Fm 0681 00396 0681 00426 0717 00276 328 019ns
ETRuex ( 12 Mol electrons m? s™) 330917 11157 6 63.037° 17.044 6 66.546° 18256 6 8.67 <0.05*
£ (1 mo electrons 2 mol quanta’™) 0205 00316 0168 00386 0167 0044 6 319 020ns
ke (zmol quantam?s™) 192.402° 76.831 6 330.400° 24.029 6 439.912° 75.775 6 12.98 <0.01**

ns: not significant, *p < 0.05, **p < 0.01, **means with different letters are significantly different at p < 0.05
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Fig. 2. The relationship between electron transport rates (ETR) and gross photosynthetic rates (GP) of reef

coral Stylophora pistillata. (mean + SE, n = 6)

study had been adapted to the temperatures
in the field (mean temperatures ranged 23-
28C).

ETRmaxOf S. pistillata in this study were
low (33-66umol electrons ms”) as comparing
with those of other species (e.g. ETRqq Of
Acropora aspera, Goniastrea sp. and Porites
sp. measured in the field were 180 to 270
umol electrons m?s”, Ralph et al, 1999).
The low photosynthetic capacity of S. pistillata

is possibly due to its adaptation to the low-
light conditions at 200 umol quanta m?s” in
the mesocosms.

ETRxOf S. pistillata at 25 and 28°C was
two times higher than that at 20°C. Morris
and Kromkamp (2003) suggested that, within
favorable temperatures, the ETR ., increases
with increasing temperature and this response
may be modulated by photorespiration.

The sub-saturation irradiance (lgr) of
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S. pistillata was higher at 28 and 25C than
that at 20°C, suggesting that low temperature
may reduce the sub-saturation irradiance.

A similar linear relationship between gross
photosynthesis rate (GP) and ETR was found
under irradiances below 400 uE m?s™ or GP
less than 14 pmol O, m?s” within the tempera-
tures ranged from 20 to 28°C. It suggests
that the seasonal variation of seawater tempera-
tures in the field, as S. pistillata experienced
in Nanwan Bay, southern Taiwan, is not
likely to affect the relationship between GP
and ETR. Yakovleva and Hidaka (2004)
reported that a significant linear correlation
between rETR and O, evolution was found at
irradiance up to 500-550 umol photons m?
sin the reef corals, Montjpora digitata and
Pavona divaricata. These evidences suggest
that diving-PAM provides a quick and reliable
way to estimate primary productivity of some
coral species at least under moderate irradiances.

Above the saturating irradiance for
photosynthesis, the relationship between GP
and ETR was curvilinear. This may be
because the ETR was saturated at higher
light intensity than GP, due to the possible
alternative electron sinks in the photosynthetic
processes (Franklin and Badger, 2001;
Figueroa et al., 2003; Morris and Kromkamp,
2003). Such a deviation was more evident
at 28°C treatment possibly because the
differences in enzyme activities under various
temperature conditions (Saxby et al., 2003).
Morris and Kromkamp (2003) proposed that
this norHinearity is more apparent at irradiances
exceeding the saturating irradiance for
photosynthesis, and could be due to alterna-
tive electron sinks such as the Mehler
ascorbate-peroxidase reaction and photores-
piration, or to changes in the optical cross-
section.
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