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Abstract The photosynthetic performance of two Indonesian
carrageenophytes (Solieriaceae), Eucheuma denticulatum and
Kappaphycus sp. (so-called Sumba strain), was investigated
under a variety of temperature and light conditions regarding
their mariculture performance. A pulse amplitude modulated-
chlorophyll fluorometer (Diving-PAM) was used to generate
rapid light curves (RLCs) to provide estimates of the relative
electron transport rates (rETR) for over 10 temperatures (i.e.,
from 16 to 34 °C) and at nine levels of photosynthetic active
radiation, which ranged from 0 to 1,000 zzmol photons m > s .
Underwater irradiance in a cultivation area was also measured
at the collection site in South Sulawesi, Indonesia. The initial
slope (), photoinhibition coefficient (3), and the coefficient of
maximum photosynthesis assuming no photoinhibition ()
was calculated by fitting the RLCs to a nonlinear model of

the form rETR = 7(1 — exp<f %PAR)) (exp(ngAR))
using a two-level hierarchical Bayesian model. The experi-
ments revealed that E. denticulatum and Kappaphycus sp.

required temperatures ranging from 23 to 32 °C and 22 to
33 °C to maintain high rates of photosynthetic activity,
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respectively. Clearly, both species appear to be well-adapted
to the natural light and temperature conditions at the cultivation
site, and we expect the results of this study will be useful for
the design and sustainable management of similar mariculture
activity.
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Introduction

The red algal genera Eucheuma and Kappaphycus
(Solieriaceae) are considered commercially important
commodities due to their production of carrageenan
(Waaland 1981). They are largely cultivated in tropical
areas especially in South East Asia, particularly in Indo-
nesia and the Philippines (Bixler and Porse 2011). In-
deed, the mariculture of these genera has supplied a large
portion of the world’s carrageenan products (Dawes et al.
1994) and many strains and species have been cultivated.
Yet we point out that there are many strains and species,
whose physiological response and therefore cultivation
strategies remain to be revealed. Many strains under the
name of Kappaphycus alvarezii or related species are
cultured in Indonesia, such as the Sakol, Tambalang,
Cottonii, and Sumba. For example, the Sumba strain
(Kappaphycus sp.) is believed to originate from Sumba
Island in Indonesia, while the Sakol and Tambalang
strains were brought over from the Philippines in the
1990s.

Furthermore, many physiological studies on the photo-
synthetic response of these carrageenan-producing algae
have been carried out using experiments that examine dis-
solved oxygen production. For example, E. denticulatum
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and K. alvarezii are the most commonly used species in
experiments on carrageenan-producing algae (Dawes et al.
1994; Ohno et al. 1994; Wobeser et al. 2001). These studies
on photosynthesis have been mainly conducted by measur-
ing oxygen evolution under relatively low conditions of
irradiance (e.g., <650pmol photons m > s~'; Wobeser et
al. 2001). Despite such past studies, in Indonesia, the Sumba
strain, which is a strain of Kappaphycus, and E. denticula-
tum are the most prominent species cultivated, and little is
known regarding their physiology. Any further enhance-
ments in production rates and efficiency will require
further insight regarding the physiology of these organ-
isms. Indeed, the optimal temperature and irradiance
requirements of these species cultivated in Indonesia
remain to be determined.

Since the late 1980s, pulse amplitude modulated (PAM)-
chlorophyll fluorometry has been used for seagrasses as well
as many terrestrial plants (Beer et al. 1998; Beer and Bjork
2000; Aldea et al. 2006; Kuster et al. 2007; Ralph et al.
1998, 2006) as a quick and efficient way of evaluating the
photosynthetic response of whole intact plants. PAM has
also been used in aquatic research of macroalgae to eluci-
date photosynthetic response (Renger and Schreiber 1986;
Huppertz et al. 1990; Gevaert et al. 2002; Enriquez and
Borowitzka 2011). Clearly, PAM would be an efficient
way of clarifying the response of cultured plants of
Eucheuma/Kappaphycus (Aguirre-von-Wobeser et al.
2001), and a battery of tests could be designed to clarify
the optimal temperature and irradiance conditions that
would maximize photosynthesis (i.e., growth) and also be
used to diagnose the physiological condition of cultivated
macroalgae (i.e., health).

In this study, we focused on elucidating the temperature
and irradiance conditions needed to promote photosynthesis
in cultured E. denticulatum and Kappaphycus sp. (Sumba
strain) from Indonesia using PAM fluorometry. We use this
technology to perform the first trial study of Indonesian
Eucheuma/Kappaphycus photobiology, with the hope that
this knowledge will lead to an advancement in cultivation
output and efficiency of these species.

Materials and methods

Cultured specimens of Eucheuma denticulatum and Kappa-
phycus sp. (Sumba strain) (Fig. 1) were collected in a
farming area in Funga, South Sulawesi, Indonesia (5°34'
56.62"N, 119°27'42.56"E) on August 15, 2010.

For each species, 10 cultured plants that were attached to
a rope at the depth of 1-2 m were collected by the first
author and stored in 1,000-mL plastic bags in a cool box at
approximately 24 °C. They were directly transported within
2 days to a laboratory on the 7/S “Kagoshima Maru”, a
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research vessel of the Faculty of Fisheries, Kagoshima Uni-
versity, anchored in the Pelabuhan Benoa, Bali Indonesia.
During the experiments, specimens were maintained in a
tank (1.0%1.0%0.5 m) containing natural seawater (salinity
at around 33 PSU, pH 8.0) that was placed in the laboratory.
Water temperature was maintained at 24 °C by water-
temperature controller. Photosynthetic active radiation
(PAR) was provided by room fluorescent lamps at around
90 zzmol photons m 2 s~ ! with 12:12 light/dark cycle. After
transport, the samples were acclimatized for around 4 h
before experiment. Voucher herbarium specimens of the
two taxa were deposited in the herbarium of Marine Botany,
Kagoshima University Museum (KAG).

Underwater temperature and photosynthetic active radiation

Underwater irradiance and water temperature was mea-
sured in a coral lagoon, which was located inside of the
mariculture farm during noon on August 15, 2010 (fine
weather with no clouds). A PAR light meter with un-
derwater spherical quantum sensor (LI-193, LI-250, LI-
COR, USA) and thermometer (YSI model 85, USA)
were used for measuring PAR and surface seawater
temperature, respectively. Specifically, PAR was mea-
sured 300 m from the shoreline at a depth of 4 m,
700 m from the shoreline at a depth of 5 m, and
1,000 m from the shoreline at a depth of 5 m. PAR
measurements were the used to determine the extinction
coefficient (K) that of the Beer—Lambert equation:

E() = E(g) - exp(—K - Z) (1)

where, E(z) is PAR at the some depth (Z) in meters, E(g)
is surface PAR coefficient, and K is the extinction
coefficient. Terminology and abbreviation in this study
are based on Cosgrove and Borowitzka (2011).

Rapid light curves

Rapid light curves (RLCs) were generated by running the
standard algorithm of the PAM fluorometer (Diving-PAM,
Heinz Walz GmbH, Germany) using an incremental se-
quence of actinic illumination periods, with PAR intensities
increasing in nine steps from 0 to 1,000 umol photons
m 2 s~'. Relative electron transport rate (rETR) was calcu-

lated using the equation:
rETR =0.5-Y - PAR - AF (2)

where, Y is the effective quantum yield of PSII (®pgy
= (F — Fy')/Fn', where F is the initial fluorescence, and
F,,’ is the maximum fluorescence), the factor 0.5 assumes
that half of the photons are absorbed by PSII (Schreiber et
al. 1995), and AF is the fraction of incident light assumed to
be absorbed by the sample (i.e., 0.84).
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Fig. 1 Specimens of cultured
E. denticulatum (a) and
cultured Kappaphycus sp.
(Sumba strain) (b) in Funga,
South Sulawesi, Indonesia.
Bars=2 cm

Temperature and light effect on photosynthetic parameters

From each collected specimen, 2-cm long portions of
the thalli were placed in a 50x40x50 cm plastic tank
with seawater, with four replicates for each species.
Temperature was adjusted and maintained by temperature-
controlled water bath. Water temperature in the tank
was measured with a thermocouple in order to confirm
that the water reached the desired temperature setting.
The relative electron transport rates were determined by
generating RLCs with nine PAR levels, for every 2 °C
increment of temperature ranging from 16 to 34 °C.
When we changed the temperature condition, we spent
for at least 1 h to change 2 °C. We also acclimatized
the algae for more than 1 h before each temperature
experiment.

We modeled the rETR versus PAR to calculate the
maximum rETR rate in the absence of photoinhibition
(7), the initial slope («) of the photosynthesis—irradiance
curve (P-I curve) and the photoinhibition coefficient ()

PAR (umol photons m2 s)
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Fig. 2 Underwater photosynthetic active radiation, PAR (umol pho-
tons m 2 s ') in the cultivation area of Funga, South Sulawesi, Indo-
nesia (taken during 11:00 to 12:00, August 4, 2011)

by fitting the RLCs to a nonlinear model modified after
Platt et al. (1980):

ETR =7- (1 —exp (— % : PAR)) : (exp (— g : PAR)) (3)

Based on these parameters, we then estimated the values
of Ey, which defines PAR when rETR begins to saturate
(Eq. 4) and E,,, which defines PAR when the rETR is at a
maximum,.

drETR
dPAR ¢

—B(l — exp (gPAR>> exp (—EPAR)
Y Y

Furthermore, by computing the derivative of Eq. 4 with
respect to PAR, and solving the equation when 4£78 — ,
the value of PAR at the rETR maxima can be estimated from

the first real root:

Xp (- %PAR - %PAR) 4)

o
PAR :gln(ﬁ+ 1) (5)

By substituting PAR,, into Eq. 4, we arrive at the value
of rETR at the maximum (rETR,,,,x) of the P-/ curve. Satu-
rating PAR (Ey) was calculated using the equation:

~ tETR

Ey = (6)

o
Statistical analysis

Statistical analyses of photosynthetic parameters of v, «,
and 3 were done using R (R Development Core Team
2011) and model fitting was done using OpenBUGS
(Thomas et al. 2006). The parameters were examined
by fitting the RLCs to the nonlinear model (Eq. 3) using
hierarchical Bayesian methods. OpenBUGS primarily
uses a Gibbs sampler to construct the posterior distribu-
tions of the parameters, and four chains of at least
20,000 samples were generated and assessed for conver-
gence. Uniform priors were placed on all of the hyper
parameters of the model.
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Model formulation and selection of the relationship be-
tween the estimated parameters and experimental water tem-
perature were also examined based on the methods used by
Bhujel (2008). Based on the model results, a range of opti-
mum temperatures for the photosynthetic activity of these
species could be defined as at least 95 % of the estimated
maximum or minimum parameter values. A general linear
model was used to examine temperature and species effect
and the interaction of them on the photosynthetic parameters.
Levene’s homogeneity test was used to test equality of error of
variances. The curve estimation and general linear model were
analyzed by using SPSS v.17 (SPSS Inc.).

Results
Irradiance and temperature in habitat of specimen

At the collection site, the cultured E. denticulatum and
Kappaphycus sp. were found to be attached to a rope
that was set to a depth of 1-2 m. The irradiances were
1,448 to 393 umol photon m > s ' between depths of
0.5 and 3 m for the location 300 m from the shoreline.
At 700 m from shore, PAR ranged from 1,482 to
109 umol photon m 2 s~ between depth of 0.5 and
5 m, and at 1,000 m from shore, PAR ranged from
1,213 to 138pmol photon m 2 s ' between a depth of
0.5 and 5 m (Fig. 2). The average sea surface temper-
ature was 29 °C. According to the Beer—Lambert equa-
tion, 300 m from shoreline, the irradiance can be
described as E,=1,848.4 ¢ *°*7 (R*=0.9713); 700 m
from the shoreline, it was E(Z)=l,964.8670'60'z (R*=
0.9925); and 1,000 m from the shoreline, it was E(=
1,666.3 ¢ **% (R?=0.9752). Note that the extinction
coefficients (K) determined for waters at 300, 400, and
700 m from the shore line were 0.54, 0.60, and 0.53,
respectively, and the coefficient of surface PAR were
1,848, 1,964, and 1,666 umol photons m?2 s respec-
tively. Based on these estimated parameters and assum-
ing a surface PAR of 2,000mol photons m > s ', the
estimated PAR at the depth of cultured plant (1-2 m
deep) can be estimated to range from 600 and 1,100 zmol
photons m % s .

Rapid light curves

Generally, the rapid light curves of these species increased
until reaching some asymptote, and photoinhibition was not
readily apparent until PAR reached 1,000 umol m 2 s
(Fig. 3). At any given temperature and PAR, the rETR of
Kappaphycus sp. tended to be higher than that of E. dentic-
ulatum. By fitting Eq. 4 to the results using hierarchical
Bayesian methods, we were able to elucidate the parameters
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Fig. 3 The rapid light curves of tETR models of E. denticulatum and
Kappaphycus sp. determined over a temperature gradient of 16-34 °C. The
dash and solid lines indicate the fitted model for E. denticulatum and
Kappaphycus sp., respectively. n=4 samples for each temperature and PAR

of the model (v, o, and (3) across all water temperatures, as
well as derive estimates of TETR ., Ei, and Eqpy.

Effect of temperature on the photosynthetic parameters

The mean values of the maximum rETR in the absence
of photoinhibition (), ranged from 13.1 to 25.0 umol e
m 2 s ' for E. denticulatum and 14.3-34.6 umol e~
m 2 s ' for Kappaphycus sp. over the range of temper-
atures examined, and they monotonically increased with
increasing temperature (Fig. 4a). The parameter v for
both E. denticulatum and Kappaphycus sp. increased
linearly with temperature (F(; 39,=112.992, P<0.001
and F; 39y=207.365, P<0.001, respectively). The models of
~vs. temperature () could be described by equation: y=0.127+
0.753¢ (R*=0.748) for E. denticulatum and v=—5.243+0.73¢
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(R*=0.845) for Kappaphycus sp. Temperature and species had
a significant effect on v (F(9,0)=54.905, P<0.001 and F{g g9)=
148.159, P<0.001, respectively), and there was also an inter-
action between temperature and species (F(; goy=4.914, P<
0.001), which suggests that v for Kappaphycus sp. responded
to temperature differently when compared to E. denticulatum.

The mean values of the initial slope («) of E. denticula-
tum and Kappaphycus sp. ranged from 0.076 to 0.148 pumol
¢~ (umol photons) ' and 0.123 to 0.181umol e (umol
photons) !, respectively, and were dome-shaped with re-
spect to temperature (Fig. 4b). The model between temper-
ature and « of E. denticulatum and Kappaphycus sp. can be
described by a quadratic function (£, 39y=51.151, P<0.001
and £ 39)=31.098, P<0.001, respectively) and they could
be described by the equation: a=—0.2726+0.03137—0.00067
(R*=0.734) for E. denticulatum and a=—0.1651+0.0256¢—
0.00057 (R*=0.627) for Kappaphycus sp. Based on these
models, the highest « of E. denticulatum and Kappaphycus

Temperature (°C)

sp. were estimated at 0.135 and 0.163 umol ¢ (umol pho-
tons) ' and occurred at temperatures of 26.1 and 25.6 °C,
respectively. Hence, for o, 95 % of the maximum would be
0.128 umol e m > s~ for E. denticulatum and 0.154 ymol e
m > s ' for Kappaphycus sp., which leads to temperature
range of 22.6-29.6 °C and 21.5-29.7 °C, respectively. The
o values were significantly affected by temperatures (F9 go)=
16.860, P<0.001), while the interactions between temperature
and species were insignificant (F/(; goy=4.914, P=0.976).
However, a species effect was detected (F(950)=149.863,
P<0.001), indicating that the « values of Kappaphycus sp.
were significantly higher than E. denticulatum. There was
an estimated 0.03 umol e (umol photons) ' difference in
the parameter estimates of the maximum « rate between
these species.

The mean values of the photoinhibition coefficient (/3) of
these species ranged from 0.001 to 0.010umol e (pmol
photons) ! for E. denticulatum and from 0.002 to 0.09 umol
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¢ (umol photons) ' for Kappaphycus sp., and were U-
shaped in nature (Fig. 4c). This parameter can also be
modeled as a quadratic relationship with temperature for
both E. denticulatum (F;30y=18.921, P<0.001) and Kap-
paphycus sp. (F2,39y=19.164, P<0.001) and they could be
described by equation: 3=0.0589—0.0046¢+0.0000918¢*
(R*=0.506) for E. denticulatum and 3=0.0232—0.0019 ¢+
0.0000452# (R*=0.509) for Kappaphycus sp. A (3 mini-
mum could be estimated at temperatures near 25.0 and
21.0 °C for E. denticulatum and Kappaphycus sp., respec-
tively. In case of 3, 95 % of the minimum value would be
0.00139umol ¢ m % s~ ' for E. denticulatum and
0.00342 umol ¢ m % s~ for Kappaphycus sp., which leads
to a temperature range of 24.1-26.0 °C and 19.2-22.8 °C,
respectively. Although temperatures had significant effect
on 3 (Fe,80)=7.065, P<0.001), species differences did not
appear to be a significantly important factor (£ 30)=1.304,
P=0.258), and the interactions among species and temper-
ature was not strong (F9 goy=2.174, P=0.037).

The mean values of rETR,,,, of E. denticulatum and
Kappaphycus sp. ranged from 9.02 to 22.26 umol e
m 2 s ' and 12.44 to 30.84mol ¢ m > s, respectively
(Fig. 4d). A model describing the relationship between
temperature and rETR,.x of E. denticulatum and Kappa-
phycus sp. was quadratic in form (3 39y=100.046, P<
0.001 and F(339)=141.720, P<0.001, respectively). The
relationship between temperature and rETR .« could be de-
scribed by equation: tETR a=—22.991+2.5761—0.039
(R*=0.844) for E. denticulatum and rETR,,=—40.590+
4.275t—0.067¢ (R*=0.885) for Kappaphycus sp. Based on
these models, the maximum rETR,,,,, of E. denticulatum and
Kappaphycus sp. was 19.5 and 27.6mol ¢ m > s ' and
occurred at temperatures of 31.1 and 31.5 °C, respectively.
Moreover, for o, 95 % of the maximum would be 18.6 yumol
¢ m 2s ! for E. denticulatum and 26.2umol ¢ m s ' for
Kappaphycus sp., which leads to a temperature range of 28.0—
34.0 and 27.4-34.0 °C, respectively. The rETR,,,, values
were significantly affected by temperatures (F(9 80y=111.081,
P<0.001), and there were interactions between temperature
and species (F(1,30)=7.831, P<0.001). A species effect was
detected (F(9,30)=418.296, P<0.001), which suggests that
rETR,.x of Kappaphycus sp. was significantly higher than
E. denticulatum.

Regarding the mean values for E;, which indicates the
value of PAR when rETR begins to saturate, they increased
with increasing temperature (Fig. 4e). Temperature were
significant factors in the differences determined for Ej
(F9,80)=19.951, P<0.001), and there were interactions
among temperature and species (Fg0)=2.207, P<0.05);
however, there were no significant species effect on Ejy
(F(1,80)=3.462, P=0.068). A model describing the relation-
ship between temperature and Ey of E. denticulatum and
Kappaphycus sp. were linear (F(239)=29.482, P<0.001 and
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F239y=116.522, P<0.001, respectively). Furthermore, the
relationship between temperature and Ey of E. denticulatum
and Kappaphycus sp. could be described by the equation:
E=49.3+3.199¢ (R*=0.437) and E,=24.364+4.461¢ (R*=
0.754), respectively. Their Ey values are shown in Table 1.

The PAR, where rETR,,,x was observed (at £y, increased
with increasing temperature and reached a peak at higher
temperatures (Fig. 4f), with a significant temperature effect
(F(9,80)=25.049, P<0.001) and a significant species effect
(F(1,80=20.920, P<0.001). There were also significant inter-
actions describing the relationship between species and tem-
perature (£(; 24y=2.980, P<0.01), where E,,, for Kappaphycus
sp. was generally higher and more sensitive to temperature
compared to E. denticulatum. A model describing the relation-
ship between temperature and Ep of E. denticulatum and
Kappaphycus sp. was quadratic in form (F(2,39)=25.169,
P<0.001 and F(39)=48.174, P<0.001, respectively) and
could be described by equation: E,,=—468.441+70.7807—
11527 (R*=0.576) and E,p=—786.596+100.889¢—1.7517
(R?=0.723), respectively (Table 1).

Discussion

Temperature and irradiance response of photosynthetic
activity

The drop in irradiance with increasing depth was clearly
evident in the measurements taken during this study;
based on these observations, we estimate that the local
farmers were cultivating E. denticulatum and Kappaphy-
cus sp. at PAR values from 602 to 1,177 umol photons

Table 1 Estimated saturating PAR (E}) and maximum PAR (£, of
E. spinosum and Kappaphycus sp. based on curve model estimation

Temperature (°C) E. spinosum Kappaphycus sp.

E; Eopt Ey Eopt
16 100.5 369.1 95.7 379.4
18 106.9 432.4 104.7 462.1
20 113.3 486.4 113.6 530.8
22 119.7 531.2 122.5 585.5
24 126.1 566.7 131.4 626.2
26 132.5 593.1 140.4 652.8
28 138.9 610.2 149.3 665.5
30 145.3 618.2 158.2 664.2
32 151.7 616.9 167.1 648.8
34 158.1 606.4 176.0 619.5

E=49.3+3.199¢ (B> =0.437) and Eo,=24.364+4.461¢ (B> =0.754)

Eopi=—468.441+70.7807~1.1527 (R* =0.576) and E,p=—786.596+
100.889¢—1.7517 (R*>=0.723)
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m 2 s! (at noon), given that they set their cultivation rope
between 1 and 2 m. The extinction coefficients (K) varied
from 0.53 to 0.60 in this study, which is higher than typically
observed in the coral reef which ranged from 0.11 to 0.22 PAR
m~" (Glynn et al. 1983; Bejarano 2006), because in coral
reefs, advection caused by wave action can help reduce tur-
bidity caused by plankton and silt (Anthony et al. 2004).
Given that the farming area were located 1,000 m from the
reef edge, it is likely that such processes were not occurring in
these locations, closer to shore.

Light availability is expected to influence the sensitiv-
ity of response to changing light climate, and hence
affect values of « and (3, which are the coefficients of
photosynthesis and photoinhibition, respectively. Howev-
er, these coefficients also can be temperature dependent,
which can strongly influence the photosynthetic ability of
these species. This study clearly shows that these two
coefficients reached a maxima (e.g., &) or a minima
(e.g., /) within similar ranges of temperature that corre-
spond well to environmental temperature that ranged
from 25 to 30 °C (Tomascik et al. 1997). Indeed, under
the temperature and irradiance conditions determined in
the ponds, it is likely that photoinhibition remains low,
whereas photosynthesis can quickly respond to changes
in irradiance, which is essential given that extinction
coefficient was large (>0.50).

From the perspective of the aquaculture farmer, it is
important to anticipate productivity with respect to changing
environmental conditions. Indeed, to maximize production,
it is desirable to know the temperatures that will ensure the
maximization of production. Although PAM measures pho-
tosynthetic activity directly, and is not a direct indicator of
productivity per se, it is an excellent surrogate, given the
ease and speed of measurements. Hence, the parameter,
TETR ¢, provides some insight on the productivity of these
seaweeds, with respect to temperature (Fig. 4d). Indeed, at
temperatures from 28 to 34 °C, rETR,,,, was maximal for
both species. More importantly, these temperatures corre-
spond well with the water temperatures determined for the
mariculture farm, as well as those recorded in Indonesian
waters (Soegiarto et al. 1976; Nonji 1993; Tomascik et al.
1997; Amin et al. 2008). Moreover, these temperature
ranges for maximal tETR .« include estimates from a study
based on dissolved oxygen evolution, where Wobeser et al.
(2001) estimated that maximum photosynthesis (Py,.x) and
respiration of K. alvarezii (red and green morphotypes from
the Philippines) reach a maximum value at 30 °C. Other
studies on photosynthesis and growth of carrageenan-
producing subtropical red algae have similar ranges,
where K. alvarezii expressed highest growth rates at
temperatures of 25-28 °C (Ohno et al. 1994) and the
growth of Meristotheca papulosa was optimal between
20 and 24 °C (Lideman et al. 2011).

It is also reasonable to suggest that the environmental
conditions and species cultivated are well-matched in this
region. However, it is important to note that the ranges in
temperature provided are for each individual parameter, and
should not be interpreted as the “best” range of temperatures
for the cultivation of these species. It would be better if we
could combine the information regarding these three impor-
tant parameters so that we can derive a more robust range of
optimal temperatures for the cultivation of these species.
Hence, let the optimal temperature range be the range of
temperatures that are the union of the temperature ranges
determined for each of the parameters, particularly the val-
ues of a, (B and rETR,,,x, which can be argued as the
parameters that most strongly dictate the rates of photosyn-
thetic activity. This reveals that the optimal temperature
range for E. denticulatum was 23-32 °C and for Kappaphy-
cus sp. the range was 22-33 °C.

Species-specific differences in model parameters

The model equation fit the observed values of rETR well for
either species, and the relationship between each parameter
and temperature were similar. Given the data, it appears that
Kappaphycus sp. has a higher capacity for photosynthetic
activity and can responds more quickly to a dynamic light
environment, given the higher values of rETR ., and alpha,
respectively. However, similarities in model parameters was
apparent for Ey (Fig. 4¢) and E,,, (Fig. 4f), where the values
of these parameters were almost identical (P>0.05). This
strongly suggests that both species are adapted to similar
temperature and light conditions and that only the capacity
of photosynthesis differs. Detailed cultivation experiments
will be needed if we are to elucidate if there are also differ-
ences in productivity between these two species. We hy-
pothesize that (1) both species will grow well under similar
conditions and (2) Kappaphycus sp. will out-compete E.
denticulatum in growth rates under optimal temperature
and light conditions.

In conclusion, the mariculture of E. denticulatum and
Kappaphycus sp. are an important industry to many South-
east Asian countries, including China and parts of Africa.
Although it is clear from many studies, including ours, that
for the Southeast Asian region, the species and environment
appear to be well-matched; detailed understanding of how
the photobiology of these and other species respond to
environmental change is an important precursor to the in-
creased efficiency of cultivation and the optimization of
production. Our study provides one clue on to how the
photosynthetic activities of two species of carrageenan-
producing red algae respond to irradiance and temperature,
and we provide an estimate of the range in temperatures
where cultivation should be expected to be successful. How-
ever, the detailed response of productivity with respect to
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temperature and light remain to be determined. Finally,
PAM-based assessments of photosynthesis and the appro-
priate interpretation of rETR models can be expected to
contribute to the advancement of seaweed mariculture.
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