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Abstract

The effects of some environmental factors including irradiance, light spectrum,
temperature, desiccation, and salinity gradients on the photosynthesis of two brown algae,
Sargassum muticum and Sargassum macrocarpum (Fucales) were determined using a
pulse amplitude modulation (PAM)-chlorophyll fluorometer and optical dissolved
oxygen sensors. In S. muticum, net photosynthesis—irradiance (P—E) curves at 8, 20, and
28°C showed that the net photosynthetic rate (NPmax) and saturation irradiance were
highest at 28°C. Gross photosynthesis determined at 8-36°C and 300 pmol photons m
st showed that the maximum gross-photosynthetic rate (GPmax) occurred at 19.5°C,
which is consistent with the seawater temperature at its peaked abundance in Japan. The
maximum quantum yield (Fv/Fm) during the 72-h temperature exposures were above 0.60
at 8-28°C but dropped at higher temperatures. Continuous exposure (12-h) to irradiance
of 200 (low) and 1000 (high) pumol photons m2 s? at three temperatures showed
remarkable decline in the effective quantum yields (4F/Fn") under high irradiance at 8°C
only; the Fv/Fn measured after 12-h dark acclimation also did not recover to initial values,
signifying its sensitivity to photoinhibition at 8°C. In S. macrocarpum, P—E curves at
24°C under red (660 nm), green (525 nm), blue (450 nm), and white light (metal halide

lamp) showed that NPmax under blue and white light was greater than under red and green



light, indicating the sensitivity and photosynthetic availability of blue light in the subtidal
light environment. Temperature responses of the Fv/Frn (in darkness) and A4F/Fn' (at 50
umol photons m?2 s?) during 6-day culture (4-36°C) remained high at 12-28°C but
decreased at higher temperatures. Nevertheless, AF/Fn' also dropped at temperatures
below 8°C, suggesting light sensitivity under chilling temperatures, since Fv/Fm remained
high. In the desiccation experiment, two species showed different responses under
dehydrated and rehydrated states. In S. muticum that can be found in the lower intertidal
and upper subtidal zones, this alga exhibited tolerance to 2-h of desiccation at 20°C and
50% humidity with 80% of water loss (absolute water content, AWC of 20%) from the
thallus, and AF/F' recovered after 24-h of rehydration in seawater, suggesting potential
of photosynthetic recovery of this alga at such low hydration threshold. In S.
macrocarpum that can be found in the subtidal waters, this alga under aerial exposure of
up to 8-h at 24°C and 50% humidity showed that 4F/F' quickly declined after more than
45-min dehydration; furthermore, AF/Fr' also failed to recover to initial levels even after
1-day rehydration in seawater. Under the dehydrate state, the AF/Fn' remained high when
the AWC was greater than 50%; in contrast, it quickly dropped when the AWC was less
than 50%. When AWC is reduced below 50%, A4F/Fn' did not return to initial levels,

regardless of subsequent re-hydration, suggesting a low capacity of photosynthesis to



recover from desiccation. Furthermore, in the salinity response experiment conducted
only for S. macrocarpum, it showed a stenohaline photosynthetic response between 20—
40 psu, as their AF/Fn' were dropped at outside range of these salinities in 3-day culture.
These results suggest that the reason why these two species are well adapted to each
environment in the habitat and the range of distribution in Japan. Furthermore, the
adaptation of S. muticum to relatively high irradiance, the broad range of temperature,

and to desiccation may explain its potentially high invasive capacity.



1. Introduction

The communities of fucoid species, 'Gara-moba’ in Japanese, generally inhabit the lower

intertidal and upper subtidal zones and are important primary producers within coastal

ecosystems. These communities provide three-dimensional habitat for many associated

biological organisms and are also a food source for herbivores (Murase et al. 2000a;

Yatsuya et al. 2005; Longo et al. 2019; Wainwright et al. 2019; Terada et al. 2021a). The

species of Sargassum (Sargassaceae, Fucales) can generally be found in all four major

islands and the islands of the Ryukyu Archipelago of Japan (Yoshida 1983, 1998). In the

temperate region of Japan that comprises of Honshu, Shikoku, and Kyushu Islands, more

than thirty species of Sargassum including Sargassum muticum (Yendo) Fensholt and

Sargassum macrocarpum C. Agardh compose the dense communities as the canopy-

forming assemblages in upper subtidal and lower intertidal zones (Yoshida 1983, 1998,

Terada et al. 2021a).

A species of Sargassum, S. muticum was originally described in 1907 from

Kushimoto, Wakayama Prefecture, Honshu Island, Japan; it is endemic in the temperate

coast of East Asia including Japan, Korea, and China (Yendo 1907; Yoshida 1983, 1998;

Tseng and Lu 2000; Boo and Ko 2012). Nevertheless, this species is known as one of the

most notorious invasive seaweeds in the world (Norton 1976; Rueness 1989; Steehr et al.



2000). This alga was reported for the first time as an introduced species along the Pacific
coast of North America in the first half of the 20" century (Scagel 1956; Abbott and
Hollenberg 1976; Norton 1976; Norton and Benson 1983; Britton-Simmons 2004). It
subsequently spread over 3000 km on the west coast of North America (Scagel 1956;
Setzer and Link 1971; Britton-Simmons 2004). This species was also found in European
waters at the Isle of Wight, England in 1973 (Farnham et al. 1973; Jones and Farnham
1973; Rueness 1989), and spread rapidly to other regions of Europe including the coasts
of Great Britain, Ireland, and Iberian Peninsula, as well as throughout the North Sea,
Baltic Sea, and Mediterranean Sea (e.g., Coppejans et al. 1980; Rueness 1989; Critchley
1983; Fernandez 1999; Karlsson and Loo 1999; Engelen and Santos 2009; Critchley et
al. 1990; Curiel et al. 1999).

The occurrence of invasive seaweeds may pose a threat to the native algal
community by monopolizing space and competing with indigenous flora for resources
(Williams and Smith 2007; Maggi et al. 2015). Indeed, the dominance of S. muticum in
the non-native range has been a concern in the past few decades (Engelen et al. 2015); a
number of studies related to the demography, phenology, and ecophysiology of the alga
have been carried out to elucidate potential causes of its rapid expansion in the introduced

areas and the impacts on the local ecosystem (e.g., Norton 1976; Deysher and Norton



1982; Espinoza 1990; Rico and Fernandez 1997; Andrew and Viejo 1998; Steehr et al.

2000; Wernberg et al. 2000; Hwang and Dring 2002; Steen and Rueness 2004). However,

studies on this alga from the native range of distribution in East Asia remain insufficient

especially in Japan, except for some growth and ecophysiological experiments (Uchida

et al. 1991; Ogawa 1994; Liu et al. 2013; Xu et al. 2017). In Japan, S. muticum is found

within the temperate coasts of Honshu, Shikoku, and Kyushu islands, which are

particularly influenced by the warm Kuroshio and Tsushima currents (Yoshida 1983;

Terada et al. 20204, 2021a). This alga is rarely found in subarctic Hokkaido Island (except

in the southern part of the island facing the Tsugaru Straits, i.e., Hakodate), as well as in

the subtropical Ryukyu Islands and southern part of Kyushu Island (e.g., Kagoshima). S.

muticum is known to be perennial and occurs on rocky substrata at the lower intertidal to

upper subtidal zones during early spring through summer. Unlike other Sargassum

species that form large and dense fucoid forests (e.g., Sargassum patens C. Agardh, S.

macrocarpum; Murase et al., 2000a, b; Endo et al. 2019; Terada et al. 2018, 20203,

2021a), this species is rather patchily distributed. Hence, introduced S. muticum may have

distinct ecophysiological traits compared to individuals found in the species native range.

On the other hand, S. macrocarpum is the temperate species commonly found in

Japan and Korea and is considered endemic only to these two countries (Yoshida 1983,



1998; Boo and Ko 2012; Cho et al. 2012; Titlyanov and Titlyanova 2012). Given that this
alga forms dense and expansive populations on rocky substrata in the subtidal zone at
depths ranging from 3-10 m, it can be regarded as one of the more deep-water-adapted
fucoid species, especially when compared to other species of Japanese Sargassum (e.g.,
Sargassum fusiforme (Harvey) Setchell and S. muticum; Murase and Kito 2001; Murase
et al. 2000a, b; Endo et al. 2013; Kokubu et al. 2015; Terada et al. 2020a). The daily
relative compensation irradiance for S. macrocarpum was reported to be 1.3% of the light
level at the sea surface, and the saturation irradiance for the instantaneous photosynthetic
rates was also reported to be 105 umol photons m2 st at 20°C, reinforcing the hypothesis
that this species is adapted to deep-waters (Murase et al. 2000b; Terada et al. 2020a).

In recent years, we have great interest in revealing the ecophysiological
responses of some Sargassum species under various environmental conditions,
particularly irradiance and temperature gradients (Kokubu et al. 2015; Terada et al. 2016b,
2018, 2020a). For instance, the combined effects of low temperature and irradiance
enhanced the photoinhibition of two temperate species, S. patens and S. macrocarpum,
which provide a basis for understanding the persistence of these seaweeds at their
respective higher latitudinal end of biogeographic ranges in the western Pacific (Terada

et al. 2018, 2020a). However, the knowledge of this chilling-light sensitives has not been



elucidated for S. muticum as well as the temperature and irradiance response on the

photosynthesis—temperature (P—T) and photosynthesis—irradiance (P—E) curves. As for S.

macrocarpum, the threshold temperature under thermal stress (28°C) was reported based

on the temperature response of the maximum quantum yield (F./Fm) of photosystem 11

(PSII) and oxygenic photosynthesis and dark respiration in relation to the natural

distribution of this alga in Japan (Terada et al.2020a). This study suggested an upper limit

on temperature with regards to photosynthesis; however, the lower limit of temperature

remained to be revealed, given that the F./Fmn (measured in darkness) was insensitive to

cold temperature. In fact, the presence of light under low temperature was shown to

induce a decline of the effective quantum yield (4F/Fw) of PSII (e.g., Caulerpa lentillifera

J. Agardh [Bryopsidales]; Terada et al. 2021c). With this perspective, explore the

temperature response of photosynthesis with S. macrocarpum based on the AF/Fn'

measurement under the actual light environment is needed to be elucidated.

Like the knowledge of low-light adaptation in the subtidal environment, the

knowledge of spectral light availability for the species of Sargassum is also essential for

a better understanding of adaptation to the subtidal environment. In general, the visible

spectrum of light ranges from about 380 to 750 nm, whereas photosynthetically active

radiation ranges from 700 to 700 nm. Red light (625-780 nm) is important for

10



photosynthesis as it is mainly absorbed by chlorophyll a. However, red light is quickly

reflected and absorbed near the sea surface and for subtidal species such as S.

macrocarpum, red light can be deficient in their habitat. Nevertheless, light spectrum

studies that focus on the photosynthesis of S. macrocarpum remain to be conducted.

In addition to temperature and irradiance responses, the ability to tolerate

desiccation during tidal emersion influence the persistence of seaweeds in the intertidal

to upper subtidal zones. The ability to withstand desiccation stress, characterized by fast

recovery during rehydration, is the key factor determining their vertical distribution

(Davison and Pearson 1996; Ji and Tanaka 2002). In our previous studies, desiccation and

freezing tolerance was reported in a red alga, Pyropia yezoensis (Ueda) Hwang et Choi

(= Neopyropia yezoensis; Bangiales), which enable populations of this species to flourish

on the intertidal rocks during winter (Watanabe et al. 2017; Terada et al. 2020b). As S.

muticum can be found in the lower intertidal and upper subtidal zones, this alga might

have similar dehydration tolerance and a high-capacity recovery. In contrast, given that S.

macrocarpum has never been found in the intertidal zone that is periodically exposed

during low tides, its physiological tolerance to desiccation for this alga may be different

from those of intertidal seaweeds including S. muticum that are influenced by extreme

desiccation environments (Davison and Pearson 1996; Karsten 2012; Hurd et al. 2014).

11



Like desiccation, hypo- and hypersalinity environments are abiotic factors that cause

osmotic stress in marine algae (Kirst 1990; Karsten 2012; Hurd et al. 2014). Especially,

in the coastal environment in Japan, reduced salinity possibly occurs due to the freshwater

from rivers and heavy rains that may constrain the occurrence and survival of marine

algae from rocky intertidal regions and estuaries (Kirst 1990; Kameyama et al. 2021). In

contrast, subtidal algae are generally believed to be sensitive to hypo- and hypersaline

stress, as the salinity environment in the subtidal depth is almost stable (Norton and South

1969; Shindo et al. 2022). Probably, responses of photochemical efficiency in S.

macrocarpum under desiccation and salinity gradients might be different from intertidal

S. muticum and other algae in our past studies (Kameyama et al. 2021, Shindo et al. 2022).

In the present study, for two species of Sargassum, S. muticum and S.

macrocarpum that can be found on the different habitats, we focused on to elucidating

the effects of some environmental factors including temperature, irradiance, light

spectrum, dehydration, and salinity gradients on the photosynthesis using the pulse

amplitude modulation (PAM)-chlorophyll fluorometer and optical dissolved oxygen

sensors. Specifically, for S. muticum, we examined the effect of irradiance and

temperature on oxygenic photosynthesis (exp. 1 and 2), the single and combined effects

of irradiance and temperature on the photochemical efficiency (exp. 3 and 4), and the

12



effect of desiccation on the photochemical efficiency (exp. 5). As for S. macrocarpum,

we examined the effect of temperature on the photochemical efficiency (exp. 6), the effect

of irradiance on oxygenic photosynthesis including the light spectral availability (exp. 7),

and the effect of desiccation and salinity on the photochemical efficiency (exp. 8 and 9).

13



2. Materials and methods

2. 1. Sample collection and stock maintenance

Samples of S. muticum (more than 20 individuals for each experiment) were collected at
a depth of 50 cm at low tide on 8 May 2017, 8 and 29 May 2018, and 7 May 2019 from
Yura, Sumoto City, Awaji-shima Island, Hyogo Prefecture, Japan. Collected algae were
transported to the laboratory of Kagoshima University in coolers at around 20°C, which
was the seawater temperature during the sampling periods. Samples were maintained
before examination in two aquarium tanks (200 L, respectively) at 33 psu, pH of 8.0-8.1,
20°C, and irradiance of ca. 40 umol photons m? s (14:10 hours light: dark cycle).

In contrast, those of S. macrocarpum were collected at lhoda and Katashima,
Yashiro-jima Island, Suo-Oshima Town, Yamaguchi Prefecture on 18 September 2020,
and 29 March 2022. Additional samples were also collected on 16 October 2020 and 25
January 2021 to confirm the reproducibility of the irradiance experiment. Collected algae
were transported to the laboratory in coolers at around 20°C, which was the seawater
temperature during the sampling periods. Samples were maintained before examination
in the aquarium tank (200 L) at 20-24°C, and irradiance of ca. 40 umol photons m? s
(12:12 hours, 12L12D). The collected samples were continuously maintained in

laboratory culture until the experiments were completed within a few weeks in every
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sampling.

2. 2. The experiments for S. muticum study
2. 2. 1. Effect of irradiance on the oxygenic photosynthesis at 8, 20, and 28°C.
Net photosynthetic rates were determined at 0, 30, 60, 100, 150, 200, 250, 500, and 1000
mol photons m?2 s (n = 5 per irradiance level), at 8, 20, and 28°C, respectively. These
temperature treatments were based on the early-winter seawater temperature near the
northern marginal region of distribution (January—February; Iwate Prefecture, Honshu
Island; Yoshida et al. 1983; Terada et al. 2018, 2020), seawater temperature during its
peaked abundance at the collection site (May—June; Terada et al. 2021), and the highest
seawater temperature at the southern marginal region (August; Miyazaki Prefecture,
Kyushu Island; Watanabe et al. 2014; Terada et al. 2018, 2020a), respectively.

Dissolved oxygen (DO) was measured using DO meters equipped with optical
DO sensors (ProODO-BOD, YSI Incorporated, Yellow Springs, Ohio, USA). A metal-
halide lamp was used as light source (MHN-150D-S, Nichido Ind. Co. Ltd, Osaka, Japan),
and a spherical (4x) submersible quantum sensor (LI-193, LI-COR, Lincoln, Nebraska,
USA) equipped light meter (LI-250A, LI-COR) was used to measure irradiance.

Methods for photosynthesis—irradiance (P—E) experiments were described in

15



detail in our previous studies (e.g., Terada et al. 2016 a, b, 2018, 2020a). Briefly, explants
(i.e., fronds of the blade “leaf-like appendages” on the upper portion of algae;
approximately 0.40 + 0.01 g wet weight [8°C; gww; mean + standard deviation, SD], 0.51
+ 0.01 gww [20°C], and 0.41 = 0.02 gww [28°C]) were acclimated overnight (12 hours)
with sterilized natural seawater in an incubator at each temperature treatment. On the day
of the experiment, five explants were randomly selected and placed in 100 mL BOD
bottles (YSI Japan’s genuine product) containing sterilized natural seawater. The DO
sensors were then inserted carefully into the BOD bottles so that no bubbles were trapped.
DO concentrations (mg L) were measured every 5 min for 30 minutes after a 30-min
pre-acclimation to each experimental irradiance. Seawater was continuously stirred
throughout the measurement, with the experimental temperatures maintained using a
water bath with a circuit chiller (Coolnit CL-600R, Taitec, Inc., Tokyo, Japan). The exact
volumes of the BOD bottles were determined after the experiment and were used to
estimate photosynthesis and dark respiration rates. Seawater medium was renewed after
each irradiance exposure and measurement to avoid any effects that can be attributed to
nutrient and dissolved carbon dioxide depletion. The P-E experiments started at 0 pmol
photons m2 st and finished at 1000 pumol photons m? s, Dark respiration and net

photosynthetic rates were estimated by fitting a first-order linear model to the collected

16



data.

2. 2. 2. Effect of temperature on the oxygenic photosynthesis and dark respiration

The measurements were conducted at eight temperatures (8, 12, 16, 20, 24, 28, 32, and
36°C; n = 5 per temperature) under an irradiance of 300 umol photons m2 s (based on
the saturation irradiance at 20°C). The different temperatures were obtained with a water
bath. Similar to P-E experiments, explants (ca. 0.52 + 0.03 guww SD) were derived from
fronds of the blade (leaf-like appendages) on the upper portion of algae. DO
concentrations were measured every 5 min over a 30-min interval, with 30 minutes of
pre-acclimation to each temperature. Respiration rates were measured after 10 min of

dark acclimation by wrapping the BOD bottles with aluminum foil.

2. 2. 3. Temperature effect on the photochemical efficiency of PSII over 72-hour
exposure

The methods for this experiment were described in detail in our previous studies (e.g.,
Terada et al. 2018, 2020a). Mini Imaging-PAM (Heinz Walz GmbH, Effeltrich, Germany)
measurements followed the procedure from our previous studies. At least 5 cm-long

branches with the fronds of blades and vesicles from the upper portion of algae were cut

17



and acclimated overnight in the dark at 20°C. Sections (n = 10 per temperature) were
haphazardly selected and placed in a stainless-steel tray (12x10%x3 cm) containing
sterilized natural seawater. Seawater temperature in the tray was controlled with an
aluminum block incubator (BI-536T, Astec, Fukuoka, Japan), and monitored with a
thermocouple (testo 925, testo AG, Lenzkirch, Germany). After a 10-minute dark
acclimation phase, the maximum quantum vyield of PSII (maximum photochemical
efficiency of PSIl, Fu/Fm [Fu/Fm = [Fm — Fo] / Fm]) at 0 pmol photons m2 s were
measured to confirm the initial status (initial Fv/Frm). Sections were then placed in separate
500-mL flasks wrapped with aluminum foil and were incubated in the dark at nine
temperatures (8, 12, 16, 20, 24, 28, 30, 32, and 36°C) for 72 hours (Eyela MTI-201B,
Tokyo Rikakikai Co., LTD., Tokyo, Japan). F./Fm at each temperature was measured

every 24 hours.

2. 2. 4. Combined effects of irradiance and temperature on the photochemical
efficiency, and their potential of recovery

The methods for this experiment were described in detail in our previous studies (e.g.,
Terada et al. 2018, 2020a). The chronological change of effective quantum yields of PSII

(AF/Fy' = ®PSII) under a combination of irradiance (200 and 1000 pmol photons m= s
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1y and temperature (8, 20, and 28°C) was monitored during 12-hour exposure; their F/Fn
were then measured after 12 hours of dark acclimation at each temperature. Initially,
twenty branches (5 cm-long) with the fronds of blades and vesicles from the upper portion
of algae were pre-incubated overnight (12 hours) in the dark at 8, 20, and 28°C,
respectively. After pre-incubation, twenty explants from each temperature treatment were
assigned to two PAR treatment groups (200 and 1000 pmol photons m st); their Fu/Fn
(n = 10) at 0 pmol photons m s were measured to provide initial values. Samples were
then placed in separate beakers (500 mL) containing sterile natural seawater maintained
at a specific temperature in a water bath with a circuit chiller (Coolnit CL-150R, Taitec,
Inc., Tokyo, Japan), and were exposed to either 200 or 1000 pmol photons m2 s (metal-
halide lamp) for 12 hours. The explants were continuously stirred using magnetic stirrer
to allow uniform light exposure on all replicates. The AF/Fn' (n = 10 per temperature)
were measured every one or two hours of continuous exposure to each irradiance
treatment. Following the experiment, samples were once more dark-acclimated for 12
hours (almost the same period with the night-time in the natural state) at their respective

temperatures; and their final F./Frn were measured to assess PSII recovery.

2. 2. 5. The effect of desiccation on the photochemical efficiency and the potential of

19



recovery after rehydration in seawater
To elucidate the status of 4F/Fn' and the potential of recovery of desiccated thalli after
subsequent rehydration in seawater, AF/Fn' (n = 50 per desiccation period) were
determined at three different conditions i.e., after each desiccation period, 30 min and 24
h after rehydration in seawater. The methods for this experiment were followed from
Terada et al. (2020b) with some modifications.

One day before the experiment, forty explants (branches with the fronds of
blades and vesicles from the upper portion of algae) were pre-incubated overnight (12
hours) in the dark at 20°C for each irradiance experiment. After pre-incubation, five
explants were assigned to eight desiccation treatments (0 [not desiccated], 0.5, 1, 2, 3, 4,
6, and 8-h air exposure period), respectively. To start the experiment, samples were then
blot-dried in Kimwipes (Nippon Paper Crecia Co., Ltd, Tokyo, Japan), and placed on
separate petri plates for the different desiccation treatments at 20°C, 20 umol photons m
251 and ca. 50% humidity. Thereafter, their AF/Fr' (n = 10 per explants; five explants at
each desiccation period, i.e., total number of the measurements at each desiccation period
is 50, n = 50 per period) at 20 pumol photons m2 s were measured at each desiccation
period. The reason why ten different portions were measured from one individual was

that the process of desiccation was not a uniform in the thallus (i.e., marginal and central

20



portions). A separate set of seaweed samples was used for the desiccation experiment at
high irradiance (700 pmol photons m s™) using white light-emitting diode (LED; CR-
400L, Tomy Seiko Co., Ltd., Tokyo, Japan). We used the LED as light source for the
desiccation experiment to avoid any thermal effect, as temperature was controlled in the
cold room. Humidity was monitored during the experiment by a hygrometer (testo 610,
testo AG, Lenzkirch, Germany).

The effect of chronic desiccation on water loss from the thallus was examined at
dehydrated state, as well as after 30-min and 24-h rehydration. The absolute water content

(AWC, %) after each desiccation period was calculated according to Eq. 1:

We- Wa)

AWC (%) = m

100 (1)

where W, is the weight of the alga at time t after desiccation, Wp is the initial weight of
the alga (i.e., the wet weight after the gentle removal of surface moisture), and Wy is the
dry weight of the alga after drying at 60°C in a sterilizer (MOV-202S, Sanyo Electric Co.,
Ltd., Osaka, Japan) for 48 h (Wang et al. 2011; Gao and Wang 2012; Gao et al. 2013;
Watanabe et al. 2017). The weight of the samples was measured using an analytical

balance (AB54-S, Mettler Toledo LLC, Columbus, Ohio, USA).
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2. 3. The experiments for S. macrocarpum study
2. 3. 1. Photosynthesis—irradiance (P-E) curves under the different spectral light
qualities
The experiments to determine the P—E curves were conducted under red, green, blue, and
white light (Borlongan et al. 2020b). Each light spectrum was obtained using two-sets of
LED arrays for red (646-664 nm [peak: 660 nm]; ISL-150X150-H4RR-SN, CCS Inc.,
Kyoto, Japan), green (510-543 nm [peak: 525 nm]; ISL-150X150-HGG), and blue light
(444-467 nm [peak: 450 nm]; ISL-150X150-BB45), respectively. White light was
obtained using a metal halide lamp (MHN-150D-S, Nichido Ind. Co. Ltd, Osaka, Japan).
The net photosynthetic rates were determined at O (dark respiration), 30, 60, 100,
150, 200, 250, 500, and 1000 pumol photons m2 s (n = 5 of the fronds of blade from
different individuals) at 24°C. Irradiance was manipulated by adjusting the distance to
the light source and confirmed using a spherical (4m) submersible quantum sensor
equipped light meter. DO was monitored using DO meters equipped with optical
dissolved oxygen sensors. Prior to each experiment, the fronds of blades at the lower and
middle portions of algae (ca. 500 mg of wet weight for each replication) were cut and pre-

incubated overnight with sterilized natural seawater in an incubator at 24°C (ca. 12 h).

22



The detailed measurement protocol was followed with those for S. muticum study and
otherwise mentioned below. Irradiance was provided horizontally from one side of the
aquarium by the metal halide lamp and LED, respectively. The experiments started at 0
umol photons m? s and finished at 1000 pmol photons m? s™*. Dark respiration and net
photosynthetic rates were estimated by fitting a first-order linear model to the collected

data.

2. 3. 2. Temperature effect on the photochemical efficiency of PSII over 144-hour
exposure

The fronds of the blades (ca. 1.5 cm long and wide) at the lower and middle portions of
algae were acclimated overnight in the dark at 24°C (ca. 12 h). We assigned two irradiance
levels (0 and 50 pumol photons m2 s?) to assess the effects of temperature on the
photochemical efficiency of PSII in darkness and under light-limited conditions (i.e., at
levels below the saturation irradiance in the P—E curve). Samples (n = 10 per temperature)
were then placed in the flasks (300mL) and were incubated at 10 temperature treatments
(4, 8, 12, 16, 20, 24, 28, 30, 32, and 36°C) for 6 days in the dark (for the Fu/Fnm
measurement) and 50 umol photons m? st (for the AF/Fn' measurement; 12L.12D

photoperiod), respectively. The measurements of F./Fm (in darkness) and AF/Fn' (at 50
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umol photons m s) at each temperature level were conducted after 1, 3, and 6 days of
culture. At every measurement, samples from the flasks were placed in sterilized natural
seawater in a petri dish (9 cm diam.) on an aluminum block incubator. The detailed

measurement protocol was followed those of the F/Fm measurement for S. muticum study.

2. 3. 3. The effect of desiccation on the photochemical efficiency and the potential of
recovery after rehydration in seawater

The experimental design was followed those of S. muticum study with some
modifications (Terada et al. 2021b, c). One day before the experiment, fronds of the
blades (ca. 1.5 cm long and wide) at the lower and middle portions of algae were
acclimated overnight in the dark at 24°C (ca. 12 hours). After pre-incubation, we assigned
five explants to nine desiccation treatments (0 [not desiccated], 10-min, 30-min, 45-min,
1.0, 1.5, 2.0, 4.0, and 8.0-hour aerial exposure), respectively.

Initially, we selected the algal sections from the seawater medium, wiped the
alga surface with Kimwipes, and placed them on separate Petri plates corresponding to
each desiccation treatment at 24°C, 20 pumol photons m2 s, and ca. 50% humidity. At
the end of each desiccation period, we recorded the AF/F' of PSII at 20 umol photons

m2 s using the Mini Imaging-PAM. Since the state of desiccation is not uniform in the
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excised fronds (i.e., marginal and central portions), we measured ten different measuring
portions per explant for five explants at each desiccation period; hence, there are five
samples of which each sample consisting of 10 sub-samples across the excised frond.
Humidity was monitored during the experiment by a hygrometer. After each desiccation
period, we re-immersed the samples in seawater and measured the AF/Fi' of PSII at 30
min and 1 day after renydration. The relationship between water loss from the frond and
the AF/Fn' of PSII was also examined by measuring the initial wet-weight, wet-weight
during the desiccated state, and final dry weight. The AWC (%) after each desiccation

period was derived according to Eq. 1.

2. 3. 4. The effect of salinity on the photochemical efficiency of PSII

The effect of salinity on the photochemical efficiency of PSII was examined by measuring
the AF/Fn' for 3 days. One day before the experiment, we cut the fronds of the blades (ca.
1.5 cm long and wide) at the lower and middle portions of algae and preincubated
overnight in the dark at 24°C (ca. 12 hours). Before starting overnight preincubation, we
measured the AF/Fn' of PSII under dim light (20 pmol photons m2 st) from 10
haphazardly selected segments using the Mini Imaging-PAM to identify the initial state

(not shown in the result). The next day, we placed the samples (n = 10 per salinity
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treatment) into the flasks (300 mL) of eleven salinity levels (0, 5, 10, 20, 30, 34, 40, 50,
60, 70, and 80 practical salinity unit, psu), and cultured for 3 days at 24°C under dim light
(12L12D photoperiod). Note that 34 psu was the natural seawater salinity at the study site.
Salinity was adjusted using distilled water and sodium chloride. However, dilution by
freshwater causes the dilution of nutrients; therefore, we added Provasoli’s enriched
seawater with iodine (PESI) medium to all salinity levels following salinity adjustments
to ensure no effect from the nutrients by levels. The measurements of AF/Fn' of PSII were

conducted after 1-, 2-, and 3-days culture at 24°C under dim light.

2. 4. Modeling the photosynthetic response to temperature and irradiance

A Bayesian approach was used to analyze the response of photosynthesis to temperature.
To model the response of either gross photosynthesis or maximum quantum yield to
temperature, we applied a thermodynamic non-linear model (Eq. 2), which assumes that
photosynthesis enters a less active state beyond some optimal temperature (Thornley and
Johnson 2000; Alexandrov and Yamagata 2007). y is the response variable, which is either
the gross photosynthetic rate or the maximum quantum yield (Fv/Fm). The temperature
scale is Kelvin (K). The model has four parameters: ymax scales the model to the range of

y. Kopt IS the absolute temperature where y is maximized, Ha is the activation energy in kJ
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mol™ and Hq is the deactivation energy in kJ mol™. R in this model is the ideal gas constant,
and has a value of 8.314 J K mol. The optimal value of yopt at Kopt can be determined

by substituting Kopt into the equation.

H,- (K - Kopt))

ymax'Hd'exP< KR Kopt
Y= 2)

Hyq— Hg - <1 —exp <Hd (g(;—li(ozz)t)»

The gross photosynthesis rate (GP), which is assumed as a hidden state, was

estimated by simultaneously fitting the measured dark respiration rates (Rq) to the

Arrhenius equation (Eqg. 3), and the observed net photosynthesis rates to the difference in

Eq. 2 and 3. Under light conditions, both photorespiration and non-photorespiratory (i.e.,

mitochondrial) reactions result in oxygen consumption (Tcherkez et al. 2008); however,

it is not uncommon for the differences between respiration rates under light and dark

conditions to be insignificant (Bellasio et al. 2014). Hence, photorespiration was assumed

to be adequately described by the dark respiration rate. Ry is the respiration rate at the

arbitrary reference temperature (i.e., mean temperature of 22°C; Ky = 295.15) and Ea is

the activation energy.
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Ry = Rexp (— % (% — %)) 3)

A zero inflated model (Eg. 4 and 5), in addition to Eq. 2, was applied to analyze
Fv/Fm—temperature (FW/Fn—T) responses, given the zero-valued observations that cannot
be explained by Eq. 2 alone. The probability of zero () was estimated as a linear function

of temperature on the logit scale.

fO)=n+(1—-m)g(0)ify=0 (4)

f)=0-mg(0)ify >0 (%)

The response of photosynthesis to irradiance was examined by modeling the data
using an exponential equation (Jassby and Platt 1976; Webb et al. 1974; Platt et al. 1980;

Henley 1993) which had the form:

-«
NP, ot = NPpox (1 —exp (NP E)) — Ry (6)
max

where, NPret is the net O, production rate, NPmax is the maximum O production rate, «
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is the initial slope of the P—E curve, E is the incident irradiance, and Rq is the dark
respiration rate. From this model, the saturation irradiance (Ex) was calculated as NPmax/
L. . NPpmax
a and the compensation irradiance (Ec) was NB,,,[n (m) /a.
The response of 4F/Fn' to AWC and salinity was examined by modeling the data

using a generalized additive model (GAM) assuming a zero-inflated beta distribution for

the error term (Eq. 7).

g) = f(x) + fi(x) + E;
92 =w(x) +w;(x) + E; (7)

g(©®) =E;

In Eq. 7, x is the predictor (i.e., AWC), y is the AF/Fn', z is the zero-inflation rate, and
delta (9) is the scale of the error distribution. E codes the experimental treatment as a
factor, where i is the index for the experimental treatment. The functions f and w are thin-
plate regression splines with the k-parameter set to 4. The function g is a logit function
for y and z and a natural logarithm for delta. The null model estimated a global spline for
y and z, and excluded the E term. A Student’s t-distribution with 3 degrees-of-freedom, a

location of zero, and a scale of 1was used for all model parameters.
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2. 5. Statistical analyses

Statistical analyses were done using R version 4.1.3 (R Development Core Team 2022).

P—T model fittings were done by directly using RStan version 2.19.3 (Stan Development

Team 2020), while analyses for P-E and F./Fn—T responses were carried out through an

interface provided by the R package brms version 2.16.3 (Blrkner 2018). The posterior

distribution of the parameters was determined from four chains of run for 8000 samples

per chain during the warmup phase and 2000 samples per chain thereafter. The chains

were assessed visually and by examining the convergence statistic. The null model and

the full model were compared using leave-one-out cross-validation (Burkner 2018) and

the model with the lowest leave-one out information criterion (looic) was determined to

be the best fitting model.

A one-way ANOVA was used to examine if continuous irradiance exposures

affected AF/Fn' for each irradiance-temperature treatment. Time was considered a factor

with levels: 0, 12, and 24 hours after the start of the experiment (i.e., initial Fv/Fm, AF/Fr'

after 12 h, and the final F./Fn after 12 hours of darkness). Differences in quantum yields

of S. muticum in the desiccation-rehydration experiments over time at each irradiance

were analyzed with one-factor ANOVA and with the fixed factor “desiccation period” (at
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four levels: initial AF/Fw', AF/Fn' after desiccation period, and AF/Fr' after 30-min and

24-h rehydration in seawater).
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3. Results

3. 1. The experiments for S. muticum study

3. 1. 1. Effect of irradiance on the oxygenic photosynthesis at 8, 20, and 28°C.

The oxygenic net photosynthetic (Pnet) rates determined at 8, 20, and 28°C, steadily
increased with increasing irradiance, and then approached saturation at the irradiance of
more than 100 pumol photons m2 st (Fig. 1). At 8°C, Pret rates (mean + standard deviation,
SD) were -0.84 + 0.12 pug Oz gww mint at 0 pmol photons m2s?, and 4.98 + 0.73 pg Oz
gww ! min™ at 2000 pmol photons m2 s (Fig. 1a). Whereas at 20°C, Pre: rates were -1.78
+0.05 pg O2 gww* mintat 0 umol photons m2 s, and 10.69 + 1.61 pg Oz gww ™ min™ at
1000 pmol photons m?2 s (Fig. 1b). Likewise, at 28°C, Pne: rates were -4.13 + 4.84 ug
O2 gww !t min"tat 0 umol photons m2s?, and 19.80 + 4.53 ug Oz gww X mint at 2000 pmol
photons m2s? (Fig. 1c).

Based on the P—E curves, the maximum net photosynthetic rates (NPmax) at 8, 20,
and 28°C were estimated to be 5.16 (4.96-5.36 95% highest density credible interval,
95% HDCI), 11.88 (11.37-12.39 95% HDCI) and 28.12 (21.62-34.62 95% HDCI) g Oz
gwwt min, respectively (Fig. 1, Table 1, Supplementary table 1). Likewise, saturation
irradiance (Ex) increased with rise in temperature treatment and was 110 (98-121 95%

HDCI), 200 (180-220 95% HDCI), and 753 (473-1034 95% HDCI) pmol photons m2s
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1 at 8, 20, and 28°C, respectively. As shown in Table 1, the initial slopes (o) and dark
respiration (Rq) rates were similar among the three temperatures. Hence, compensation

irradiance (Ec) at these temperatures were comparable at 3 to 5 umol photons m2s™,

3. 1. 2. Effect of temperature on the oxygenic photosynthesis and dark respiration

Measured NP rates at 300 pmol photons m2 s were variable across temperature
gradients (8-36°C). Nevertheless, its response pattern appears to be represented by a
dome-shaped curve (Fig. 2a). Dark respiration was likewise affected by temperature, with
rates gradually increasing from 0.58 + 0.28 (mean + SD) pg Oz gww* min™ at 8°C to 5.72
+0.60 pg O2 gww mint at 36°C (Fig. 2c¢). The gross photosynthesis—temperature (GP—
T) curve (Fig. 2b) derived from the Pnet—temperature response and dark respiration
indicated that the optimal temperature (T(,G,ft) at maximum gross photosynthetic rate

(GPmax = 9.57 pg O2 gww* mint) was 19.5°C (17.2-21.9 95% HDCI; Table 3). Model

parameter estimates are presented in Table 2.

3. 1. 3. Effect of temperature on the photochemical efficiency of PSII over 72-hour
exposure

The 72-hour temperature exposure experiment revealed that the F./Fm were almost stable
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at values above 0.6 from 8 to 28°C (Fig. 3). In contrast, F./Fm at 32°C after 24 hours was
0.57 £ 0.02 (mean + SD); it dropped to 0.29 + 0.08 after 72 hours. Given the model and
data after 24, 48, and 72-hour temperature exposures, maximum Fv/Fm (Fv/Fmmax) at each

exposure was 0.68 (0.67-0.68 95% HDCI), 0.68 (0.67-0.69 95% HDCI), and 0.67 (0.66—

Fv/Fm
Topt

0.69 95% HDCI), respectively. Optimal temperature ( ) at each exposure period
was 19.9°C (17.2-22.5°C 95% HDCI), 19.6°C (17.0-22.0°C 95% HDCI), and 23.5°C

(22.1-24.8°C 95% HDCI), respectively. Other model parameter estimates are presented

in Table 3.

3. 1. 4. Combined effects of irradiance and temperature on the photochemical
efficiency, and their potential of recovery
Responses of the AF/Fn' during 12 hours of continuous exposures to 200 (low) and 1000
(high) pmol photons m2 s™ at 8, 20, and 28°C, and recovery of their F./Fr, after 12 hours
of dark acclimation were different among the irradiance-temperature treatments (Fig. 4).
At 8°C, the AF/Fn' of the alga throughout the 12-hour exposure to low irradiance
maintained at 0.57 £ 0.03 (mean = SD); such value was slightly lower than the initial
Fv/Fmof 0.63 £0.02 (P <0.001). Subsequent dark acclimation F./Fm returned to the initial

level (0.62 £ 0.01, P =0.920; Fig. 4a). In contrast, quantum yield of samples exposed to
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high irradiance dropped from 0.65 = 0.02 to 0.32 = 0.06 (i.e., equivalent to 50.8%

decrease in initial value, P < 0.001); its post-dark acclimation F./Fn (0.46 = 0.06) was

still significantly lower than its initial value (P < 0.001; Fig. 4b).

At 20°C, the AF/Fn' of alga exposed to low irradiance were stable throughout

the irradiance exposure and dark acclimation periods (0.65 = 0.02 initial Fv/Fm, 0.67 £

0.03 4F/Fn' at 12-h exposure, and 0.61 = 0.03 post-dark acclimation F./Fm; Fig. 4c). On

one hand, the hourly response of the AF/Fr' in samples exposed to high irradiance slightly

decreased; AF/Fn' after the 12-h exposure was 0.53 + 0.03 (P < 0.001). Post-dark

acclimation Fv/Frn of samples under high irradiance increased to 0.58 + 0.02, but was still

significantly lower than the initial F./Fn (P < 0.001; Fig. 4d).

At 28°C, the AF/Fn' of the alga exposed to low irradiance were likewise stable

throughout the irradiance exposure and dark acclimation periods (0.62 = 0.00 initial

Fv/Fm; 0.62 + 0.04 AF/Fr' at 12-h exposure, and 0.67 £ 0.04 post-dark acclimation Fu/Fm;

Fig. 4e). The quantum yield of samples exposed to high irradiance declined from an initial

Fv/Fm of 0.62 £ 0.02 to AF/Fn' of 0.55 £ 0.06 (= 11.3% decrease in initial value, P <

0.001). Final F\/Fn after dark acclimation did not return to initial (0.55 £ 0.03, P < 0.001;

Fig. 4f).
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3. 1. 5. The effect of desiccation on the photochemical efficiency and the potential of
recovery after rehydration in seawater
Under 20 pmol photons m?s™?, AF/Fy' of the alga under aerial exposure remained stable
from its initial value (0.67 + 0.01; mean = SD) until 0.5-h exposure (0.68 = 0.04, P =
0.281; Fig. 5a). On one hand, 4F/Fr' decreased with increasing desiccation period at 1-,
2-, and 3-h exposures (0.57 £ 0.17, P < 0.001 at 1-h; 0.53 £ 0.18, P < 0.001 at 2-h; and
0.26 £ 0.25, P < 0.001 at 3-h), and dropped to almost zero and zero at 4-, 6-, and 8-h
exposures, respectively (0.04 £ 0.09, P < 0.001 at 4-h; 0.00 £ 0.02, P < 0.001 at 6-h; 0.00
+0.00 at 8-h).

The AF/Fn' of alga at desiccation treatments of 0.5-h exposure was also stable
after samples were subjected to subsequent 30-min and 24-h rehydration in seawater (0.67
+0.01, P =0.832 after 30-min rehydration; 0.69 + 0.01, P < 0.001 after 24-h rehydration).
Those at 1-h and 2-h desiccation treatments returned to the initial levels after 24-h
rehydration in SW (0.69 £ 0.01, P <0.001 at 1-h; 0.69 £ 0.01, P < 0.001 at 2-h). However,
those at 3-, 4-, and 6-h air exposure failed to recover even after 24-h rehydration in
seawater (0.58 £ 0.24, P < 0.001 at 3-h; 0.28 + 0.33, P < 0.001 at 4-h; 0.06 £ 0.19, P <
0.001 at 6-h).

Under 700 umol photons m2s, AF/Fn' of the alga under aerial exposure quickly
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declined from the initial value (0.67 + 0.01; mean + SD) until 2-h exposure (0.33 £ 0.12,
P < 0.001 at 0.5-h exposure; 0.27 £ 0.19, P < 0.001 at 1-h; 0.03 £ 0.07, P < 0.001 at 2-
h; Fig. 5b). 4F/Fr' of the alga dropped to almost zero or zero after 8-h of aerial exposure.
Following subsequent 30-min and 24-h rehydration in seawater, the A4F/Fn" of alga
returned to the initial level at the desiccation treatments of 0.5-h (0.66 = 0.02, P < 0.001
after 30-min rehydration; 0.69 = 0.01, P < 0.001 24-h rehydration) and 1-h exposures
(0.65 = 0.02, P < 0.001 after 30-min rehydration; 0.68 + 0.02, P < 0.001 after 24-h
rehydration in SW). Those at 2-h desiccation treatments almost returned to the initial level
after 24-h rehydration (0.65 £ 0.14, P < 0.001). However, those at 3-, 4-, and 6-h exposure
failed to recover even after 24-h rehydration in seawater (0.00 £ 0.00, P < 0.001 at 3-h;
0.14 £ 0.27, P < 0.001, at 4-h; 0.00 £ 0.00, P < 0.001 at 6-h).

The fluctuation of the A4F/Fn' of the alga was closely related to the decreasing
absolute water content (AWC) of the thallus under desiccation (Fig. 6). Under the
desiccation state at 20 umol photons m2s? (Fig. 6a), the AF/Fn' was somewhat stable
between 0.69 £ 0.01 and 0.61 = 0.10 (mean = SD, n = 10) during the AWC of 93.8%
through 74.6%. However, it gradually decreased with decreasing AWC of below 72.0%,
and dropped to zero at less than 20% AWC.

Likewise, those under the aerial desiccation state at 700 umol photons m?2 s
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(Fig. 6b), declined with decreasing AWC, and dropped to zero at AWC of less than 20%.
However, we did not obtain data for AWC between 60 and 99% due to the quick
desiccation at relatively high irradiance. Nevertheless, those after 30-min and 24-h
rehydration in seawater treatments at both 20 and 700 umol photons m2s? (Fig. 6¢, d, e,
f), the AF/Fn' almost recovered to the initial level at AWC of above 20% (e.g., 0.69 *
0.01 at AWC of 23.8%); however, those with less than 20% AWC did not recover even

after 24-h rehydration in seawater.

3. 2. The experiments for S. macrocarpum study

3. 2. 1. Photosynthesis—irradiance (P-E) curves under the different spectral light
qualities

The P-E curve of the net photosynthetic rates (Pnet) was determined at 20°C under red,
green, blue, and white lights (Fig. 7). Under white light, Pnet rates were -2.71 £ 0.36 (mean
+ SD) pug O2 gww™* mint at 0 umol photons m2s?, 11.34 + 2.65 (mean + SD) ug Oz Gww
L mint at 200 umol photons m2s?, and 21.40 + 2.26 (mean + SD) pg Oz gww™* mint at
1000 pumol photons m2s? (Fig. 7A). Under red light, Pret rates were -1.51 + 0.34 (mean
+ SD) pg O2 gww min't at 0 pmol photons m2s?, 5.29 + 1.18 (mean + SD) pg Oz Quw™

mint at 200 pmol photons m2s?, and 5.77 + 2.35 g O gww™* mint at 2000 pmol photons

38



m2s? (Fig. 7B). Under green light, Pnet rates were -2.12 + 0.24 pg Oz gww! mint at 0
umol photons m2s?, 6.47 +1.02 pg Oz gww ™ min at 200 umol photons m2s?, and 11.07
+0.91 pug Oz guww* mint at 1000 pmol photons m2s? (Fig. 7C). Under blue light, Pret
rates were -2.38 + 0.98 pg Oz guww* mint at 0 pmol photons m2s?, 5.70 + 3.33 ug O
gwwt min™ at 200 pmol photons m2s?, and 17.88 + 3.32 pg O2 gww™ min™ at 2000 pmol
photons m?s (Fig. 7D).

Based on the fitted photosynthesis — irradiance (P—E) curve, the maximum net
photosynthetic rates (NPmax) under white, red, green, and blue lights were estimated to be
24.4 (22.6 — 26.0 95 % HDCI), 8.18 (6.68 — 9.73), 12.3 (10.6 — 14.0) and 22.1 (19.7 —
24.9) pug Oz gww* mint, respectively (Fig. 7, Table 4). Compensation (Ec) and saturation
irradiances (Ex) were also estimated to be 27.7 (18.9 — 35.9 95% HDCI) and 221 (187 —
261) pumol photons m2s? under white light, 19.9 (7.37 — 30.1) and 80.2 (48.7 — 123)
umol photons m2s* under red light, 23.5 (5.99 — 38.0) and 209 (140 — 308) umol photons
m2 st under green light, 52.2 (37.4 — 65.4) and 394 (305 — 514) umol photons m?s!
under blue light, respectively. The dark respiration (Rq) rate was similar among the light

treatments and is shown in Table 4.

3. 2. 2. Effect of temperature on the photochemical efficiency of PSII over 144-hour
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exposure

The response of F./F (at 0 umol photons m2 s2) after a 6-day exposure to a temperature
range of 4 to 36°C was generally stable and temperature-independent with values above
0.500 from 8 to 28°C (Fig. 8A, B, C). The Fv/Frn at 30 and 32°C after 1-d exposure were
0.534 + 0.024 and 0.395 £ 0.195 (mean + SD), respectively; measured values dropped to
0.316 £ 0.018 and 0.000 + 0.000 after three days, and to zero after six days. Given the
model and data after 1-, 3-, and 6-d exposure, the maximum Fu/Fn (Fu/Fmmax): 0.651
[0.626 — 0.678, 95% highest density credible intervals, 95% HDCI] at 1-d, 0.632 [0.609
—0.656] at 3-d, 0.603 [0.588 — 0.619] at 6-d) occurred at 21.8 (18.3 — 24.3 95% HDCI),
18.9 (13.6-22.7), and 20.1°C (14.9 - 27.0; T,,/™™), respectively (Table 5). Other model
parameter estimates are presented in Table 5.

In contrast, the AF/Fn' (at 50 pmol photons m2 st) at 4 and 8°C after 1-d
exposure were 0.192 + 0.061(SD) and 0.269 + 0.056, respectively (Fig. 8 D, E, F). This
decline was consistent with those at 3- and 6-d exposure (0.226 + 0.050 and 0.288 + 0.073
after 3-d exposure, and 0.155 + 0.042 and 0.270 + 0.083 after 6-d exposure), respectively.
Likewise, the AF/F' also dropped to almost zero at 32°C in 1-, 3-, and 6-d exposure

(0.463 £ 0.057; 0.093 £ 0.187; 0.047 = 0.140). Those at 36°C in 6-d exposure was fully

dropped to zero. Given the model and data after 1-, 3-, and 6-d exposure, the maximum
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AF/F' (AF/Fu'may; 0.545 [0.526 — 0.567 95% HDCI] in 1-d; 0.634 [0.600 — 0.699] in 3-
d; 0.582 [0.556 — 0.611] in 6-d) occurred at 20.5 (19.2 — 21.9 95% HDCI), 26.4 (25.1 —
27.7), and 22.4 °C (20.3 - 25.3; T2F/F™) respectively (Table 6). Other model parameter

opt

estimates are presented in Table 6.

3. 2. 3. The effect of desiccation on the photochemical efficiency and the potential of
recovery after rehydration in seawater
Under a desiccated state, the AF/Fn" of PSII was similar to initial values after 10- (0.613
+ 0.031 mean x SD) and 30-min exposures (0.557 £ 0.053), but quickly decreased from
the initial value (0.597 £ 0.027) and through 45- (0.494 + 0.118), 60- (0.339 + 0.197), 90-
(0.121 £ 0.185), and 120-min exposure (0.1610+ 0.185), dropping to almost zero (0.004
+ 0.014 after 240-min exposure) or zero (after 480-min exposure) at 240-min and beyond
(Fig. 9A).

Under 30-min and 1-day rehydration (i.e., subsequent immersion) in seawater
after each subsequent desiccation treatment, the AF/Fn' at desiccation treatments of 10-,
and 30-min exposures remained near initial levels (0-min) after both subsequent 30-min
(0.605 +0.038 after 10-min exposure; 0.576 + 0.039 after 30-min exposure) and 1-day
(0.580 £ 0.066 after 10-min exposure; 0.583 + 0.054 after 30-min exposure) rehydration

in seawater. In contrast, the AF/Fn' that was dropped at 45-min exposure and more
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prolonged exposures failed to recover regardless of 30-min (0.474 £ 0.458 after 45-min

exposure; 0.294 + 0.205 after 60-min exposure; 0.120 £ 0.176 after 90-min exposure;

0.145 £ 0.202 after 120-min exposure; 0.000 + 0.000 after 240- and 480-min exposures)

and 1-d rehydration (0.441 + 0.202 after 45-min exposure; 0.253 £ 0.266 after 60-min

exposure; 0.124 + 0.212 after 90-min exposure; 0.162 + 0.253 after 120-min exposure;

0.020 + 0.049 after 240-min exposure; 0.017 + 0.033 after 480-min exposure) in seawater.

The relationship between the AF/Fn' of PSII and water loss from the frond is

shown in Fig. 10. The AF/Fn' when exposed in air ranged between 0.525 + 0.074 (mean

+ SD; 45-min exposure) and 0.641 £ 0.011(10-min exposure) and was relatively

independent of the absolute water content (AWC) which ranged from 51.2% through

89.2% (Fig. 10A). However, the AF/Fn' gradually decreased as AWC decreased below

50% and dropped to zero as AWC decreased beyond 10%. Once the AWC declined below

50% under a desiccated state, the AF/Fn' did not recover even after 30-min (e.g., 0.306 +

0.189 at AWC of 39.6%) and 1-day rehydration (0.257 + 0.257 at AWC of 39.6%) in

seawater (Fig. 10B, C).

The GAM fitted to this data indicated little influence of the experimental

treatment on the expected value of AF/Fn' (Fig. 10). The expected value of AF/Fn" was

generally stable for AWC greater than 50% and declined as AWC declined. The mean and
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standard error of the looic of the null model was -278.8 + 24.6and was lower than the full

model (-268.6 + 22.7), which suggests that experimental treatment (i.e., rehydration) had

little to no effect on AF/Fn' recovery.

3. 2. 4. The effect of salinity on the photochemical efficiency of PSII

The AF/Fn' of PSII up to 3-day exposure under salinity gradient (0, 5, 10, 20, 30, 34, 40,

50, 60, 70, 80 psu) declined under hypo- and hypersaline stresses (Fig. 11; Table 7).

Throughout the experiment, AF/Fr' remained stable between 20 (e.g., 0.554 + 0.045

[mean £+ SD] in 3-d) and 40 psu (0.595 + 0.014 in 3-d), including the natural seawater

salinity level (i.e. 34 psu; 0.602 £ 0014 in 3-d); however, there AF/Fn' clearly declined

when salinity was10 psu (0.341 + 0.222 in 1-d; 0.109 £ 0.198 in 2-d; 0.037 = 0.111 in 3-

d), and the 4F/Frn' dropped to zero or almost zero at 0 and 5 psu throughout the experiment

(0.096 £ 0.067 in 1-d; otherwise zero; Table 7). In addition, AF/Fn' at 50, 60, 70,80 psu

also quickly dropped to zero or almost zero throughout the experiment (Table 7).

4. DISCUSSION

In Japan, S. muticum generally occurs on the lower intertidal to upper subtidal rocks at

around 0.5-1 m deep during the spring low tide; therefore, the upper portion of the fronds

can be emersed during daytime low tidal cycles and are subjected to relatively strong
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incident irradiance (Kokubu et al. 2015; Terada et al. 2018). In contrast, as S.

macrocarpum can be found on rocky substrata in the subtidal zone at depths ranging from

3-10 m, this alga is always immersed in seawater even in the tidal fluctuation. Despite

the defference of the habitat depth, the geographical distributions of two species are

mostly overlapped as these algae can be found along the coasts of Kyushu, Shikoku, and

Honshu Islands of Japan that are influenced by warm Kuroshio and Tsushima currents

(Yoshida 1983, 1989; Terada et al. 2021a). In fact, the range of seasonal fluctuation in

seawater temperature at the habitat of this alga is known to be 13-28°C at the southern

distributional limit (e.g., middle of Kyushu Island) and 7-25°C at northern distributional

limit (e.g., northern end of Honshu Island) in Japan, respectively (Terada et al. 2016a;

2018, 2020, 20214a). Likewise, those at the sample collection site are also known to range

from 10-26°C for S. muticum (Awaji-shima Island, Hyogo Prefecture) and from 9.5—

27.5°C for S. macrocarpum (Yashiro-jima Island, Yamaguchi Prefecture), respectively

(Yoshida and Shimabukuro 2017; Terada et al.2021a).

In the present study, the saturation irradiance (Ex) and maximum net

photosynthesis (NPmax) in the oxygenic P—E curves of S. muticum at three temperatures

(8, 20, and 28°C) were temperature-dependent. Lowest values occurred at 8°C while the

highest was at 28°C, signifying that the light requirement to saturate net photosynthesis
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is relatively increased with rising temperature, and so is the productivity of this alga at
high ambient temperature. As compared with the past and present studies, Ex of S.
muticum at 20 and 28°C (200 and 753 pmol photons m s, respectively) were somehow
similar to those of other temperate Japanese Sargassum species, S. patens (289 and 401
umol photons m= s photons at 20 and 28°C) and S. fusiforme (Harvey) Setchell (391
umol photons m s photons at 20°C) that are also found on the lower intertidal to upper
subtidal zone, revealing their shared light-response adaptation in shallow-water habitat
(Kokubu et al. 2015; Terada et al. 2018). On the other hand, the P-E curve of S.
macrocarpum elucidated under white light at 24°C (221 pumol photons m? s?) in the
present study is supported by past work determined at 8, 20, and 28°C (93, 105, and 213
umol photons m2 st; Terada et al. 2020a), and the relatively low values of saturation (Ex)
irradiances were thought to be related to the adaptation to the subtidal light environment
(Murase et al. 2000b; Terada et al. 2020a). Under these light-limited environments, it is
relevant to note that S. macrocarpum observed at relatively deep depths is longer and
exhibits a less bush-like morphology (Endo et al. 2013). Perhaps, depth-related
morphological characteristics may be a mechanism to overcome self-shading since self-
shading would reduce the effective amount of light available for photosynthesis.

Aside from the degree of irradiance, the available light spectrum varies with
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depth, as influenced by light penetration into oceanic or coastal waters. For instance, blue

and green light wavelengths can penetrate relatively deep waters as compared to red light

(Luning 1990; Kirk 2011; Hurd et al. 2014). Adaptation to low irradiance and the spectral

availability to the prevailing light environment at depth appear to be important strategies

for algae to flourish in the habitat. In the present study, the P—E curves of S. macrocarpum

determined under red, green, and blue light showed that the maximum net photosynthesis

(NPmax) was greatest under blue light, and was fairly comparable to those under white

light, thereby providing compelling evidence in support of the primary influence of blue

light in the photosynthesis of this brown alga, as compared to red and green light (Dring

1989). Furthermore, as the Ex was also greatest under blue light, the quantity of blue light

required to compensate for dark respiration and saturate photosynthesis appears to be

greater than the other colors of light examined in the present study. In brown algae, blue

light is known to be mainly absorbed by chlorophyll a (Soret band), chlorophyll ¢, and

fucoxanthin (Kirk 2011; Hurd et al. 2014). Therefore, the blue light availability for

photosynthesis in S. macrocarpum might be effectively absorbed by these photopigments

and was considered to be one of the advantages allowing this alga to flourish in the

subtidal waters. It is also important to note that P—E response of this alga under green

light can also photosynthesize even though it was slightly lower than those under blue
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light. In fact, the growth of Sargassum horneri (Turner) C. Agardh and S. patens under
blue and green lights were likewise reported to be almost identical with those of under
white light (Matsui et al. 1994). Further studies are needed for this insight including the
composition and ratio of pigments in S. macrocarpum, as well as their respective
absorption spectra. In fact, the overall photosynthetic performance of macroalgae is
regarded to be quite complicated as the various types of photopigments are responsible
for the different photosynthetic efficiencies under various light spectra (Falkowski and
Raven 2007; Beer et al. 2014).

In the temperature response of S. muticum, temperature also influenced the
oxygenic photosynthesis, dark respiration and PSII photochemical efficiency. Its
temperature response of oxygenic photosynthesis (GP rates) revealed a characteristic
single peak at 19.5°C (TOG,ft), which is close to that of S. fusiforme (at 22.9°C; Kokubu et
al. 2015). Despite the overlap of geographical distribution, optimum temperature for
photosynthesis of S. muticum was lower than those of S. patens and S. macrocarpum
(26.9°C and 27.8°C; Terada et al. 2018, 2020a). The Tf{} of two tropical Vietnamese
species, Sargassum mcclurei Setchell and Sargassum oligocystum Montagne were even

higher (32.9°C and 30.7°C; Terada et al. 2016b) compared to the above-mentioned

temperate species. Indeed, S. muticum has spread outside its native range to relatively
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higher latitudes in Europe and North America, suggesting the ability of the alga to
photosynthesize at low water temperatures. Meanwhile, dark respiration increased with
rising temperatures that resulted to the negative NP rates at high temperature (i.e., at
36°C).

As for the Fu/Fm response of S. muticum up to 72 hours of different temperature
exposures, values were stable and relatively high from 8 to 28°C (T(;,”t/Fm in 23.5°C, 72
h), but suddenly declined above 30°C. Such response is in parallel to its oxygenic P-T
curve wherein GP rates are already decreasing at 28°C and above. Hence, this temperature
can be regarded to be approaching critical threshold for heat stress, which may occur
especially in the southern distributional limit of this alga in Miyazaki (31°48’ N, 131°29°
E), southern part of Kyushu Island facing the Pacific Ocean (Source: Herbarium of the
Kagoshima University Museum). The highest summertime seawater temperature in
Miyazaki reaches 28°C in August (Japan Oceanographic Data Center 2020). However,
the FW/Fm of S muticum was insensitive at low temperatures as compared to AF/Fp'
measurements for S. macrocarpum study. Unfortunately, we could not have an
opportunity to compare the temperature response of the Fv/Fmand AF/Fny' for S. mutcum

in the present study, further studies for S. muticum are needed to compare the differences

of these responses as described below for S. macrocarpum.
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In the response to temperature of S. macrocarpum. The model to the AF/Fn'
under a temperature gradient (4-36°C) after 6 days of culture revealed that the maximum
AF/Fu' (AF/Fn'(navy) occurred at 22.4°C (20.3-25.3; Tjp" ™ and dropped when
temperatures were below 12°C or above 32°C, and corresponds well observations of
water temperature in S. macrocarpum habitats in Japan, which includes those near the
study site. In general, thermal stress is expected to influence the structural arrangement
of the thylakoid membrane or accumulation of hydrogen peroxide that inhibits de novo
synthesis of D1 protein in PSII (Allakhverdiev and Murata 2004; Allakhverdiev et al.
2008; Takahashi and Murata 2008; Roleda 2009). Although we did not have the resources
to confirm these details, we infer that the decline of photochemical efficiency at high
temperature is related to these mechanisms.

The fitted model of the F./Frm measured in darkness in the 6-day culture revealed
that the maximum Fv/Fn (Fu/Fm @ax) occurred at 20.1°C (14.9-27.0; T,»/"™) and
dropped at above 30°C. Nevertheless, the temperature response of F./Fm was somewhat
different from the AF/Fn', especially at low temperatures, and the F./Fn remained high
and homogeneous within a range of 4-30°C and did not drop at low temperatures. The

relatively high stability in FJ/Fn at a wide range of temperatures including low

temperatures is supported by the past and present studies including this alga and S. patens
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(Terada et al. 2018, 2020a). Indeed, in some marine macroalgae, F./Fn measured in
darkness (after well acclimated in the dark) is less sensitive to temperature even at the
low temperatures, and the presence of light at low temperatures enhances the depression
of photochemical efficiency (Fukumoto et al. 2018, 2019; Terada et al. 2021c).

As for S. muticum, chronic (i.e., 12-h) temperature and irradiance exposures
revealed absence of characteristic decline of the AF/Frn' at three temperatures (8, 20,
28°C) under low irradiance (200 umol photons m? s). However, the responses of AF/Fn'
were different under high irradiance with apparent decline in 4F/Fr' at 8°C, suggesting
the influence of chilling-light stress on the seaweed (Terada et al. 2018, 2020a). The Fv/Fm
of samples exposed to high irradiance at 8°C also failed to recover after the 12-hour dark
acclimation, despite the 43.8% rise in 12-h exposed AF/Fr'. Low temperature stress may
have altered the repair of PSII that prevented its full recovery from photoinhibition. While
Fv/Fm—temperature experiments under the dark showed relatively stable and high Fv/Fn
throughout the 72-hour exposure at 8°C, this result needs to be interpreted with caution,
as the presence of light may cause the acceleration of photodamage to PSII at low
temperature. Results of the chronic irradiance—temperature experiments in the present
study provided substantial evidence of the negative effects of high solar radiation and low

temperature on the photosynthetic performance of this species at its northern limit of
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natural distribution in southern Hokkaido and Aomori Prefectures (northernmost

prefecture in Honshu Island; Yoshida 1983), where the mean winter seawater temperature

is between 6 and 8°C (2002—2015; JODC 2020). In this marginal region, strong incident

irradiance in winter primarily limits relative abundance of S. muticum. The present study

also revealed that S. muticum can tolerate high irradiance at 20 and 28°C, unlike S. patens

and S. macrocarpum that exhibited chronic photoinhibition at these temperatures (Terada

et al. 2018, 2020a). Nevertheless, strategies and mechanisms that support the high

invasive potential of S. muticum would be an interesting topic for further studies.

Regarding low-temperature stress in the photosynthesis, the fixation of carbon

dioxide is believed to inhibit at low temperatures with a resultant generation of reactive

oxygen species (ROS); consequently, the de novo synthesis of the Dy protein is in turn

suppressed, further reducing the PSII repair and resulting in severe damage to PSII

(Allakhverdiev and Murata 2004). Along with the decline of the photochemical efficiency

under low-temperature stress, the oxygen-evolving complex, light absorption antennae,

reaction centers, electron acceptor and donor sides of PSII were reported to be damaged

to varying degrees (e.g., Kappaphycus alvarezii [Doty] Doty ex Silva; Li et al. 2016). In

the past and present studies, the Fv/Fn measured in darkness was often used to reveal the

temperature response of photochemical efficiency (e.g., Terada et al. 2018, 2020a);
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however, since AF/Fn' measured under light is more sensitive to temperature at lower
temperatures, it might be more suitable than F./Fn when exploring the effects of low
temperature.

Most S. muticum populations inhabit lower intertidal to upper subtidal zones
which experience periodical emersion and submersion. As revealed in the desiccation
experiment, the AF/Fn' under dehydrated state decreased with increasing air exposure
period at both dim-light and high irradiances. The presence of strong light (700 pmol
photons m2 s1) may also have accelerated the water loss from the thallus, given the
decline in AF/Fn" and AWC at a short desiccation time. Values dropped to almost zero at
more than 2-h (high irradiance) or 3-h (dim-light) air exposures, with the absence of
recovery after subsequent rehydration in seawater. Indeed, critical water loss was
observed in samples under these desiccation treatments, with less than 50% AWC under
two light treatments, which lead to reductions in AF/Fn'. Nevertheless, the AF/Fn" under
rehydrated state of S. muticum fully restored to the initial levels when the AWC under the
dehydrate state maintained above 20%., suggesting the high capacity to recover the
photochemical efficiency under such a critical dehydrate state.

In contrast, under an environment of 50% humidity, AF/Fn" of S. macrocarpum

quickly decreased after more than 45 minutes of aerial exposure and never recovered to
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initial level even after a 1-day rehydration in seawater, clearly indicated a poor tolerance

to desiccation. Although a humidified environment to test the effects of desiccation may

be less than ideal, especially given the subtidal habitat of S. macrocarpum, a decrease in

AWC blow 50% clearly diminished the ability of photosynthesis activity to recover. This

poor capacity to recover photosynthetic activity after desiccation is likely to be a common

trait among subtidal alga, given that subtidal algae, such as C. lentillifera and Saccharina

japonica (Areschoug) Lane Mayes, Druehl et Saunders (Laminariales) also had a poor

capacity to recover after desiccation (Terada et al. 2021c; Shindo et al. 2022).

Photosynthetic activity is known to be negatively correlated with loss of water

content in the cell (Dring and Brown 1982; Ji and Tanaka 2002; Contreras-Porcia et al.

2011; Hurd et al. 2014). Cellular dehydration due to desiccation after frond emersion is

leads to an increase in electrolyte concentration within the cytoplasm, and changes

membrane structures, including the thylakoid membrane (Wiltens et al. 1978; Kim and

Garbary 2007). These structural changes can cause a decline in the photosynthesis activity

by interrupting the electron flow between PSI and PSII (Gao et al. 2011). Likewise, the

poor photosynthetic performance in desiccated algae can be associated with multiple

cellular changes and loss of volume that resulted in general dysfunction of photosynthesis

and include loss of repair capacity (e.g., C. lentillifera; Flores-Molina et al. 2014).
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Intertidal algae adapted to such an extreme environment and can flourish in

habitats that experience periodic cycles of immersion and emersion due to the tidal cycle

(e.g., Pyropia, Gracilaria, etc.; Davison and Pearson 1996; Holzinger and Karsten 2013;

Beer et al. 2014; Terada et al. 2021b; Kameyama et al. 2021). For example, in a red alga,

Gracilaria vermiculophylla (Ohmi) Papenfuss (= Agarophyton vermiculophyllum), the

AFIFy' of PSII under a desiccated state with AWC above 20% recovered to initial levels

following 1-day rehydration in seawater, demonstrating the potential for photosynthetic

recovery in this alga from relatively low AWC (Kameyama et al. 2021). In the present

study, S.muticum recovers photosynthesis when AWC exceeds 20%, whereas

S.macrocarpum does not recover photosynthesis unless AWC exceeds 50%, showing

different results. Adaptation to desiccation is likely to vary at the species level and is most

likely dependent on the probability of emersion for a particular species.

As for the response to the salinity gradient, the AF/Fn' of S. macrocarpum in this

study appeared to be stable within a relatively narrow range of salinity (20—40 psu) as

observed from the 3-day culture, revealing stenohaline characteristics. In contrast, as the

intertidal and estuary algae are sometimes influenced by rainfall and freshwater runoff,

some algae, S. fusiforme, G. vermiculophylla, and Pyropia tanegashimensis (Shinmura)

Kikuchi et Fujiyoshi (= Phycocalidia tanegashimensis [Shinmura] Santiafiez; Bangiales)
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are known to have a relatively strong tolerance to salinity, especially at low salinities (Gao

etal. 2016; Xie et al. 2016; Kameyama et al. 2021; Xu et al. 2021; Yonemori et al. 2023).

In fact, the AF/Fn' of S. fusiforme cultured between 10 — 50 psu did not decrease until

three days, and those of G. vermiculophylla remained high until seven days culture of

between 10 — 60 psu (Kameyama et al. 2021; Yonemori et al. 2023).

Hypo- or hypersaline stresses are ionic stresses (i.e., osmotic stresses), and is

similar to dehydration stress. Under these salinity stresses, algal cells increase ionic

concentrations but also undergo a change in ion ratios due to selective uptake. Therefore,

photosynthesis and respiration of marine algae can be inhibited under these stresses (Kirst

1989), which may affect the initial charge separations at the reaction centers of PSI and

PSII. In addition, osmotic stress appears to increase the permeability of the thylakoids to

ions (e.g., Na*, CI-, K), which subsequently inhibit PSI and PSII (Kirst 1989). In contrast,

under optimal salinities, the absence of these stresses may have resulted in high

photosynthetic efficiency. Given that the habitat of S. macrocarpum does not occur near

estuarine areas where salinity can vary over a relatively large range, the results of this

study was not unexpected. Consider that the salinity of the habitat where the alga was

collected ranged from 33 to 34 psu, hence the stenohaline characteristics elucidated in

this study.
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In conclusion, the adaptation of S. muticum to relatively high irradiance, the

broad range of temperature (8—28°C), and to desiccation seems to be important to flourish

at the intertidal to upper subtidal environments in Japan; moreover, this potential ability

might also be an effective invasive advantage as an alien species. Given that this alga has

an asexual reproduction, this ability for the self-fertilization also facilitates colonization

success in novel habitats (Baker 1955; Krueger-Hadfield et al. 2016), thus invasions of

this alga worldwide. Rapid adaptation to the novel habitat during invasion might result in

phenotypic evolution (Sotka et al. 2018); hence, ecophysiological studies of this species

in the non-native range of distribution are necessary. In contrast, the characteristics of

photosynthesis of S. macrocarpum revealed in the present study, are regarded to be the

factors to confine this alga to subtidal habitats, with little chance of emersion. The net

photosynthetic response in S. macrocarpum is stronger under blue (and white) light, as

opposed to red light, with a higher capacity for photosynthesis, suggesting the adaptation

to the subtidal light environment. Desiccation negatively affects photosynthetic activity

in this alga and inhibits the recovery of photosynthesis, regardless of rehydration for up

to one day. Likewise, this alga poorly responds to hypo- and hyper-saline stress. The

temperature response of photosynthesis supported to the past study and suggested

adapting to the temperature environment in the temperate region of Japan. These insights
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in the present study might also be effective especially for considering the optimal/critical

environment (light, temperature, salinity, sample treatments, etc.) for the conservation

/elimination of the natural / invaded communities.

Furthermore, S. macrocarpum poorly responds to hypo- and hyper- saline stress.
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Figure Legends

Fig. 1. The response of the net photosynthetic rates of Sargassum muticum from the native
range of distribution at Yura, Awaji-shima Island, Hyogo, Japan to irradiance at (a) 8°C,
(b) 20°C, and (c) 28°C. The dots indicate the actual measured rates (n =5 per level), the
lines indicate the expected value, and the shaded regions indicate the 95% Bayesian

prediction interval (BPI) of the model.

Fig. 2. The response of the oxygenic photosynthesis and dark respiration of Sargassum
muticum from the native range of distribution at Yura, Awaji-shima Island, Hyogo, Japan
to temperature (8-36°C, every four increment). Net photosynthesis measurements were
done at 300 pmol photons m2 s, and the dark respirations at 0 umol photons m2 s (n
= 5 per temperature). (a) The net photosynthesis to temperature determined at 300 pmol
photons m2 s1. (b) The modeled gross photosynthetic rates at 300 pmol photons m2 s,
Data were derived from the model curve of net photosynthesis (a) and dark respiration
(c). The dark respiration rate to temperature at 0 umol photons m2 s, See the caption in
Fig.1 for the details. Note that the shaded region for (b) is the 95% BPI of the expected

value.
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Fig. 3. The response of photochemical efficiency (Fv/Fm) in Sargassum muticum from the
native range of distribution at Yura, Awaji-shima Island, Hyogo, Japan at nine
temperature treatments (8, 12, 16, 20, 24, 28, 30, 32, and 36°C) after (a) 24, (b) 48, and
(c) 72 hours without light. The dots indicate the actual measured values (n = 10 per
temperature), the lines indicate the expected value, and the shaded regions indicate the

95% Bayesian prediction interval (BPI) of the expectation.

Fig. 4. The hourly response of photochemical efficiency (4F/Fn") in Sargassum muticum
from the native range of distribution at Yura, Awaji-shima Island, Hyogo, Japan to
irradiance at 200 pumol photons m2 st (circle) and 1000 pmol photons m s (triangle),
under (a, b) 8°C, (c, d) 20°C, and (e, f) 28°C. The symbols indicate the average of
measured values (n = 10), and bars indicate standard deviation. Initial values and the

values after 12-hour dark acclimation were measured as Fv/Fm.

Fig. 5. The chronological change of photochemical efficiency (4F/Fn") in Sargassum
muticum from the native range of distribution at Yura, Awaji-shima Island, Hyogo, Japan
during desiccation and rehydration at 50% humidity under (a) dim-light (20 pmol photons

m?2 s1) and (b) high irradiance (700 pmol photons m? s?, triangle). Desiccation
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experiments were carried out for 0.5, 1, 2, 3, 4, 6, and 8 h. The closed circle, triangle, and
rectangle dots indicate measurements exposed in air, those in subsequent 30-minute and
24-hour rehydration in seawater at each desiccation period treatments. The symbols
indicate the average of actual values measured (n = 50), and bars indicate standard

deviation.

Fig. 6. The relationship between photochemical efficiency (4F/Fn") and the absolute
water content (AWC, %) in Sargassum muticum from the native range of distribution at
Yura, Awaji-shima Island, Hyogo, Japan to aerial exposure at the 50% humidity under the
(a, ¢, &) dim light (20 umol photons m2 s™%) and (b, d, f) high irradiance (700 pmol photons
m2 s1). The symbols indicate the average of actual values measured (n = 10), and bars
indicate standard deviation. (a, b), (c, d), and (e, ) indicate measurements exposed in air,

those in subsequent 30-min and 24-hour rehydration in seawater, respectively.

Fig. 7. The response of the net photosynthetic rates of Sargassum macrocarpum from
Yamaguchi, Japan to irradiance under white (A) light (metal halide lamp), red (B), green
(C), and blue (D) light-emitting diode (LED) arrays at 24°C. The dots indicate the mean

measured rates (n = 5 with standard deviation), the lines indicate the expected value, and
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the shaded regions indicate the 95% highest density credible interval (95% HDCI) of the

predictions.

Fig. 8. The response of photochemical efficiency (Fv/Fm and 4F/Fn') of the photosystem
Il in Sargassum macrocarpum from Yamaguchi, Japan to temperature (4, 8, 12, 16, 20,
24, 28, 30, 32, and 36°C) under 0 (A, B, C; as Fv/Fm) and 50 (D, E, F; as 4F/F") pumol
photons m? s (12L:12D photoperiod) after 1- (A, D), 3- (B, E), and 6-day culture (C,
F). The dots indicate the mean measured values (n = 10 with standard deviation), the lines
indicate the expected value, and the shaded regions indicate the 95% highest density

credible intervals (95% HDCI) of the model.

Fig. 9. The chronological change of photochemical efficiency (4F/Fn') of the
photosystem Il in Sargassum macrocarpum from Yamaguchi, Japan during desiccation
and rehydration at 24°C and 50% humidity under 20 pmol photons m= s. Desiccation
experiments were carried out at 0 (not desiccated), 0.1 (10-min), 0.5 (30-min), 0.75 (45-
min), 1, 1.5, 2, 4, and 8 hours. The symbols indicate measurements exposed in air (purple
dots), and in subsequent 30-minute (blue dots) and 1-day rehydration (green dots) in

seawater at each desiccation treatment. The symbols indicate the mean measured values
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(n =50 with standard deviation), and bars indicate standard errors.

Fig. 10. The relationship between photochemical efficiency (4F/Fn') of photosystem 1
and the absolute water content (AWC, %) in Sargassum macrocarpum from Yamaguchi,
Japan to aerial exposure at 24°C and 50% humidity under 20 pumol photons m2 s, The
graphs indicate measurements exposed in air (A), and in subsequent 30-minute (B) and
1-day rehydration (C) in seawater at each desiccation treatment. These dots indicate each
mean measured values (n = 10), the lines indicate the fitted model, and the shaded regions

is the 95% highest density credible intervals (HDCI) of the model.

Fig. 11. The response of photochemical efficiency (4F/Fn') of photosystem 1l in
Sargassum macrocarpum from Yamaguchi, Japan at eleven salinity treatments (0, 5, 10,
20, 30, 34, 40, 50, 60, 70, and 80 psu) after 1 (A), 2 (B), and 3 (C) day culture under 24°C
and 20 pmol photons m2 s (photoperiod of 12L:12D). The symbols indicate the mean
measured values (n = 10 with standard deviation), the lines indicate the fitted model, and

the shaded regions is the 95% highest density credible intervals (HDCI) of the model.
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Table 1. Mean and 95% Bayesian highest density credible intervals (95% HDCI) of net photosynthesis — irradiance (P—E) parameters of
Sargassum muticum from the native range of distribution at Yura, Awaji-shima Island, Hyogo, Japan at 8, 20, and 28 °C. NPmax = maximum
net photosynthesis (ug O2 gww™ min); o = initial slope [ug O2 gww™* Min™ (umol photons m=2 s71) 1]; Ry = respiration rate (ug O2 guw™

min); Ec = compensation irradiance (umol photons m= s™); Ex = saturation irradiance (umol photons m=2 s™).

8°C 20°C 28°C
Parameter Mean 95% HDCI Mean 95% HDCI Mean 95% HDCI
NPmax 5.16 4.96 - 5.36 11.88 11.37-12.39 28.12 21.62 — 34.62
a 0.05 0.05-10.05 0.06 0.06 — 0.06 0.04 0.03-0.05
R 0.23 0.14-0.32 0.20 0.11-0.29 0.15 0.07-0.23
Ec 5 2-7 3 2-5 4 2-5
Ex 110 98 - 121 200 180 — 220 753 473 -1034

81



10

11
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13

Table 2. Mean and 95% highest density credible intervals (HDCI) of parameters
estimated for gross photosynthesis — temperature (P—T) model of Sargassum muticum
from the native range of distribution at Yura, Awaji-shima Island, Hyogo, Japan. GPmax =
maximum gross photosynthesis (ug Oz gww® mMin?); Ha = activation energy for
photosynthesis (kJ mol™); Ha = deactivation energy (kJ mol™); TS5 = optimum
temperature (°C); Ea = activation energy for respiration (kJ mol™); Ra2 = respiration rate

at 22°C (ug O2 gww* min™).

Parameter Mean 95% HDCI
GPmax 9.57 9.06 —10.08
Ha 36.5 16.3-56.7
Ha 116.7 90.2 - 143.3
TSP, 19.5 17.2-21.9
Ea 0.29 0.26 - 0.32
R22 9.57 9.06 — 10.08
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Table 3. Mean and 95% highest density credible intervals (HDCI) of the parameters estimated for the maximum quantum vyield in

photosystem Il (F./Fm) — temperature model in Sargassum muticum from the native range of distribution at Yura, Awaji-shima Island,

Hyogo, Japan exposed for 24, 48, and 72 h. Fu/Fm (may = maximum quantum yield; Ha = activation energy for photosynthesis (kJ mol2);

Ha = deactivation energy (kJ mol); T,/ = optimum temperature (°C), = probability of zero.
24 h 48 h 72h

Parameter Mean 95% HDCI Mean 95% HDCI Mean 95% HDCI
Fu/Fn max 0.68 0.67 - 0.68 0.68 0.67 - 0.69 0.67 0.66 — 0.69
Ha 2 1-3 2 1-2 2 1-3

Ha 197 128 — 270 244 173 -312 497 401 — 594

Too/ ™ 19.9 17.2-225 19.6 17.0-221 235 22.1-24.38
T 0.80 0.41-1.26 0.80 0.39-1.23 0.81 0.38 - 1.24

Table 4. Mean and 95% highest density credible intervals (95% HDCI) of net photosynthesis — irradiance (P—-E) parameters of Sargassum
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20  macrocarpum from Yamaguchi, Japan under different light spectra (white, red, green and blue light) at 24°C. NPmax = maximum net
21 photosynthesis (ug Oz guww* min); a = initial slope [ug Oz guww™* min™ (umol photons m=2 s) 1]; Ry = respiration rate (g Oz guw™* Min’

22 1); Ec = compensation irradiance (umol photons m= s™); Ex = saturation irradiance (umol photons m=2 s3).

White light Red light Green light Blue light

Parameter Mean 95% HDCI Mean 95% HDCI Mean 95% HDCI Mean 95% HDCI

NPmax 24.4 22.6 - 26.0 8.18 6.68 —9.73 12.3 10.6 - 14.0 22.1 19.7-24.9

a 0.11 0.09-0.13 0.11 0.06 —0.17 0.06 0.04-0.09 0.06 0.05-0.07

R 2.89 1.78-4.02 1.81 0.53-3.18 1.37 0.28 —2.55 2.79 1.76 — 3.82

Ec 21.7 18.9-35.9 19.0 7.37-30.1 235 5.99 - 38.0 52.2 37.4-65.4

Ex 221 187 — 261 80.2 48.7-123 209 140 - 308 394 305-514
23
24
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Table 5. The mean and 95% highest density credible intervals (95% HDCI) of the

parameters estimated for the maximum quantum vyield (F./Fm) — temperature model in

Sargassum macrocarpum from Yamaguchi, Japan exposed for 1-, 3-, and 6-day culture.

Fu/Fm = maximum quantum yield; Ha = activation energy for photosynthesis (kJ mol™?);

Hq = deactivation energy (kJ mol™); TOIZ’t/Fm = optimum temperature (°C).
1-d 3-d 6-d
Parameter  Mean 95% HDCI Mean 95% HDCI Mean 95% HDCI
Fu/Fmma  0.651  0.626 —0.678 0.632  0.609 - 0.656 0.603  0.588-0.619
Ha 5.11 3.15-7.74 4.72 2.47-9.02 11.7 0.872 - 56.6
Ha 289 173 - 418 212 84.7 -376 64.8 14.2 - 167
Trv/Fm 21.8 18.3-24.3 18.9 13.6-22.7 20.1 14.9-27.0

opt
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Table 6. The mean and 95% highest density credible intervals (95% HDCI) of the
parameters estimated for the effective quantum yield (4F/Fn") — temperature model in
Sargassum macrocarpum from Yamaguchi, Japan exposed for 1-, 3-, and 6-day culture.

AF/Fn' = effective quantum yield; Ha = activation energy for photosynthesis (kJ mol™);

Hq = deactivation energy (kJ mol™); Toq;,’;/Fm' = optimum temperature (°C).
1-d 3-d 6-d
Parameter Mean  95% HDCI Mean 95% HDCI Mean 95% HDCI
AF/Fn' may 0545  0.526 — 0.567 0.634  0.600 - 0.669 0.582  0.556 - 0.611
Ha 121 91.1-153 24.7 19.2-30.9 126 84.0 - 168
Ha 139 116 - 165 376 287 — 480 141 112176
AF/Fm’ 205  19.2-219 26.4 25.1-27.7 22.4 20.3-25.3

opt
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39

40

41

42

Table 7. Mean values of the effective quantum yield (4F/Fn") in Sargassum macrocarpum
from Yamaguchi, Japan at eleven salinity treatments (0, 5, 10, 20, 30, 34, 40, 50, 60, 70,
and 80 psu) after 1-, 2-, and 3-day culture under 24°C and 20 pmol photons m? s’

(photoperiod of 12L:12D; n = 10, standard deviation, SD).

Salinity 1-day 2-day 3-day
80 0.000 + 0.000 0.000 + 0.000 0.000 + 0.000
70 0.000 + 0.000 0.000 + 0.000 0.000 + 0.000
60 0.000 + 0.000 0.000 + 0.000 0.000 + 0.000
50 0.125+0.178 0.055 +0.127 0.000 + 0.000
40 0.610 £ 0.022 0.597 £0.018 0.595+0.014
34 0.609 + 0.016 0.608 + 0.004 0.602 +0.014
30 0.592 +0.012 0.613 + 0.008 0.601 + 0.006
20 0.549 + 0.049 0.579 £ 0.027 0.554 + 0.045
10 0.341 £ 0.222 0.109 + 0.198 0.037£0.111
5 0.096 + 0.067 0.000 * 0.000 0.000 £ 0.000
0 0.000 * 0.000 0.000 * 0.000 0.000 £ 0.000
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44
45  Fig. 1. The response of the net photosynthetic rates of Sargassum muticum from the native

46  range of distribution at Yura, Awaji-shima Island, Hyogo, Japan to irradiance at (a) 8°C,
47 (b) 20°C, and (c) 28°C. The dots indicate the actual measured rates (n = 5 per level), the
48  lines indicate the expected value, and the shaded regions indicate the 95% Bayesian
49  prediction interval (BPI) of the model.
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Fig. 2. The response of the oxygenic photosynthesis and dark respiration of Sargassum
muticum from the native range of distribution at Yura, Awaji-shima Island, Hyogo, Japan
to temperature (8-36°C, every four increment). Net photosynthesis measurements were
done at 300 pumol photons m2 s, and the dark respirations at 0 umol photons m2s? (n
= 5 per temperature). (a) The net photosynthesis to temperature determined at 300 pmol
photons m s, (b) The modeled gross photosynthetic rates at 300 pmol photons m2 s,
Data were derived from the model curve of net photosynthesis (a) and dark respiration
(c). The dark respiration rate to temperature at 0 umol photons m= s, See the caption in
Fig.1 for the details. Note that the shaded region for (b) is the 95% BPI of the expected
value.
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Fig. 3. The response of photochemical efficiency (F./Fm) in Sargassum muticum from the
native range of distribution at Yura, Awaji-shima Island, Hyogo, Japan at nine
temperature treatments (8, 12, 16, 20, 24, 28, 30, 32 and 36°C) after (a) 24, (b) 48, and
(c) 72 hours without light. The dots indicate the actual measured values (n = 10 per
temperature), the lines indicate the expected value, and the shaded regions indicate the
95% Bayesian prediction interval (BPI) of the expectation.
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Fig. 4. The hourly response of photochemical efficiency (4F/Fn") in Sargassum muticum
from the native range of distribution at Yura, Awaji-shima Island, Hyogo, Japan to
irradiance at 200 pmol photons m2 s (circle) and 1000 pmol photons m s (triangle),
under (a, b) 8°C, (c, d) 20°C, and (e, f) 28°C. The symbols indicate the average of
measured values (n = 10), and bars indicate standard deviation. Initial values and the
values after 12-hour dark acclimation were measured as Fv/Fn.
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Fig. 5
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Fig. 5. The chronological change of photochemical efficiency (4F/Fn') in Sargassum
muticum from the native range of distribution at Yura, Awaji-shima Island, Hyogo, Japan
during desiccation and rehydration at 50% humidity under (a) dim-light (20 pmol photons
m?2 s and (b) high irradiance (700 pmol photons m? s?, triangle). Desiccation
experiments were carried out for 0.5, 1, 2, 3, 4, 6, and 8 h. The closed circle, triangle, and
rectangle dots indicate measurements exposed in air, those in subsequent 30-minute and
24-hour rehydration in seawater at each desiccation period treatments. The symbols
indicate the average of actual values measured (n = 50), and bars indicate standard
deviation.
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Fig. 6
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Fig. 6. The relationship between photochemical efficiency (4F/Fn") and the absolute
water content (AWC, %) in Sargassum muticum from the native range of distribution at
Yura, Awaji-shima Island, Hyogo, Japan to aerial exposure at the 50% humidity under the
(a, ¢, €) dim light (20 pmol photons m2s™) and (b, d, f) high irradiance (700 umol photons
m2 s1). The symbols indicate the average of actual values measured (n = 10), and bars
indicate standard deviation. (a, b), (c, d), and (e, f) indicate measurements exposed in air,
those in subsequent 30-min and 24-hour rehydration in seawater, respectively.
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103 Fig. 7. The response of the net photosynthetic rates of Sargassum macrocarpum from
104  Yamaguchi, Japan to irradiance under white (A) light (metal halide lamp), red (B), green
105 (C), and blue (D) light-emitting diode (LED) arrays at 24°C. The dots indicate the mean
106  measured rates (n = 5 with standard deviation), the lines indicate the expected value, and
107  the shaded regions indicate the 95% highest density credible interval (95% HDCI) of the
108  predictions.
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110 Fig. 8
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112 Fig. 8. The response of photochemical efficiency (Fv/Fm and AF/Fr'") of the photosystem
113 1l in Sargassum macrocarpum from Yamaguchi, Japan to temperature (4, 8, 12, 16, 20,

114 24, 28, 30, 32, and 36°C) under 0 (A, B, C; as Fv/Fm) and 50 (D, E, F; as AF/Fn") umol
115  photons m? s (12L:12D photoperiod) after 1- (A, D), 3- (B, E), and 6-day culture (C,
116  F). The dots indicate the mean measured values (n = 10 with standard deviation), the lines
117  indicate the expected value, and the shaded regions indicate the 95% highest density
118  credible intervals (95% HDCI) of the model.
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121

122 Fig. 9. The chronological change of photochemical efficiency (4F/Fn') of the
123 photosystem Il in Sargassum macrocarpum from Yamaguchi, Japan during desiccation
124  and rehydration at 24°C and 50% humidity under 20 pmol photons m s*. Desiccation
125  experiments were carried out at O (not desiccated), 0.1 (10-min), 0.5 (30-min), 0.75 (45-
126  min), 1, 1.5, 2, 4, and 8 hours. The symbols indicate measurements exposed in air (purple
127  dots), and in subsequent 30-minute (blue dots) and 1-day rehydration (green dots) in
128  seawater at each desiccation treatment. The symbols indicate the mean measured values
129  (n =50 with standard deviation), and bars indicate standard errors.
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Fig. 10. The relationship between photochemical efficiency (4F/Fn'") of photosystem 11
and the absolute water content (AWC, %) in Sargassum macrocarpum from Yamaguchi,
Japan to aerial exposure at 24°C and 50% humidity under 20 pmol photons m? s, The
graphs indicate measurements exposed in air (A), and in subsequent 30-minute (B) and
1-day rehydration (C) in seawater at each desiccation treatment. These dots indicate each
mean measured values (n = 10), the lines indicate the fitted model, and the shaded regions
is the 95% highest density credible intervals (HDCI) of the model.
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143 Fig. 11. The response of photochemical efficiency (4F/Fn') of photosystem Il in
144 Sargassum macrocarpum from Yamaguchi, Japan at eleven salinity treatments (0, 5, 10,
145 20, 30, 34, 40, 50, 60, 70, and 80 psu) after 1 (A), 2 (B), and 3 (C) day culture under 24°C
146  and 20 pumol photons m* s (photoperiod of 12L:12D). The symbols indicate the mean
147 measured values (n = 10 with standard deviation), the lines indicate the fitted model, and
148  the shaded regions is the 95% highest density credible intervals (HDCI) of the model.

149

98



