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ABSTRACT

In order to clarify the external and internal availability of phosphorus in a
canopy-forming seaweed along with their life cycle, monthly cultivations and field
observations were conducted during growth and maturation periods of the brown alga
Sargassum macrocarpum. This alga is one of the most major canopy-forming brown
algae in Japanese coastal waters, and was found in the coastal area of the northern
Goto Islands, characterized as a seasonally-oligotrophic region. This doctoral thesis
aimed to reveal the physiological mechanisms of adaptation to phosphorus depletion.

Recently, site-specific phosphorus depletion in coastal waters has been caused
by improved coastal management with decrease in anthropogenic phosphorus input.
Consequently, seaweed beds composed of canopy-forming algae have concurrently
changed over long-term periods. Although seaweed beds play an important role in
supporting biodiversity in coastal ecosystems, declines in seaweed coverage have been
observed due to inadequate nutrient uptake compared to the demand of seaweeds.
Inherently, temperate seaweeds temporally undergo phosphorus limitation during
seasonal phosphorus depletion periods. During these periods, they can maintain growth
by using phosphorus in tissues after exposure to phosphorus-enriched conditions.
Perennial brown seaweeds have high storage capacity dependant on low growth rate,
suggesting that they can endure long-term nutrient limitation.

Canopy-forming brown alga S. macrocarpum is known as the major Fucales
species found from temperate to sub-tropical regions of Japan. The annual variation of
uptake and growth-related demand for phosphorus and the storage capacity under

phosphorus-depleted environment has yet to be clarified. Thus, the aim of this study



was to understand the adaptation strategy of S. macrocarpum to the oligotrophic
coastal environment conditions during the life cycle between growth and maturation.

In this doctoral thesis, the phosphorus dynamics during growth and maturation
of S. macrocarpum were examined as follows: (1) annual variations of in situ uptake
rate and growth-related demand for phosphorus (Study 1), and (2) storage capacities
for phosphorus (Study 2). In Study 1, monthly investigations to estimate variations of
phosphorus-uptake and -demand were conducted from December 2017 to January
2019. To evaluate nutrient-uptake characteristics, algal individuals were incubated for
up to 6 hrs under multiple concentrations of nutrients. The photosynthetic rates were
subsequently measured as oxygen production for up to 60 min under dark and
multiple-light conditions. Seasonal phosphorus demands were estimated by
multiplying the photosynthetic-based growth rates by the phosphorus-tissue content.

The in situ uptake rate for phosphorus seasonally changed along with the
variation of ambient phosphate concentration and was relatively low (~0.2 umol P
g 'DW d!) from spring to autumn and high (~0.4 to 1.7 pmol P g *"DW d?) in winter.
The in situ demand for phosphorus increased from the lowest (0.12 umol P g 'DW d %)
in December 2017 to a single peak in March 2018 (1.02 umol P g 'DW d%), and
remained constant (0.20-0.52 pmol P g 'DW d ™) until January 2019. Based on these
results, the uptake rate exceeded the demand during winter, suggesting the accumulation
of phosphorus into the tissues. In contrast, the uptake rates from March to November
2018 were less than 0.8 times lower than the demand, suggesting the use of
phosphorus-tissue contents to maintain growth under phosphorus limitation.

In Study 2, the pre-cultivations during the growth period in March 2019 and

maturation period in August 2019 aimed to obtain individuals with different



phosphorus-tissue contents under multiple-nutrient conditions. Thereafter, the
maximum photosynthetic rate was evaluated with oligotrophic condition to estimate
“storage capacity”, which is defined as the period capable of sustaining growth by
using phosphorus reserves in tissue. The photosynthetic growth rate during growth
period increased when phosphorus-tissue content was high. Conversely, no relationship
between the growth rate and phosphorus-tissue content in mature thallus was found.
The storage capacities for the growth and maturation periods were approximately 19
and more than 16 weeks, respectively, indicating that this alga sustain growth under
long-term phosphorus depletion by using the phosphorus-tissue contents. In conclusion,
S. macrocarpum can adapt well to phosphorus depleted-environments during the
growth to maturation periods.

The general discussion section will discuss how this alga is adaptive in
temporally phosphorus-depleted environments and multiple discussion points are
described as follows: 1) future prediction for the nutrient environment, 2) adaptation
strategy under long-term phosphorus limitation, 3) phosphorus availability in
short-term changes in the nutrient environment, 4) abiotic factors effect on the
distributional change of S. macrocarpum. In summary, this alga, characterized as
slow-growing, has a high P-storage capacity, and can mature under long-term P
limitation condition by using P-tissue contents and P pulse-supplied to in situ

environment.



Chapter |

General introduction

1.1 Trajectory of phosphorus depletion

Dissolved inorganic nitrogen (DIN) and phosphorus (DIP) play essential roles
in the biological production, ecological functions and biogeochemical processes in
marine environments (Asanuma et al. 2014; Li et al. 2014; Yang et al. 2018a). In these
ecosystems, the distribution and dynamics of nutrients varies depending on various
supply and removal processes. Generally, the nutrients are supplied to coastal waters
through terrestrial input, regeneration of organic matter, atmospheric deposition,
submarine groundwater discharge and horizontal advection from the open sea (Liu et al.
2005; 2009; 2012). The continuous uptake from micro- and macro-algae is the main
pathway for the external nutrient removal. Additionally, human activities such as
aquaculture, agriculture, wastewater treatment, and the consumption of fossil fuels also
have a significantly wide effect on the patterns of nutrient circulation (Liu et al. 2012).
In recent decades, due to human population growth and agricultural, urban, and
industrial expansion since the mid-20th century, many coastal ecosystems are under
significant pressure due to the anthropogenic loading of nitrogen (N) and phosphorus
(P) from agricultural and urban runoff (e.g., de Jonge et al. 2002; Garcia-Pintado et al.
2007; Dwight et al. 2002; Hale et al. 2015), which can then lead to eutrophication (e.g.,
Bell 1992; Jiang et al. 2014; Van Wijnen et al. 2015; Wan et al. 2017). Consequently,
eutrophication results in harmful algal blooms and shifts of algal composition (Cloern
2001; Cardoso et al. 2004; Govers et al. 2014; Gubelit et al. 2016; Yang et al. 2018b),

resulting in great economic damage for aquaculture and fishing industry (Tada et al.



2010). Therefore, there is a strong interest in understanding long-term trends in water
quality and eutrophication (Bricker et al. 2008; Andersen et al. 2017; Wan et al. 2017;
Li et al. 2018).

To create a sustainable environment, the negative impacts from human
activities need to be balanced by the positive impacts of coastal remediation (Zhou et al.
2020). In Europe, the water framework directive (WFD, in 2000) has been established
to reduce eutrophication impacts and various anthropogenic pressures, and has aimed to
achieve the improved ecological state in groundwater and surface waters (Le Fur et al.
2019). Furthermore, the concept of “Satoumi”, which aims at a well-balanced nutrient
cycle between land and sea, is based on sustainable management of coastal waters
developed in Japan (Matsuda and Kokubu, 2016). With laws and regulations to promote
countermeasures against eutrophication, the anthropogenic nutrient loadings by various
point sources from industrial effluents (Stockner et al. 2000; Yamamoto 2003;
Kronvang et al. 2005; Yanagi 2016) and dams (Gong et al. 2006; Chai et al. 2009;
Morais et al. 2009), and nonpoint sources (Hennessey et al. 1994) were managed.
Consequently, due to stringent regulations reducing nutrient loadings, site-specific
oligotrophication has occurred in European (Conley et al. 2000; Stockner et al. 2000; Le
Fur et al. 2019), Chinese (Zhou et al. 2020) and Japanese coastal waters (Yamamoto
2003; Nishikawa et al. 2010a; Yanagi 2016; Tsuchiya et al. 2018).

In particular, P depletion has caused an imbalance of N/P ratio in the
north-western European coasts (Grizzetti et al. 2012; Burson et al. 2016). In southern
Japan Sea, phosphate concentrations in the surface layers tend to decline during summer
and winter for a few decades, while nitrate concentration showed no significant linear

trend (Kodama et al. 2016). The incidence of the declining trend for P seems to more



forward (Turner et al. 2003) because the development of stratification (Ono et al. 2001,
Tadokoro et al. 2009) and horizontal advection (Kim et al. 2013; Kim and Kim 2013;
Kodama et al. 2016) have been attributed to the gradual increases in water temperature

induced by global warming.

1.2 Long-term changes in coastal ecosystems

The recovery of coastal ecosystems after the regulation of nutrient loadings
discharged from wastewater treatment process has received plenty of attention from
European (Leruste et al. 2016; Riemann et al. 2016; Pasqualini et al. 2017; Lefcheck et
al. 2018; Le Fur et al. 2019) and Japanese researchers (Yamamoto 2003; Yanagi 2016)
over past few decades. Le Fur et al. (2019) illustrated the long-term changes in the
coastal ecosystem states and vegetation assemblages along oligotrophication trajectories.
They predicted that regime shifts in the order of (1) phytoplankton-dominated states, (2)
opportunistic macroalgae-dominated states, and (3) perennial macroalgae and
seagrasses-dominated states are deeply related to the environmental conditions such as
ambient nutrient concentration, chl-a concentration and turbidity. Under non-eutrophic
conditions, benthic macroalgae and seagrasses are mainly distributed in shallow lagoons
(Strain et al. 2014; Leruste et al. 2016) because the low suspended solids lead to
improved underwater light penetration and enhanced light availability on their
macroalgal production (Lloret and Marin 2009; Le Fur et al. 2018).

Recently, oligotrophication has actual impact on declines in macroalgal
coverage or the increase in barren grounds (“isoyake”) in coastal embayments (Steneck
et al. 2002). In southern California, nutrient-depleted water mass induced by EIl Nifio

events has negative impact on kelp population (Zimmerman and Robertson 1985;



Dayton et al. 1992; Edwards and Estes 2006). In Japan, a decrease in nutrient
concentrations caused by the increases in the flux of the Tsushima Warm Current waters
(Onishi and Ohtani 1997) may lead to a loss of kelp forest (Nabata et al. 2003). The
degraded seaweed beds are expected to expand due to the ambient nutrient
concentration below a threshold level. Hence, how seaweed coverage is influenced by
the long-term oligotrophic trajectories which need to be investigated.

The Goto Islands, Nagasaki, Japan are located in the western part of Kyushu
and the eastern part of the East China Sea, and are strongly affected by the Tsushima
Warm Current, the Yellow Sea Cold Water and tidal current from Jeju Island. The
Islands are rich in fishery resources, namely, the productive fishing grounds are due to
the complicated submarine topography. However, the fishery production in the
surrounding ocean area of Goto Islands has been gradually decreasing (Statistics Bureau
of Japan) which is probably linked to the formation of barren grounds. Previous
investigations from the Fisheries Department in Nagasaki Prefectural Government
suggested that increase in water temperature enhances grazing pressure by herbivores
causing barren grounds in the area.

Incidentally, the horizontal distribution in concentrations for DIN and DIP
around the northern Goto Islands was seasonally investigated. The results indicated that
the DIP concentration during summer and autumn was under the detection limit (< 0.09
MM) (Tsuchiya et al. 2018). The terrestrial P loadings discharged from local activities
are almost completely removed by the wastewater treatment process, leading to the
supply of oligotrophic-discharged water into the natural environment through the river
(Soka University 2015). Therefore, the coastal embayment in the northern Goto Islands

is characterized as an oligotrophic region close to the offshore area due to passing



oligotrophic warm current, indicating an unfavorable environment for the formation of
seaweed beds.

Canopy-forming perennial algae such as Laminariales and Fucales play
essential roles to provide an ecological habitat and a harvestable resource for various
aquatic organisms throughout the year (Graham 2004; Christie et al. 2009; Yatsuya et al.
2005). A loss of seaweed beds undermines the important ecological functions. Therefore,
an understanding of the physiological responses such as nutrient uptake, growth and
photosynthetic characteristics) of temperate seaweeds to oligotrophic trajectory (i.e., P

depletion) is essential.

1.3 Nutrient availability of seaweeds

Seaweeds take up nutrients to drive photosynthetic growth and productivity.
The rate of nutrient uptake is depending on the availability of a nutrient supply from the
surrounding seawater and the specific potential of nutrient uptake (Douglas et al. 2014).
Previous studies reported that nutrient uptake characteristics are affected by abiotic
factors such as temperature (e.g., Nishihara et al. 2005; Ohtake et al. 2020a), water flow
(e.g., Hurd 2017; Inoue et al. 2020), light (e.g., Gordillo et al. 2002; Pereira et al. 2008)
and carbon dioxide (Zou 2005; Fernandez et al. 2017a, b).

Moreover, seaweeds can accumulate plenty of nutrients in their tissues (Ryther
et al. 1982; Lundberg et al. 1989; Chopin et al. 1990; Hanisak 1990; Mizuta et al. 2003).
The accumulation of P is also enhanced where phosphate uptake is higher than
P-demand to sustain growth (Pedersen et al. 2010). Phosphate-absorbed in seaweed is
transformed into different compounds in different parts of the alga, and transferred to

processes of the incorporation and the storage. Organic P contents in tissue are



incorporated into many macromolecules, such as nucleic acids (i.e., ribosomal RNA and
DNA), proteins, and phospholipids (Elser et al. 2000; Mizuta et al. 2003). Indeed, ATP
and high-energy compounds play important roles in energy flow through photosynthesis
and respiration processes of the plant (Cembella et al. 1984). Furthermore, intracellular
polyphosphate and vacuolar inorganic phosphate can be served as the storage in
macroalgal (Lundberg et al. 1989) and higher plant cells (Lee & Ratcliffe 1983; Roberts
et al. 1984). These P reserves can be utilized to maintain growth when P demands are
not met by P uptake (Birch et al. 1981; Gordon et al. 1981; Lundberg et al. 1989;
Pedersen & Borum 1996; Pedersen et al. 2010).

The amount of P content in tissue can vary in response to the balance between
input (the net uptake of external nutrient) and output (the biological demand of internal
nutrient for growth, reproduction and tissue loss) (Douglas et al. 2014). Pedersen et al.
(2010) examined the uptake Kkinetics and growth-related demands for P in six
macroalgal species with different growth characteristics. Fast-growing algae (Ceramium
rubrum and Ulva lactuca) periodically suffer from long-term P limitation because of
their high P demands, whereas slow-growing algae (Ascophyllum nodosum and
Laminaria digitata) can meet the P demands throughout a year. This finding concurs
with the shift from the dominance of opportunistic macroalgae (i.e., fast-growing algae)
to submerged macrophytes-dominated states observed in Mediterranean coasts (Le Fur
et al. 2019). However, under oligotrophication, temperate slow-growing algae
potentially face P limitation during the periods of P-depleted condition due to the
insufficient P supply, which is unable to satisfy their P demand, unless they can rely on
P reserves. The growth limitation causing P depletion has occurred less commonly than

N limitation cases (Birch et al. 1981; Pedersen et al. 2010). Therefore, it is necessary to



focus on clarifying the adaptation strategy of the seaweeds to P-depleted seasons and
environments.

According to the previous study, the annual variations of P uptake rates and in
situ demands for macroalgal species with different growth strategies were estimated
based on the seasonal variations of environmental factors such as phosphate
concentration and PAR (Pedersen et al. 2010). It has been suggested that the
characteristics of the P availability in seaweeds were classified into three types
according to growth strategies (i.e., fast-, intermediate-, and slow-growing algae). This
seems to be an appropriate approach to reveal the changes in macroalgal community
composition in oligotrophic trajectory in coastal areas. However, there is still
considerable uncertainty with regard to physiological changes along with the life cycle
in the recent findings concerning macroalgal P-dynamics. Indeed, the inherent
physiological roles of seaweeds are different between the growth and maturation
periods. Therefore, focusing on the mutation in algal life stages must be considered in

the understanding of the characteristics of the uptake and demand for P.

1.4 Sargassum species

The genus Sargassum (Sargassaceae, Fucales) can form dense Sargassum beds
on rocky intertidal and subtidal areas throughout the temperate and subarctic regions
(Schiel & Foster 1986). Canopy-forming Sargassum beds play various ecological roles
in food source and shelter for a wide variety of associated aquatic organisms (e.g.,
Murase 2000a, 2000b, Yatsuya et al. 2005; Gouvéa et al. 2020), providing biodiversity
in coastal ecosystems. According to the reports from Terawaki et al. (2003), Sargassum

beds along the Japanese coasts composed of approximately 30% of the total coverage of



the vegetated benthic ecosystem. S. macrocarpum C. Agardh is known as one of the
major perennial brown algae commonly found throughout temperate regions of Japan
including the Sea of Japan, the Seto Inland Sea and the Pacific coast of Honshu Island
(Yoshida 1983; Shimabukuro 2018; Terada et al. 2019), which are exposed to the effects
of the Kuroshio and Tsushima warm current and Oyashio cold current. According to the
report on the distribution of seaweed beds by local government in Shin-kamigoto,
Nagasaki, dense Sargassum beds composed of S. macrocarpum has only formed in
Arikawa Bay of the eastern Nakadori Island, situated in northern Goto Islands.

The details in morphology, phenology, community structure and the
productivity of S. macrocarpum have been fully clarified (e.g., Murase and Kito 1998;
Murase et al. 2000a, 2000b; Murase 2001; Yatsuya et al. 2005; Endo et al. 2013a). The
estimated annual net productivities of the communities ranged from ca. 1,600 to 2,100 g
dry weight m2 year*, which were approximately the same levels to those of terrestrial
plant (Murase et al. 2000a; Yatsuya et al. 2005). The responses of photosynthesis and
nutrient uptake to temperature changes have recently been studied for this alga (Terada
et al. 2020; Ohtake et al. 2020a). The maximum gross photosynthetic rate occurred at
27.8°C and the maximum quantum vyields of photosystem Il (Fv/Fm) in the optimal
temperature was from 8.9 to 11.1 °C (Terada et al. 2020). Ohtake et al. (2020a) revealed
that the maximum uptake rate (Vmax) for phosphate was constant from 15 to 25 °C, and
increased at 30 °C due to high P demand caused by high respiration rate. These results
suggest that this alga has tolerance to a broad range of temperature, resulting that the
geographical distribution is widely found within temperate areas of Japan. However,
year-round variations of the P uptake and how this alga adapts to long-term low-P

condition remain to be elucidated.



1.5 Aims of the doctoral thesis

This doctoral thesis aims to evaluate P dynamics during the growth and
maturation periods of S. macrocarpum. In Study 1, the annual variations between
P-uptake rate and demand were examined based on monthly incubations to estimate
phosphate uptake kinetics and photosynthetic parameters, and monthly field
observations of environmental factors. The period in which S. macrocarpum was
exposed to seasonal P limitation was evaluated by the balance between in situ uptake
and demand for P. Based on the results of Study 1, in Study 2, the P-storage capacity of
S. macrocarpum was evaluated as the photosynthetic growth and adaptation to
P-depleted condition. The P-storage capacities during the growth and maturation
periods were examined by pre-cultivation with nutrient-enriched condition and
short-term photosynthesis experiment under nutrient-depleted condition. Finally, this
study discusses how this alga is adaptive throughout these life stages under oligotrophic
coastal environments. The aim of this study is to broaden current knowledge of
year-round P dynamics for canopy-forming temperate seaweeds. The P dynamics of S.
macrocarpum along with the growth stages examined in this study have many

contributions in the field of aquatic plant physiology.



Chapter 11
Phosphorus uptake and demand during growth and maturation of

Sargassum macrocarpum

2.1 Introduction

According to previous studies (Thomas et al. 1985; Yoshida et al. 2011; Sato et
al. 2016), the N uptake characteristics of seaweeds vary with life stage. The ammonium
and nitrate uptake rates of germlings or younger sporophytes in Fucus distichus and
Undaria pinnatifida were relatively higher than those of mature sporophytes (Thomas et
al. 1985; Sato et al. 2016). However, the variations of P uptake characteristics with
different life stages are poorly understood. The estimated uptake rate for phosphate in
Saccharina ochotensis during the growing period varied little from January to July 2001
(Sato & Agatsuma 2016). In situ uptake rates of phosphate, estimated by the subtidal
seaweeds, varied seasonally with the seasonal patterns of P contents in their tissues
(Douglas et al. 2014). Indeed, the nutrient contents in tissues showed seasonality and
life stage-based variations coupled with changes in the external nutrient concentrations
(Niel 1976). These findings hypothesize that the uptake characteristics of nutrients work
closely with the nutrient accumulation which can facilitate the active growth of young
sporophytes.

The P demands of seaweeds were estimated based on the relationship between
the growth rates and critical P-tissue contents (Q.) needed to maintain maximum growth
rate (Pedersen et al. 2010). In fact, the Q. was calculated from a non-linear model (i.e.,
Droop model) described by plotting growth rates against total P contents in tissues

(Hanisak 1979). The P demand is assumed to be estimated by light-saturated
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photosynthesis determined as a proxy for the maximum growth rate (Pedersen et al.
2010). However, the photosynthetic parameters for seaweeds have been found to vary
with the thallus location. In macroalgae with leathery, leaf-like sections (hereafter, these
sections of the thallus will be referred to as leaves) or cartilaginous branches,
photosynthesis can occur throughout the thallus (Gao & Umezaki 1988, Gao 1991). In
various parts of the S. macrocarpum thallus, the maximum photosynthetic rate (Pmax)
was found to be highest in the upper leaves, followed by the lower leaves, bladders, and
main branches (Murase 2000a). The Pmax and dark respiration rate of S. fusiforme were
also much higher in the receptacles compared to the leaves (Zou & Gao 2005). Thus, it
Is predicted that there is a difference in P demand between the juvenile, which is
composed of a main branch and some leaves, and the adult, which is composed of a
main branch and many leaves, bladders, and receptacles.

The purpose of Study 1 is to estimate the annual variations between the in situ
uptake rate and growth-related demands for P during the growth and maturation periods
of S. macrocarpum. This study developed a hypothesis indicating that these annual
variations vary depending on not only the seasonality of environmental factors, but the
life stage of S. macrocarpum. In Study 1, the phosphate uptake Kkinetics and
photosynthetic parameters were examined by monthly incubations and fitted to a model.
Concurrently, the concentrations of dissolved inorganic nutrients and photosynthetically
active radiation (PAR) in in situ environments, and nutrient contents in tissue were

monitored every month.
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2.2 Materials and methods
2.2.1 Field observation

In this study, the collections of algal samples and measurements of
environmental factors (Figure 2-1) were conducted within seaweed beds in Arikawa Bay,
Nakadori Islands, Nagasaki, Japan (32°59'17.0"N; 129°07'07.3"E). The coastline of
Arikawa Bay is composed of wave-dissipating blocks and large natural rocks. In the
subtidal zone (2-7 m depth), S. macrocarpum, Dictyopteris prolifera and D. undulata
were dominant throughout the year, however S. horneri and S. thunbergii were only
found during spring and early summer. This coastal area is characterized as a P-depleted
environment, as reported by a previous investigation (Tsuchiya et al. 2018).

To monitor PAR, a cosine-corrected PAR sensor (Odyssey, Dataflow Systems
Ltd.) was attached on the seabed inside the Sargassum beds. The PAR data was
monitored every 15 minutes. To monitor in situ nutrient concentration, seawater samples
were collected at the surface and within the Sargassum beds (~7 m deep) once a month.
The particles contained in water samples were immediately removed through 0.45-um
pore size filters (Millex SLHA, Millipore). The filtered samples stored in 10-mL plastic
tubes were transported to the Institute for East China Sea Research at Nagasaki

University and were stored in a freezer (< -20°C) until nutrient analysis.

2.2.2 Collection of seaweeds

The experimental design and the procedure of Study 1 are shown in Figure 2-2.
The collections of S. macrocarpum were conducted in Arikawa Bay (1-5 m deep) every
month between December 2017 and January 2019 other than January 2018. The tested

samples were collected with permission from local fisheries cooperatives after required
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procedures. The algal collections in this study were based on the life stages through the
juvenile and mature thallus for S. macrocarpum. The maturation of Sargassum species
is generally induced from early summer, thus producing antheridium and oogonium on
receptacles (Murase and Kito 1998; Cho et al. 2012). In this study, as the formation of
receptacles in apical tissue of S. macrocarpum were observed during May and August in
2018, the “maturation period” of this alga was defined as the period. To track yearly
morphological changes, the collections of the juveniles (2nd generation) continued
between September 2018 and January 2019. Hence, growth periods in this study were
divided into two periods as follows: “first-growth period”: December 2017 to April
2018; “second-growth period”: September 2018 to January 2019. Specimens collected
during monthly sampling events were kept in cooled boxes and were immediately
transported to an 80-L storage tank at the laboratory. The collected samples were
pre-cultivated below a light shielding net under natural sunlight (ca. 500 umol photons
m~? s 1) and ambient temperature until the experiments started. Sand-filtered seawater

was continuously supplied to the samples.

2.2.3 Nutrient uptake kinetics

To examine the phosphate uptake characteristics of S. macrocarpum, the algal
samples were incubated under multiple concentrations of nutrients (Figure 2-2;
Incubation 1). All individuals used for Study 1 were collected based on life stages to
compensate different wet weights (WW; 1.4-83.2 g-WW). Prior to the experiments,
samples were gently rinsed with filtered seawater (< 0.5 pum) to remove fouling
organisms on algal surface. The large PVC tank used for experiments (Figure 2-3) was

indoors in the institute. A LED lamp (High spec high disk V2, Nichido Ind.Co., Ltd.)
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was set just above the tank to provide saturated irradiance. Plastic buckets (13-L
volume; n = 3) were placed inside the tank and seated under the lamp to provide even
irradiance to the buckets. Tested samples (n = 3) were incubated in each bucket, which
was filled with filtered seawater. The sample buckets were sealed by a transparent
acrylic board, and immersed into the seawater to prevent the loss of dissolved oxygen
(DO) and fluctuations in temperature during incubation. A mini pump was used to
vertically stir the filtered seawater in each bucket while the samples were fixed on the
bottom of the bucket by weights.

The seawater in each bucket was enriched with sodium nitrate (NaNO3),
ammonium chloride (NH4CI), and sodium dihydrogen phosphate (NaH,PQO,). The
nutrient conditions were adjusted with 5 different concentrations as follows: ammonium
and nitrate concentrations at 40, 80, 160, 320 and 500 uM and phosphate concentrations
at 2, 4, 8, 16 and 25 uM. The N:P ratio of the nutrient conditions was constant at 20 to
examine uptake characteristics for P and N. The algal samples (n = 3) were pre-cultured
with a nutrient-depleted condition for more than 24 h. To quantify the nutrient uptake
rates, incubation periods were selected according to the size of tested samples as
follows: 4-6 h for mature thalli (July and August 2018); 1-2 h for juveniles (the other
months mentioned above).

Triplicate seawater samples (10 mL) for nutrient analysis were collected from
each bucket between before and after the incubation. Ammonium, nitrate, and phosphate
concentrations of seawater samples were analyzed by an auto-analyzer (SWAAT,
BL-TEC), in reference to previous method (Parsons 2013). The rate of nutrient uptake
(umol g *-DW h™') was estimated based on the depleted nutrients in the medium over a

given incubation period and were represented using the following equation:
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(NO - Nt) X Vol
DW X t 1)

uptake rate =

where Ng and N; are initial and final concentrations of nutrient (uM), respectively; Vol is
seawater volume (L); DW is algal dry weight (g-DW); and t is incubation period (h).
Michaelis—-Menten function was fitted to the relationship between the calculated uptake
rates at each nutrient condition and the average concentration during incubation, based

on least-square regression:

Vinax X S

V=
K, + S 2)

where V is uptake rate (umol g 'DW h™); Vinax is maximum uptake rate (umol g 'DW
h™); S is nutrient concentration of substrate (UM); and K, is half-saturation constant
(UM). In addition, the ratio of Vinax to K (Vmax/Km) Which quantifies the availability of

nutrient at low nutrient concentration was estimated in this study (Healy 1980).

2.2.4 Photosynthetic response

To examine algal photosynthetic rate of S. macrocarpum, the samples were
incubated under multiple light conditions (Figure 2-2; incubation 2). The photosynthetic
rates were estimated as oxygen production under dark (0 pmol photons m 2 s *) and 5 or
6 light conditions (40-600 pmol photons m 2 s *). The experimental arrangement was
the same as former one. After more than 15-min acclimation to each light condition, the
incubations were conducted for 30-60 min. Respiration rate was measured in dark
condition. Net photosynthetic rate was estimated under light conditions. The highest
irradiance (~600 pmol photons m 2 s %) was provided without light obstruction and the

lower irradiances (~40-350 pmol photons m 2 s %) were supplied using a lightproof
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sheet. The light-saturated photosynthetic rates were evaluated by using a
photosynthesis-irradiance (P-1) curve (Equation 4).

Prior to the photosynthetic experiment, the PAR sensor was calibrated outdoors
from early morning to after sunset. The light intensity recorded by the PAR sensor was
estimated from < 10 pmol photons m 2 s * to ~2,100 pmol photons m 2 s * by means of
a LI1-190 quantum sensor (LI-COR Biosciences). To measure the integrated photon flux
density (umol photons m 2 s %) during incubation, the PAR sensor recorded every 10
min. Additionally, temporal changes in DO and temperature during incubation were
measured every minute using a DO logger (ProODO, YSI Inc.). The DO concentrations
linearly changed with experimental period. The photosynthetic rates (P,) and respiration

rates (Rq) over the experimental periods were calculated by the following equation:

([0,]¢ — [03]) % Vol
WW X t 3)

P, and Ry =

where [0,]o and [O,]; represent the initial and final DO concentrations (mg L™),
respectively; Vol is seawater volume (L); WW is algal wet weight (g-WW); and t is
incubation period (h). The P-I curve was fitted to the calculated photosynthetic rates

against light intensities (e.g., Jassby and Platt 1976):

(04
Phet = Pmax (1 — €xp <_ P E>> — Ry )
max 4

where P is net O, production rate (mg O, g *WW h™Y); Ppax is maximum O,
production rate (mg O, g "WW h™); « is an initial slope of photosynthesis versus
irradiance; E is incident irradiance; and Ry is respiration rate. The saturation irradiance

(Ex) was calculated from Ppa/a. The compensation irradiance (E;) was estimated by

Prax I (dem—) /o (Fujimoto et al. 2014).

_Pmax

16



To evaluate maximum growth rate, the values subtracting Ry from Ppax Were
determined. Additionally, based on monthly average of in situ PAR monitored at the
bottom of Arikawa Bay, in situ growth rate was estimated from the photosynthetic rate
by assigning PAR to P-I curve. The growth rate was estimated based on photosynthetic
quotient (PQ) ratio, expressed as a molar ratio of CO, uptake to O, release (e.g.,
Thomas & Wiencke 1991; Rosenberg et al. 1995; Mercado et al. 2003). In this study, a
review of median PQ ratios (1.29 mol CO, mol * O,), 10% and 90% percentiles (1.05 to
2.22 mol CO, mol™ 0,) were referred to estimate the growth rates (Pedersen et al.
2010). These ratios were multiplied by the estimated photosynthetic rates (mg O,
g 'WW h™). The daily growth rate (g C g tissue C d ') was converted to relative
growth rate (d™%), assuming diurnal period (ca. 12 h) recorded from December 2017 to

January 2019.

2.2.5 Phosphorus demand

To analyze the total C and P contents of the algal samples, they were dried at
60 °C until the DW was stable. The dried S. macrocarpum samples were divided into
leaves, branches, and holdfast, and the leaves were only broken into a powder by means
of a small pestle and mortar. The total C contents were measured with a CHN analyzer
(FLASH 2000, Thermo Fisher Scientific). Prior to the analysis of the total P contents,
the mixture of tiny amount of powdered samples (approximately 0.1 g-DW) with a 2%
aqueous solution of K,S,0g was autoclaved at 120 °C for 30 min. After the
pre-treatment, the total P contents were measured by the nutrient auto-analyzer.

The P demands (umol g *DW d*) were estimated by multiplying the calculated

growth rate (d %) by the P-tissue content (umol P g *DW) in this study. The maximum
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demands were calculated from maximum growth rates, and in situ demands were based
on in situ growth rate. To evaluate the annual variation of P demands during the growth
and maturation periods, the monthly changes in these growth rates and P-tissue contents

were analyzed.

2.2.6 Statistical analysis

Statistical analyses and model fittings were done using R version 3.3.4 (R
Development Core Team 2019). To reveal the seasonal differences between P-uptake
rate and demand in S. macrocarpum, the pairwise comparisons were analyzed by using
two-sample t-test, leading to a systematized analysis for which seasons this alga is

exposed to P limitation.

2.3 Results
2.3.1 Environmental factors

The in situ PAR monitored in Arikawa Bay seasonally changed and was
relatively low during winter and high during summer (Figure 2-4a). The seasonal
change in in situ phosphate concentration was also observed; relatively higher
(~0.2-0.3) in winter and lower (~0.1 puM) in summer (Figure 2-4b). The nitrate
concentrations also varied seasonally with a peak during spring (Figure 2-4c). The

ammonium concentrations fluctuated ranging from ~0.1 uM to ~0.9 uM (Figure 2-4d).

2.3.2 Phosphorus uptake
The uptake rates for phosphate increased with rising DIP concentrations from

culture medium then saturated (Figure 2-5). The kinetic parameters of phosphate uptake
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are shown in Table 2-1. The V. for phosphate seasonally changed, with a peak in
January (1.73 umol g DW h™). There was no trend of the Ky, ranging from 4.7 uM in
March 2018 to 10.5 uM August 2018. The seasonal change in the ratio of Vmax to Ky,
(Vmax/Kn) for phosphate was found and relatively higher in winter than summer. The
annual variations of Vmaxx and Vma/Km coincided with in situ concentrations for
phosphate. Additionally, the experimental temperature seasonally varied, from 15.0°C in
February 2018 to 28.6°C in August 2018 (Table 2-1). The temperature during incubation

for up to 6 h was stable.

2.3.3 Photosynthetic characteristics

The net photosynthetic rates tended to increase with raising PAR, and saturated
at higher PAR levels (Figure 2-6). The photosynthetic parameters obtained by P-1 curve
are shown in Table 2-2. The Pmax during the growth period were relatively higher than
those in the mature period, ranging from 0.33 mg O, g *WW h™* in February 2018 to
1.19 mg O, g*'WW h™* in March 2018. No seasonality in o (initial slope of the
photosynthetic rate versus irradiance) and Ry were observed, but these values were the
highest in December 2017 (0.016 + 0.009) and August 2018 (0.23 mg O, g "WW h™),

respectively. The highest values of Ey and E. were observed in August 2018.

2.3.4 Phosphorus contents in tissues and growth rate

The total P content increased from December 2017 to the highest in March
2018 and was constantly low (Figure 2-7) corresponding to low in situ concentrations
for phosphate (Figure 2-4b). The estimated maximum growth rates tended to be higher

during the two growth periods compared to the maturation period, ranging from 0.002
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d ! in February 2018 to 0.007 d * in March, October, and December 2018 (Table 2-3).
The in situ growth rate, calculated from in situ PAR, ranged from 0.001 d' in
December 2017 and February 2018 to 0.005 d* in March, September, and October

2018 (Table 2-3).

2.3.5 Uptake rate and demand of phosphorus

The P-uptake rate estimated by in situ concentrations of DIP seasonally
changed, and was relatively low (~0.2 pumol P g *DW d*) between spring and late
summer, and high (~0.4 to 1.7 pmol P g 'DW d ) in winter (Figure 2-8). The maximum
P-demands were relatively low (~0.3 pmol P g "DW d™*) in winter and the highest (1.44
umol P g 'DW d %) in March 2018. Thereafter, the P demand between May and August
2018 during maturation period (~0.5 pmol g 'DW d %) was relatively lower than that
between September 2018 and January 2019 during second growth period (~0.7 pumol
g 'DW d ) (Figure 2-8). In addition, the in situ demand for P increased from the lowest
(0.12 umol P g 'DW d ™) in December 2017 to a single peak in March 2018 (1.02 umol
P g'DW d ™), and then changed with a constant (0.20-0.52 pmol P g *DW d %) until

January 2019 (Figure 2-8).

2.3.6 Relationship between uptake and demand of phosphorus

The differences between the P-uptake rate and demand were compared
seasonally. During winter, the uptake rates were significantly higher than the in situ
demand (Figure 2-9; p = 0.016). During spring, summer, and autumn, the median in situ
demand exceeded the median uptake rate, but significant difference was only found in

summer (Figure 2-9; p = 0.033). Consequently, the relationship between uptake rates
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and demand for P changed with season. Additionally, the uptake rate was inadequate to
meet the demand during the late growth period to the maturation period, resulting in P

limitation for approximately 26 weeks (Figure 2-8).

2.4 Discussion
2.4.1 Annual change in phosphate uptake kinetics

Given that annual changes in in situ phosphate concentrations and Vmax/Km for
phosphate showed a similar trend, S. macrocarpum seem to experience high ample
phosphate when ambient concentration in Arikawa Bay was relatively high. The
increasing trend in Vmad/Kn (increase of Vmax and constant Ky,) suggests heightened
characteristics to take up nutrients at low ambient concentrations (Dunlop et al. 1997;
Harrison & Hurd 2001; Perini & Bracken 2014). According to Douglas et al. (2014), the
in situ uptake rates for phosphate examined in subtidal algae (Melanthalia abscissa and
Pterocladia lucida) were the highest when peaks in P contents in tissue were found
under an intermediate level (~0.4 uM) of the in situ phosphate concentration. Generally,
the increased growth rates are induced by the increases of water temperature and in situ
PAR from spring onward. Thus, seaweeds have high P-requirement and the large

amount of P input is enhanced by a demand-driven uptake of phosphate.

2.4.2 Growth characteristics during growth and maturation periods

The physiological changes of S. macrocarpum in this study have a similar
pattern to those from a previous study (Murase & Kito 1998). Estimated annual
variation of in situ growth rates (0.001 day * to 0.005 day ‘) of S. macrocarpum

examined in this study was lower than the experimental values from a previous study
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(Ohtake et al. 2020a). During semi-continuous cultivation for 10 days, the specific
growth rates in the nutrient-enriched conditions (0.015 to 0.025 g-WW day ™) were
significantly higher than those in the non-enriched conditions (0.006 g-WW day™)
(Ohtake et al. 2020a). Growth rates of Sargassum species examined by previous studies
(Lapointe 1986; Endo et al. 2013b) tend to be higher than those of S. macrocarpum
estimated in this study. Endo et al. (2013b) examined that there were no significant
differences (p < 0.05) in relative growth rates of S. patens cultivated with nutrient
enriched medium (0.06 g-WW day ™) and nutrient-depleted condition (0.06 g-WW
day ) at 20 °C and 30 °C. Additionally, the growth rates of S. fluitans and S. natans
cultured in phosphate enriched medium were ranging from 0.05 to 0.08 g-WW day*
(Lapointe 1986). From a methodological point of view, the photosynthesis-based growth
rate in this study may be an underestimate compared to the WW-based growth rate. In
fact, although the C assimilation during night was previously identified in the C
metabolism of temperate macroalgae (Kremer 1981), the estimated growth rate in this
study was derived from the C assimilation through photosynthesis during the daytime.
In a brown alga Laminaria hyperborea, the C assimilation rate in dark condition was
approximately 5% of those in light-saturated condition (Kfippers and Kremer 1978).
Hence, the estimation process of the photosynthetic growth rate in S. macrocarpum
ignores the processes of the dark assimilation. Additionally, the intracellular C discharge
may need to be considered as a possible reason for the underestimation of growth rate.
According to a previous study (Suzuki 1997), the parts of the total macroalgal
production lose in the form of organic C. The estimation process used in this study
allows evaluation of the algal photosynthetic growth rate in the short-term, and remains

to be improved for the accuracy.
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2.4.3 Availability and dynamics of phosphorus contents in tissues

The nutrient-tissue levels of seaweeds infer the internal nutrient status and are
involved in growth and maturation (Mizuta et al. 2003). The high-energy compounds
(e.g., ATP) play a vital role in energy transfer during the photosynthesis process
(Cembella et al. 1984). Indeed, a peak in the total P contents of S. macrocarpum
coincided with the highest growth rate (Figure 2-7; Table 2-3). To develop reproductive
tissues (e.g., gametes and spores) during maturation, the mature individuals require P
and utilize the P contents in tissues. The kelps Undaria pinnatifida and Alaria
crassifolia sustain high levels of P reserves to form sporophyll and zoospore (Kumura et
al. 2006), and Saccharina species require critical tissue contents for N and P to develop
reproductive sori (Nimura et al. 2002). This indicate that the Laminariales (i.e., kelp)
commonly mature when an ambient concentration of nutrients are high (i.e., winter).

However, the maturation of Sargassum species (i.e., S. macrocarpum)
coincides when P-tissue contents and external P concentration are low (Figure 2-7;
Yatsuya et al. 2008). This critical phase can be related to the storage capacity that is
defined as the period that the nutrient-tissue contents are available to sustain growth
with no uptake from ambient DIN and DIP (Pedersen et al. 2010; Pedersen & Johnsen
2017). Thus, the P-storage capacities of S. macrocarpum require evaluation based on the

relationship between the estimated growth rates and total P-tissue contents.

2.4.4 Relationship between uptake and demand of phosphorus
Pedersen et al. (2010) examined whether P-uptake kinetics and growth-related

P demands differed systematically among fast- and slow-growing algae. Slow-growing
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algae can assimilate more ambient nutrients at low concentrations due to low P
requirement, or continue the growth during summer by using P-tissue contents obtained
during winter, when nutrient availability is high. Indeed, slow-growing species have
both strategies to continue the growth potential under P-depleted environment (Pedersen
& Borum 1996, 1997; Pedersen et al. 2010). The balance between uptake characteristics
and inherent demands for nutrient, and thus the risk of suffering nutrient limitation, is
approximately related to specific growth rate. Fast-growing species permanently or
periodically suffer from nutrient limitation, while slow-growing species have a
competitive advantage in low nutrient availability due to low nutrient demands
(Pedersen & Borum 1996, 1997; Pedersen et al. 2010).

Compared to previous study (Pedersen et al. 2010), the balance of the P uptake
and demand in S. macrocarpum would be similarly characterized as a slow-growing
species. However, the uptake rate only exceeded the in situ demand in winter (Figure
2-8). This indicates that the P-uptake could not meet the demand under P-depleted
conditions during spring and summer. However, S. macrocarpum can probably meet the
demand by means of the following characteristics: (1) an elevated availability of P
supplied through rainfall event within a short period, and (2) an effective use of P

contents in tissue (high P-storage capacity).
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Table 2-1 Nutrient-uptake kinetics (V .., K, and V., /K.,) of Sargassum macrocarpum and experimental temperature during the growth
(December 2017 to April 2018 and September 2018 to January 2019) and maturation (May 2018 to August 2018) periods (Ohtake et al.
2020b modified). The dashed line in this table represents the switch between maturation and growth periods.

Year Month Vmax K ViwdKin Experimental

T4

temperature*
(umol g “DW ™) (uM) (LgDwh?) ()

2017 Dec. 0.95+0.16 5.02+2.18 0.13 16.8+0.4 0.75

2018 Feb. 1.76%0.31 7.12+2.80 0.14 15.0%0.3 0.84

Mar. 0.33%+0.05 4.68+1.78 0.04 15.5%0.7 0.76
A 061011 784%302 005 194405 084

May 0.24+0.04 7.451+2.86 0.02 21.7+0.7 0.84

Jun. 0.24%0.05 7.86%+3.65 0.02 23.3+0.9 0.77

Jul. 0.15+0.02 7.02+2.11 0.01 26.9%+0.9 0.89
_______ Aug. 0324007 1050512 002 286%06 086

Sep. 0.85+0.18 9.45+4.55 0.06 23.9%+0.7 0.77

Oct. 1.05+0.16 6.45+2.54 0.13 22.7+0.7 0.86

Nov. 0.80%+0.13 7.61+3.09 0.08 19.2+0.4 0.83

Dec. 1.40%0.21 6.16+2.41 0.17 18.2%0.7 0.83

2019 Jan. 1.73%0.20 10.26+2.61 0.15 155+1.2 0.93

*: The experimental temperature was measured with a dissolved oxygen (DO) logger every minute during photosynthetic experiments
each month. V. maximum uptake rate; K.: half-saturation constant; r?: coefficient of determination. Shown are the means and
standard error of the means (n = 3).
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Table 2-2 Photosynthetic parameters of Sargassum macrocarpum during growth (December 2017 to April 2018 and September 2018 to
January 2019) and maturation (May 2018 to August 2018) periods (Ohtake et al. 2020b modified). The dashed line in this table represents
the switch between maturation and growth periods.

Year Month Prax a Ry Ex Ec r
(mg 02 g *'ww h™?) (mgO*g*wwh?  (mgO?gwwh?) (umolm?s?t  (umolm?2s?)
(umol m2s )
2017 Dec. 0.58+0.09 0.016+0.009 0.15+0.08 37.2 9.4 0.74
2018 Feb. 0.33£0.02 0.003%0.001 0.06£0.02 115.6 21.6 0.93
Mar. 1.19+0.21 0.008+0.003 0.13£0.11 144.2 15.8 0.78
Ao 0682007 00050001 | 000£004 1316 167 092
May 0.65+0.08 0.003+0.001 0.06£0.03 254.1 24.9 0.94
Jun. 0.41+0.05 0.002+0.001 0.07£0.03 187.7 30.4 0.88
Jul. 0.61£0.05 0.004+0.001 0.10£0.02 172.5 27.8 0.95
CAUg 0.64+005 0002+0.000 | 023+002 3047 ...1098 095
Sep. 0.92+0.18 0.004+0.001 0.03£0.06 209.1 7.6 0.87
Oct. 1.10+0.19 0.005%0.002 0.16%0.11 210.1 30.1 0.79
Nov. 1.01+0.13 0.004+0.001 0.07£0.04 277.4 18.2 0.94
Dec. 1.11+0.10 0.009+0.002 0.16+0.07 126.9 18.0 0.91
2019 Jun. 0.74£0.10 0.003+0.001 0.06£0.04 234.6 21.7 0.93

Pax. Maximum O, production rate; o: initial slope of the photosynthesis versus light intensity; R,: respiration rate under dark condition;
E, :saturation irradiance; E,: compensation irradiance; r?: coefficient of determination. Shown are the mean + S.D. (n = 3).



Table 2-3 Maximum and in-situ growth rates of Sargassum macrocarpum during the growth (December 2017 to April 2018 and
September 2018 to January 2019) and maturation (May 2018 to August 2018) periods (Ohtake et al. 2020b modified). These growth rates
were estimated with the photosynthetic quotient (PQ) ratio. The dashed line in this table represents the switch between maturation and

Lc

growth periods.

Maximum growth rate

In situ growth rate

Year Month (@) (@)
Medium 10-90 percentiles Medium 10-90 percentiles
2017 Dec. 0.003 0.002-0.004 0.001 0.001-0.002
2018 Feb. 0.002 0.001-0.003 0.001 0.001-0.002
Mar. 0.007 0.006-0.012 0.005 0.004-0.009
________ Apr. 0004 00030007 0004 00030007
May. 0.004 0.003-0.006 0.003 0.003-0.006
Jun. 0.003 0.002-0.004 0.003 0.002-0.004
Jul. 0.003 0.003-0.006 0.003 0.003-0.005
________ Aug. 0003 00020004 0002 00020003
Sep. 0.006 0.005-0.011 0.005 0.004-0.008
Oct. 0.007 0.006-0.012 0.005 0.004-0.008
Nov. 0.006 0.005-0.010 0.003 0.002-0.005
Dec. 0.007 0.006-0.012 0.003 0.003-0.006
2019 Jan. 0.005 0.004-0.009 0.002 0.001-0.003

Median PQ ratios and 10% and 90% percentiles were reviewed by Pedersen et al. (2010).
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Figure 2-1 The map of Goto Islands, Nagasaki, Japan. The black circle represents the
sampling site of Sargassum macrocarpum in a subtidal coastal area in Arikawa Bay situated
in Nakadori Island (Ohtake et al. 2020c modified).
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Figure 2-2 The experimental design and the procedure of Study 1.
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Figure 2-3 The incubation system used in Study 1 and Study
2. The seawater tank was indoors at the Institute for East
China Sea Research at Nagasaki University and was
illuminated by a LED lamp (High spec high disk VV2). Three
13 L-plastic buckets were placed in a triangular shape in the
center of the tank and set just below one LED lamp to
maintain the constant and even light intensity to all buckets.
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Figure 2-4 Seasonal variations in PAR (a),
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Bay from December 2017 to January 2019. The
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Figure 2-5 Monthly change of phosphate uptake Kinetics: the relationship between phosphate
uptake rate of Sargassum macrocarpum and phosphate concentration from December 2017 to
January 2019. The Michaelis—Menten function was fitted to the data (n = 15) (Ohtake et al.
2020b modified).
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Figure 2-6 Monthly change of photosynthetic characteristics: the relationship between
photosynthetic rate of Sargassum macrocarpum and PAR from December 2017 to January 2019.
A photosynthesis-irradiance (P-1) curve was fitted to the data (n = 18-21) (Ohtake et al. 2020b
modified).
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Figure 2-8 Uptake rate, maximum and in-situ demands for P of
Sargassum macrocarpum during the first-growth (December 2017
to April 2018), the maturation (May 2018 to August 2018) and the
second-growth (September 2018 to January 2019) periods.
Maximum demand was estimated as the product of the maximum
growth rate and total P contents. In-situ demand was estimated by
the in-situ photosynthetic rate as a result of assigning
photosynthetically active radiation (PAR) to the photosynthesis-
irradiance (PI) curve. The range of error bars are expressed based
on 10% and 90% percentiles of photosynthetic quotient (PQ) ratios
(Pedersen et al. 2010) (Ohtake et al. 2020Db).
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Figure 2-10 Annual variations of uptake rates (a) and in-situ demands (b) for P in
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Chapter I11
Storage capacity for phosphorus during growth and maturation in

Sargassum macrocarpum

3.1 Introduction

Dissolved inorganic nutrients are playing a vital role in supporting of seaweed
physiology (Harrison & Hurd 2001). Uptake rates of nutrients are affected by the
continuous supply of nutrients through water exchange between algal surface and the
surrounding seawater, and specific nutrient availability (Douglas et al. 2014). Since
nutrient concentrations of temperate regions are often depleted due to the seasonality,
temperate seaweeds face temporal limitation of nutrients throughout their life history.
However, they can adapt to such unfavorable conditions since the nutrient storage in
their tissues (Ryther et al. 1982; Hanisak 1990), and the availability of the stored
nutrients under oligotrophic condition (Birch et al. 1981; Gordon et al. 1981) is
developed. Storage capacity of nutrients is clearly essential to quantify the availability
of internal nutrients in tissue to sustain a continuous growth with no uptake of external
nutrients (Pedersen et al. 2010). The storage capacities among species differ from
growth characteristics of seaweeds such as fast- and slow-growing species. Perennial
algae, characterized as a slow-growing, have the superior storage capacity to sustain
growth, and probably induce maturation in nutrient-depleted environment. However,
there is a still need for the long-term availability of internal P in accordance with their
life stages.

Phosphorus (P) contents in tissue are accumulated as various P compounds

such as nucleic acids, proteins and phospholipids (Chopin et al. 1990; Mizuta et al.
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2003). Although these intracellular P compounds have an influence on the processes of
growth and maturation, little is known about P dynamics in seaweed tissue. Yatsuya et al.
(2008) revealed that the P reserves accumulated in the apical parts of S. macrocarpum
have seasonal changes, and are more than those in the base during winter. Presumably,
phosphate-absorbed in seaweeds under P-replete environment can be formed as
growth-associated P compounds (e.g., nucleic acids) to induce growth and maturation.
Since juvenile and adult stages play different physiological roles, P-storage capacity of
S. macrocarpum may differ between these stages. Consideration is given to be clarified
how growth is sustained in seasonally oligotrophic environments throughout the life
stage.

The purpose of Study 2 is to evaluate the P-storage capacity of S. macrocarpum
during the growth and maturation periods. In this study, the P-storage capacity was
examined by the combination of two experiments as follows: (1) “pre-cultivation”
aimed to obtain algal samples with different nutrient-tissue contents under several
nutrient-enriched conditions; (2) “photosynthetic experiment” to evaluate the maximum
photosynthetic rates of S. macrocarpum as a proxy of maximum growth rates after
pre-cultivation. The P-storage capacity was estimated based on the relationship between

the growth rates and P contents in tissue, leading to estimation of how long this alga can

endure under P depletion condition.

3.2 Materials and methods
3.2.1 Field observation
To monitor the daily variations of the salinity and phosphate concentrations in

Arikawa Bay, daily water samplings every morning were conducted by skin diving with
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a plastic bottle (50 mL volume) at the surface (0 m depth) and near the surrounding of
the Sargassum beds in the bottom (ca. 5 m depth) in Arikawa Bay during the
experimental period from August 25 to 31, 2019. The amount of daily precipitation
(mm day %) in the Arikawa area (32°58.9'N; 129°07.1'E; 10 m height above sea level)
during the experimental period was referred to from the integrated data from Japan

Meteorological Agency (2019).

3.2.2 Collection of seaweeds

Collections of S. macrocarpum specimens were conducted in Arikawa Bay
(approximately 2 m deep) during the growth period (March 2019) and maturation
period (August 2019) (Figure 2-1). All specimens were immediately transported to the
institute at Nagasaki University, and kept in a storage tank under natural ambient light
and temperature condition. The continuous supply of the aerated- and sand-filtered

seawater to the specimens was to preserve their activity.

3.2.3 Pre-cultivation with nutrient supply

To provide tested specimens with a variety of nutrient-tissue contents, all
individuals were pre-cultured for 9 days in multiple nutrient-enriched conditions. Prior
to the experiments, diatoms and debris attached to the juvenile and mature thallus were
gently removed using filtered seawater. The algal wet weights (WW) ranged from 0.7 to
5.5 g WW for juveniles (n = 18) and from 2.5 to 6.0 g WW for mature thalli (n = 18).
Prior to the cultivations, three sub-samples were used to analyze the initial total P
contents (% DW) during the cultivation.

The experimental design and the procedure of Study 2 are shown in Figure 3-1.
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To induce the accumulation of P-tissue contents in the thallus, pre-cultivations of the
juveniles and mature thalli of S. macrocarpum were conducted under multiple-nutrient
conditions (Figure 3-1). Sodium nitrate (NaNO3z), ammonium chloride (NH4CI), and
sodium dihydrogen phosphate (NaH,PO,4) were supplied to 500 mL of filtered seawater
(< 0.5 um) in a 600 mL glass beaker. The nutrient-enriched media were prepared at the
following concentrations: 8, 60, 120, 240 and 400 uM ammonium and nitrate and 0.4, 3,
6, 12 and 20 uM phosphate. The highest nutrient concentration treatment was labeled
“1”, and the subsequent conditions were labeled 2, 3, 4, and 5, which corresponded with
a high to low gradient of nutrient conditions. Specimens were assigned to all treatments
(n = 3) with an equivalent WW distribution. All beakers filled with the culture media
were set in an incubator (MLR-350HT, SANYO; Figure 3-2). The culture media were
gently aerated by using an air pump. The low irradiance (ca. 80 pmol photons m 2 s * in
a 12: 12 h light-dark cycle) was supplied to all beakers to enhance the nutrient
accumulation in tissues during the cultivation rather than growth. The temperatures
were actually set to 18 °C (x1 °C) in March 2019 and 25 °C (£1 °C) in August 2019.
The exchange of culture media was conducted every 3 days to recover the initial
nutrient concentration in each treatment.

To monitor change in nutrient concentration during cultivation, triplicate
samples (10 mL) were collected from media every 3 days. The maximum quantum yield
(Fv/Fm) was measured before and after cultivation by using a Chlorophyll Fluorometer
(Pocket PEA, Hansatech) to measure the variations in photosynthetic activity of
specimens cultivated with different nutrient conditions. All specimens were immersed in
filtered seawater contained in a plastic tray (40 x 30 x 7 c¢cm) to acclimate a dark

condition for more than 15 min. The tray was placed in the incubator to keep a stable
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seawater temperature. Fv/Fm at 0 umol photons m 2 s * was measured after the dark
acclimation. Finally, the WW change of each specimen was monitored every 3 days by
using an electronic balance (0.1 mg accuracy). Prior to the measurement, moisture on
surface of specimens was removed by blotting with paper towels. After 9
days-cultivation, specimens were reused for incubation aimed to evaluate the maximum

photosynthetic rate.

3.2.4 Incubation under nutrient-depleted condition

In order to estimate the maximum photosynthetic rate of S. macrocarpum after
pre-cultivation, the specimens were incubated under nutrient-depleted and
light-saturated conditions (Figure 3-1). The large PVC tank was indoors in the institute
and illuminated by the LED lamp that can provide sufficient irradiance (ca. 500 umol
m 2 s to allow S. macrocarpum to keep light-saturated photosynthetic rate (Terada et
al. 2020; Study 1). Three 13 L-buckets were installed in the same arrangement as the
nutrient uptake-experiment (Chapter 2). All specimens were individually incubated in
each bucket, which was filled with fresh sand-filtered seawater. The recirculation flow
each bucket was provided by a mini pump.

The maximum photosynthetic rates were estimated in light-saturated irradiance.
Before deployment, the PAR sensor was calibrated by using the quantum sensor
according to the method mentioned above. The variations of DO and temperature over
time in each bucket were measured every 60 seconds by using the DO logger. The
photosynthetic rate (P,) was determined using Eq. (3).

In study 2, photosynthetic growth rates were estimated from photosynthetic

quotient (PQ) ratios (Pedersen et al. 2010). The growth rates were estimated assuming
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daily light exposure (ca. 12 h) and expressed in units of g C g * tissue C day . Finally,
the exponential growth rate (In unit day ") was calculated.
Photosynthesis based-growth rates were plotted against P-tissue contents, and

the Droop model was fitted to the data using least squares, non-linear regression.

Qs
U= tmax X {1 ——),

Q 5)

where 1 is relative growth rate (day ™), umax is maximum growth rate, Qs is subsistence
cell quota (in % DW)—the lowest P-tissue content that allows growth—and Q is
P-tissue concentration. The critical P-tissue content (Q.) is defined as the P-tissue
contents above which growth is not limited by a lack of the P contents in tissues. The P
requirements guaranteed to maximum growth rates were estimated based on the
observed maximum growth rate and critical P-tissue contents (i.e., Qc). Corresponding
to the intercept of the two lines between the maximum growth rate and the initial slope
of the curve (Pedersen & Borum 1996), the Q. was defined that the growth rate equaled
67% of the estimated z(max.

The magnitude of P that could be accumulated in tissue was calculated based
on the difference between the highest P-tissue contents (Qmax) and the Qs. The storage
capacity was evaluated using the following equation:

T = ln(Qmax) - ln(Qs)
H ' 6)

where T is the duration required for P consumption from Qma to Qs and x is the
estimated growth rate (e.g., 67% Of zima; day ™).
Until nutrient analysis, filtered seawater samples (< 0.45 pm) stored in 10 mL

plastic tube were frozen (< -20 °C) at a deep freezer. Concentrations of dissolved
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inorganic-nitrogen (DIN) and -phosphorus (DIP) were measured by the nutrient
auto-analyzer, according to Parsons (2013). The little concentration of nitrate contained
in seawater is treated as parts of DIN concentration.

The specimens collected before and after the 2 phase-experiment were dried at
60 °C to remove moisture. The leaves of juveniles were separated between upper and
lower, whereas mature thalli were allocated to the leaves, receptacles and bladders. The
dried samples were powdered by a small mortar, and stored at a desiccator until analysis
for total C and P contents. Prior to the analysis, a small amount of the powdered
samples (ca. 1 mg-DW) were weighted using the electrical balance. Total C contents
were analyzed using the CHN analyzer. As the pre-treatment of analysis for total P
contents, the mixture of powdered samples (ca. 1 mg-DW) with a 2% aqueous solution
of K;S,0g was autoclaved at 120 °C for 30 min. After pre-treatment, total P contents

were measured by the nutrient auto-analyzer.

3.2.5 Statistical analysis
Statistical analyses were conducted using R version 3.3.4. The data were
analyzed by one-way ANOVA, and the differences among treatment means were

analyzed using Dunnett multiple comparison tests.

3.3 Results
3.3.1 Precipitation, salinity, and phosphate concentration

The daily changes in precipitation, salinity and phosphate concentration at
Arikawa Bay were shown in Figure 3-3. Precipitation from August 27 to 28 were more

than 60 mm day * and other sampling dates were less than 20 mm day * (Figure 3-3a).
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The daily change in salinity at the surface sharply decreased from 34.5 on August 26 to
29.0 on August 27 (Figure 3-3b) due to periodic precipitation and then maintained the
same level (ca. 31.0) (Figure 3-3a). No change in the daily salinity at the bottom was
observed during August 25 to 28, thereafter a decreasing trend was found (Figure 3-3b).
The daily variation of phosphate concentration at the surface sharply increased from ca.
0.1 uM on August 26 to 0.6 uM (the highest value) on August 27, and then a decreasing
trend was reported after the precipitation events passed (Figure 3-3c). On the other hand,
the phosphate concentration at the bottom was stable, ranging from 0.07 to 0.17 uM

(Figure 3-3c).

3.3.2 Phosphorus contents in tissues

During growth period of S. macrocarpum, the total P contents ranged from 0.36
+ 0.06% to 0.52 = 0.07% dry weight (DW) (Figure 3-4a), and those in treatment 1 and 2
after the cultivation were significantly higher than those in initial stages (Dunnett’s test:
t = 4.81, p = 0.004, df = 5; t = 5.42, p = 0.002, df = 5, respectively; Figure 3-4a).
Similarly, the total P content of mature thallus ranged from 0.36 + 0.02 to 0.52 + 0.10 %
DW (Figure 3-4b), and those in treatment 1 was significantly higher than those in initial
stages (Dunnett’s test: t = 2.93, p = 0.011, df = 8; Figure 3-4b).

In treatment 1, total P contents in the upper leaves of juveniles were
significantly higher than those in the lower leaves (T-test: t = 24.37, p = 0.002, df = 2;
Figure 3-5a). Focusing on mature thallus cultured in treatment 1, the total P content in
the receptacles tended to be significantly higher than those in the bladders (T-test: t =

5.71, p = 0.030, df = 2; Figure 3-5b).
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3.3.3 Maximum growth rate

Maximum growth rates of juveniles taken during March 2019 increased from
0.004 + 0.001 day * in treatment 5 to 0.006 + 0.001 day * in treatment 3, 4, and 5 (Table
3-1). On the other hand, no trend of maximum growth rates for mature thallus collected
during August 2019 was observed, ranging from 0.004 + 0.001 day * in treatment 2 to
0.005 + 0.001 day* in treatment 5 (Table 3-1). Maximum quantum vyields (Fv/Fm) of
juvenile and mature thallus during the cultivation were stable more than 0.6 in all

treatments (Table 3-2).

3.3.4 Storage capacity for phosphorus

Maximum photosynthetic growth rates during the growth period correlated
with the total P contents (Figure 3-6a), and the data can be fitted to the Droop model
(Equation 5). Conversely, during maturation period, no trend between maximum growth
rates and total P contents was found (Figure 3-6b). Critical P concentrations (Q) during
the growth period were determined by the lowest P content (119.5 pmol P g™* DW;
Table 3-3) because of the Qs (subsistence cell quota: 0.20 %-DW) deviated from the
data set. The Q. during the maturation period was defined as less than the lowest P
content (108.1 pumol P g ' DW) in this study (Table 3-3) because no results were
obtained relatively low growth rates at low total P contents in the experiment. Thus, u of
the juveniles and mature thalli were defined as 67% of the estimated highest growth rate.
The P requirements of the juveniles and mature thalli were 0.6 and less than 0.5 umol P
g ! DW day !, respectively (Table 3-3). The P-storage capacities during growth and
maturation periods (Equation 6) were approximately 19 weeks and more than 16 weeks,

respectively (Table 3-3).
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3.4 Discussion
3.4.1 Phosphorus pulse supply caused by rainfall

After the precipitation event on August 27 to 28, the salinity at the surface and
bottom was stable at low level (ca. 31.0) (Figure 3-3b). This is because low-salinity
water mass at the surface was transported to the bottom through vertical mixing.
However, since the average wind speed on August 27 to 28 was less than 3 m s 2, there
was scarcely wind-induced vertical mixing during this rainy period. Given that the
vertical mixing was caused by strong waves, P-contained in surface water may be
transported to the bottom where S. macrocarpum grow with dense patches. Thus, the
phosphate concentration at the bottom was stable throughout the sampling period
(Figure 3-3c), which means the balance between supply (i.e., horizontal and vertical
transportation) and loss (phosphate uptake by primary producers such as micro- and
macro-algae) for P.

To have better sense of the daily change in amount of precipitation (mm day %)
in the Arikawa area (32°58.9'N; 129°07.1'E) during 2019, the integrated data from
Japan Meteorological Agency (2019) was summarized in Figure 4-4. The daily
precipitation amounts, as well as the occurrence frequency of the precipitation events in
summer (i.e., May to August) in 2019, tended to be more than that during other seasons
(Figure 3-7). Therefore, there is evidence to support the hypothesis that the bioavailable
P supplied by rainfall is one of the important sporadic-nutrient sources for mature

thallus of S. macrocarpum exposed to P-depleted environments.
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3.4.2 Phosphorus storage for growth and maturation

The P compounds in tissue are stored as various macromolecules such as
nucleic acids, phospholipids, and proteins (Chopin et al. 1990; Mizuta et al. 2003).
These P-containing molecules are likely to play central roles in processes of growth and
maturation for seaweeds, although the P dynamics throughout their life cycles remain to
be clarified. In a previous study on N dynamics of Saccharina japonica (Mizuta et al.
1994), the total length decreased with rising ammonium contents in the apical tissues.
The N-reserves in the apical tissues are probably transported downward into a growing
point in the base of thallus, resulting in the survival in N-depleted environments (Mizuta
et al. 1994).

The P-tissue contents were higher in the upper leaves than the lower leaves
(Yatsuya et al. 2008), suggesting a high P-requirement to induce growth during winter.
In this study, as phosphate-absorbed into juvenile S. macrocarpum was accumulated at
the upper leaves (Figure 3-5a), the similar pattern in the distribution of P-reserves was
found. These results infer that the enhanced availability of P-reserves may lead to the
elongation growth, and this evidence is likely to be linked to the findings of N
dynamics.

During maturation period of seaweeds, an increased P-demand cause a
decreased P-tissue contents because of the release of gametes and spores. Kumura et al.
(2006) revealed that Alaria crassifolia and Undaria pinnatifida have high P-demands of
P-reserves to develop sporophyll and zoospores. According to Nimura et al. (2002),
Laminaria species also demand N- and P-tissue concentration above critical levels to
form reproductive sori. The findings in this study regarding higher P contents in

receptacles other than tissues (Figure 3-5b) suggest a possible function of P
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accumulation in reproductive tissue. Presumably, P compounds accumulated in S.
macrocarpum during winter may be transported to the P-requiring points until

maturation.

3.4.3 Growth characteristics

The maximum growth rates of S. macrocarpum examined through
photosynthesis experiments in Study 2 were within those variations (0.002 to 0.007
day ™) estimated by Study 1. Compared with a previous study (Pedersen et al. 2010), the
maximum growth rates of fast-growing Ulva lactuca (0.196 day ') and Ceramium
rubrum (0.136 day ') were particularly higher than those of two Fucus species (0.040
day ), slow-growing Ascophyllum nodosum (0.014 day™) and Laminaria digitata
(0.006 day ') (Table 3-3). Hence, S. macrocarpum seems to be characterized as a
slow-growing alga.

In study 2, the estimated growth rate («) of S. macrocarpum, defined as 67% of
the highest growth rate in photosynthetic experiment, may require more than 119.5
umol P g™* DW (0.37%-DW) of critical P-tissue concentration (Qc) (Table 3-3). Above
the Q. value (0.37%-DW), the growth rate is saturated and the amount of P is enough to
be accumulated in tissues. On the other hand, when the P-tissue content is lower than
the Q. value, the P-limited growth is expected to be found. In Study 1, total P content in
September 2018 during second-growth period ranged from 0.29 to 0.33%-DW, resulting
in below the Q. value (Figure 2-7). This result appears to be reflected in the aftereffects
of P-limitation during summer. Conversely, maximum growth rate which was obtained
on March 2018 during the first-growth period (Table 2-3) coincided with the highest

total P content (ca. 0.6% DW) (Figure 2-7). This indicates the highest P-demands for
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rapid growth (Figure 2-8). These physiological responses lead to the increases in
P-storage capacity.

The Fv/Fm values from juvenile and mature thallus of S. macrocarpum
examined in this study did not change between the beginning and the end of
experiments in all treatments (Table 3-2). Lubsch and Timmermans (2019) investigated
the long-term changes in Fv/Fm, targeted for the perennial brown algae Saccharina
latissima and Laminaria digitata. Fv/Fm values in these tested algae exposed to
nutrient-enriched conditions (DIN: 50 uM; DIP: 3 uM) were stable with a high levels
(approximately 0.7) for more than 8 weeks. However, in case of nutrient-depleted
condition (DIN: 0 uM; DIP: 0 uM), these Fv/Fm values showed the significant decrease
throughout the experiment due to the gradual consumption of nutrient reserves in their
tissues. Based on these results, S. macrocarpum cultivated in multiple nutrient-enriched
conditions seems to be unaffected by nutritional stress-limitation, regardless of the life

stages.

3.4.4 Storage capacity for phosphorus

In this study, P-tissue contents in S. macrocarpum were utilized to support the
growth for 19 weeks during growth period and more than 16 weeks during maturation
period. S. macrocarpum was comparable in the P-storage capacities to slow-growing
species (Table 3-3; Pedersen et al. 2010). They have relatively low P requirements
(Table 3-3), and can absolve enough in situ P to meet the P demands during most of the
year, leading to potential adaptability to long-term oligotrophic conditions. On the other
hand, for fast-growing algae, the P contents in tissue last for only 2 weeks because of

high P requirements for fast growth (Table 3-3). Hence, slow-growing algae have a
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competitive advantage compared to fast-growing algae in oligotrophic environments
(Pedersen & Borum 1996, 1997; Pedersen et al. 2010). The availability of P-tissue
contents for maturation would be slow due to slow growth (Table 2-3) and low
P-requirements (Table 3-3). Therefore, the metabolism required for the formation of
antheridium or oogonium in S. macrocarpum may be maintained in nutrient-depleted
environments.

Contrary to the hypothesis in this study, the storage capacities were not
dissimilar between both periods due to similar growth rates (Table 3-1). Maximum total
P content of juveniles cultivated in Study 2 (Figure 3-4a) were comparable to those
during the growth periods in March 2018 (Figure 2-7) reported in Study 1. The
juveniles can utilize the P-tissue contents largely obtained in winter to continue to
growth under P-depleted environments, leading to high P-storage capacity. The high
potential to accumulate a large amount of P contents in mature thallus was clarified
through two-phase experiments in Study 2. However, the total P content of naturally
mature thallus exposed to P depletion over a long-term period was low (Study 1). The
estimated value (more than 16 weeks) should therefore be treated with considerable
caution. These findings would seem to imply that the actual availability for P-tissue
contents may be different between juvenile and mature thallus even if the potential
capacities for P storage are not largely different between them. Based on the results, the
use of external P supplied from rainfall is further essential to enhance the reproduction

and regrowth for mature thallus.
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Table 3-1 Maximum growth rates of Sargassum macrocarpum during the growth period (March 2019) and maturation period (August
2019) (Ohtake et al. 2020c). The growth rate was estimated with the photosynthetic quotient (PQ) ratio.

¢S

Treatment Growth period (Mar 2018) Maturation period (Aug. 2018)
Medium 10-90 percentiles Medium 10-90 percentiles
1 0.006 0.005-0.010 0.004 0.004-0.007
2 0.006 0.005-0.010 0.004 0.003-0.007
3 0.006 0.005-0.011 0.005 0.004-0.009
4 0.005 0.004-0.008 0.005 0.004-0.008
5 0.004 0.003-0.007 0.005 0.004-0.009




Table 3-2 The response of the maximum quantum yield (Fv/Fm)-at all treatments (1, 2, 3, 4, 5) in Sargassum macrocarpum during the
growth period (March 2019) and maturation period (August 2019) (Ohtake et al. 2020c). The day 0 was the initial Fv/Fm and day 9 was the
final Fv/Fm during in pre-cultivation.

€g

Treatment Growth period Maturation period
Day 0 Day 9 Day 0 Day 9
1 0.77 + 0.03 0.78 £ 0.01 0.76 £ 0.01 0.78 £ 0.01
2 0.74 + 0.06 0.77 + 0.02 0.72 +0.03 0.75+£0.01
3 0.75+0.03 0.77 £0.01 0.76 £ 0.01 0.69 + 0.03
4 0.75 + 0.06 0.75 + 0.03 0.74 £ 0.03 0.72 £ 0.03
5 0.76 + 0.06 0.74 + 0.02 0.76 £ 0.01 0.65 £ 0.04




Table 3-3 Calculated maximum growth rates, critical and maximum P-tissue concentrations, estimated P-requirements and storage capacity
that stored P can support maximum growth in 6 species of macroalgae reported from Pedersen et al. (2010) and S. macrocarpum from this
study (Ohtake et al. 2020c).

125

Species Max. growth rate Critical P-tissue Max. P-tissue P-requirements for  Storage capacity at
concentration concentration max. growth max. growth rate
(d1 (umol P g~! DW) (umolPg ! DW) (umolPg! DWd1) (week)

Ulva lactuca® 0.196 + 0.018 65.5 125 + 20 12.8 2
Ceramium rubrum® 0.136 + 0.012 142.9 186 + 22 19.4 1
Fucus vesiculosus ® 0.040 + 0.006 <38.7 173+ 7 <15 >10
Fucus serratus” 0.040 + 0.006 71.9 161 + 20 2.9 8
Ascophyllum nodosum* 0.014 + 0.003 48.1 90+9 0.7 12
Laminaria digitata 0.006 + 0.001 69.4 133 0.4 19
Sargassum macrocarpum 0.005 + 0.001 119.5 184 0.6 19
Growth season

Sargassum macrocbarpum 0.005 + 0.001 <108.1 173 <0.5 >14

Maturation season

a: Pedersen et al. 2010; b: this study
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Figure 3-1 The experimental design and the procedure of Study 2.
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Figure 3-2 The incubator (MLR-350HT) used in study 2. The
600 mL-glass beakers with a total volume of 500 mL of
seawater enriched with NaNO,;, NH,CI| and NaH,PO, were
set in the incubator. In all beakers, the culture media were
gently supplied with air pumped through sterile silicon tubes.
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Figure 3-3 Daily changes in precipitation (a), salinity (b) and phosphate
concentration (c) in Arikawa Bay during experimental period from August 25
to 31, 2019. The amount of daily precipitation (mm day 1) in the Arikawa area
(32°58.9'N; 129°07.1'E; 10 m height above sea level) during the experimental
period was referred to the integrated data from Japan Meteorological Agency
(http://mwww. jma.go.jp/jp/typh/). The samples of the salinity and phosphate
concentration in Arikawa Bay were collected at the surface (black mark; 0 m
depth) and the near surrounding of the Sargassum beds in the bottom (white
mark; ca. 5 m depth).
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Figure 3-4 Total P content of Sargassum macrocarpum
during the growth period (a; March 2019) and maturation
period (b; August 2019) in initial and 9 days after culture in
each treatment (1, 2, 3, 4, 5). Total P content is expressed as
mean = one standard deviation and the p-values are
determined with a Dunnett’s test (Ohtake et al. 2020c
modified).
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Figure 3-5 Total P contents of upper and lower leaves (a), and
those of leaves, receptacle and air bladder (b) of Sargassum
macrocarpum in initial stage and each treatment (1, 2, 3, 4, 5).
Total P content is expressed as mean = one standard
deviation and the p-values are determined with a t-test
(Ohtake et al. 2020c modified).
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Figure 3-6 The relationships between total P
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(Ohtake et al. 2020c modified).
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Chapter IV

General discussion

4.1 Future prediction for nutrient environment

The anthropogenic oligotrophication of coastal regions has caused long-term
changes in global- and local-scale nutrient cycles. Regionally, to eradicate the risk of
eutrophication, countermeasures reducing anthropogenic P loadings from wastewater
treatment have been promoted in developed counties (Conley et al. 2000; Yamamoto
2003; Howarth and Marino 2006; Nishikawa et al. 2010a). Consequently, the
oligotrophication trend has been site-specifically found in coastal areas adjacent to
megacities (watershed population: more than 10 million) such as Tokyo Bay (Kubo et al.
2019), Osaka Bay (Yamamoto et al. 2017) and Shenzhen Bay (Zhou et al. 2020). The
phosphate concentrations in the surface waters of Tokyo Bay were frequently below
detection limits (< 0.05 uM) during spring and summer after the 2000s (Kobo et al.
2019), reflecting the effect on reduced P loadings. Importantly, the incidence of P
depletion will have increased effects in the coastal embayment of developed countries.
In these circumstances, regime shifts from opportunistic macroalgae-dominated states to
seagrass-dominated states were observed in Mediterranean lagoons, probably due to
oligotrophic trajectories with the EU water framework directive (Le Fur et al. 2019).
The dynamic cross-interaction between the vegetative shift to avoid loss of macrophytes
(i.e., barren grounds) and oligotrophication remain to be clarified in Mediterranean
lagoons. Hence, the anticipated regime shift under oligotrophication trajectories may
require more long-term monitoring.

On a global scale, EI Nifio events in the equatorial Pacific cause
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oligotrophication of surface waters, subsequently leading to macroalgal deforestation
(Tegner and Dayton 1991; Paine et al. 1998) and reduced geographic distribution of
kelp beds living closest to the tropics (Steneck et al. 2002). The episodic ocean warming
events caused by El Nifo results in developed thermohaline stratification (Sarmiento et
al. 2004). In the Oyashio and Oyashio-Kuroshio transition areas located along the
coastal line in north-eastern part of Japan, the trend for phosphate concentration in the
surface layers and the middle layers were decreasing and increasing, respectively, which
was linked to the development of stratification (Ono et al. 2001; Tadokoro et al. 2009).
On the other hand, Kodama et al. (2016) revealed that an increase in phosphate
concentrations of the Kuroshio and the Tsushima Warm Current was not found in any
deep layers. Hence, the decrease in the P supply from the deeper layer did not constitute
a major cause of P depletion in the surface layer during summer (Kodama et al. 2016).
Alternatively, the horizontal advection of the oligotrophic warm current is an important
factor that could reduce phosphate concentrations in the surface water (Kim et al. 2013;
Kim and Kim 2013; Kodama et al. 2016). Kodama et al. (2016) reported that the
declining trend for phosphate concentrations in the southern Japan Sea was quantified as
1.8-3.3 nM yr* while those for nitrate concentrations was not detected. These
oligotrophic warm currents will be warmer with sea surface temperature (SST)
increases (Wu et al. 2012). The warmer SST induced by global warming is strongly
linked to the vertical and horizontal alterations of phosphate concentration in coastal
environments.

The case of oligotrophication in Goto Islands is also related to the nutrient
cycles on global- and local-scales. The oligotrophication is remarkably linked to

depopulation for several decades (the population has fallen to about two-thirds from ca.
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27,600 in 2000 to ca. 18,500 in 2020; National Institute of Population and Social
Security Research). It appears possible that the decrease in anthropogenic nutrient
loadings from land due to the decrease of the population is the cause of the local
oligotrophication. According to a previous survey to clarify the terrestrial P flow in the
northern Goto Islands, treated wastewater with low-P concentration is supplied to
watershed drainage (Soka University 2015). Even though no data regarding the
long-term variations of phosphate concentration were collected in the coastal waters, the
following data may explain the oligotrophication trend. Phosphate depletion (< 0.09
uM) during summer and autumn was reported in the coastal embayment of the northern
Goto Islands (Tsuchiya et al. 2018). Indeed, low P-concentrations during summer
(~0.05 to 0.2 uM) were also reported in the offshore areas in the East China Sea (Chen
2009; Kim et al. 2009; Shiozaki et al. 2018). This trend may be affected by the
horizontal advection of oligotrophic warm currents (e.g., the Tsushima Warm Current)
to off the coast of the Goto Islands (Kodama et al. 2016). Another possible factor is the
nutrient consumption by diazotrophs observed in the East China Sea (Shiozaki et al.
2018), also assumed to lead to nutrient depletion. In summary, in the coastal waters
around the Goto Islands, if the SST increases in addition to the reduction of
anthropogenic nutrient loadings, there is a possibility that the oligotrophication will

progress further.

4.2 Adaptation strategy under long-term phosphorus limitation
The P dynamics of S. macrocarpum seem to vary according to life-stage
(Figure 4-1). The annual variations between estimated in situ uptake and growth-related

demands for P are implicitly related to the season (Figure 2-9). This species during
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winter can accumulate external P because the P-uptake rate exceeded the P-demand
(Figure 4-1). Conversely, during spring to late summer, this alga during the late growth
and maturation periods utilizes P-tissue contents due to relatively high P-demand
(Figure 4-1). In summary, this alga can adapt to long-term oligotrophic environment by
means of the combined characteristics in both P accumulation in their tissue during
winter and long-term availability of P-tissue contents from spring to summer.

The characteristics of the nutrient uptake and demand for seaweeds appear to
be categorized with their species-specific growth potentials (Pedersen et al. 2010). They
sampled algae annually and incubated the specimens to evaluate the seasonal variations
of in situ P uptake rates and demands depending on seasonal environmental changes in
phosphate concentration and irradiance levels, respectively. Since the P availability
during early life stage potentially affects the growth and maturation of adults, the annual
variations across life stages, including growth and maturation remain to be clarified. In
this study, these variations of S. macrocarpum were estimated based on annual changes
not only in environmental factors but also in physiological parameters such as
phosphate uptake kinetics (i.e., Vimax and Ky,), photosynthetic-based growth rate, and
total P contents. This estimation process capable of evaluating P-uptake and demand
may be generalized to Sargassum species, which have similar physiological
characteristics (i.e., functional form).

The annual variations between the uptake rate and demand were seasonally
uncoupled and commonly observed between this study (Figure 2-8) and a previous
study (Pedersen et al. 2010). However, from the perspective of physiological change,
the method to estimate the annual variations of seaweeds was different between studies.

To evaluate the accuracy in this study, a more practical approach is the comparison of
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the estimated variations in the P-uptake rate and demand of S. macrocarpum, employing
an estimation method for each study. The phosphate uptake kinetics, growth rate and
total P contents obtained on July 2018 (referred to target period in Pedersen et al. 2010)
were used for the comparison. As the results (Figure 2-10), the P uptake rate based only
on in situ phosphate concentration ranged from 0.05 to 0.18 pmol P g * DW d?, and the
annual average (0.08 pmol P g™* DW d ™) was approximately 6 times lower than those
derived from this study (0.49 umol P g * DW d%). During winter, the variation from
this study was significantly higher than those from a previous study due to the Vma/Kn
values in winter being higher than those in summer (Table 2-1). In situ P demand based
only on PAR varied from 0.01 to 0.43 pmol P g * DW d* and the annual average (0.29
umol P g ' DW d™) derived from a previous method was relatively lower than those
estimated by this study (0.39 pmol P g* DW d™*) (Figure 2-10). Focusing on the P
demands in March 2018 (Figure 2-10), the P demands derived from a previous study
was significantly lower than those from this study due to the lack of the highest value
for the growth rate and total P contents during main growth period of S. macrocarpum.
Based on these results, the estimation process used in this study is suitable for
evaluating the annual variations of P uptake rates and in situ demands for seaweeds,
leading to an understanding of the P dynamics of seaweeds along with their life cycle.
Hypothetically, S. macrocarpum matures under P-depleted environment during
summer by using P-tissue contents. The P contents in receptacles formed in mature
thallus may be available to create reproductive tissues for more than 16 weeks (Table
3-3). However, in Study 1, P-tissue contents accumulated in winter could not support
potential growth rate during spring and summer when the in situ P concentrations was

low (i.e., March to August). Taking into account the uptake from external P, in situ DIP
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concentrations varied from 0.1 to 0.3 uM from March to August in 2018, and were
sufficient to supply 10 to 50% (averaged value: 30%) of the P demands. Consequently,
the P-tissue contents were available more 1.1 to 2 times (averaged value: 1.4 times)
longer when compared to the case of no uptake from in situ P. Thus, the storage
capacity during growth period increased to approximately 27 weeks. This estimated
term is approximately the same as those of P-limitation for this alga (ca. 26 weeks).
Consequently, this alga could maintain growth under long-term P-limitation condition
until maturation. However, the extended period of exposure to P-limitation condition
results from a progressive oligotrophication, leading to that this alga will be difficult to
survive in Arikawa Bay.

In summary, year-round availability of P enough to satisfy demands throughout
S. macrocarpum life stages can be explained by the specific advantages for long-term
use of P-reserves in tissue and continuous uptake of external P. Consequently, a series

of studies revealed that this alga can adapt well to temporally P-depleted environment.

4.3 Phosphorus availability in short-term changes in nutrient environment

The high availability of P temporally supplied into the in situ environment is one
of the adaptive strategies for temperate seaweeds under the oligotrophic coastal
environment. The nutrient concentrations in coastal waters are often enhanced by
physical disturbances such as upwelling events (e.g., Lin et al. 2003; Zheng & Tang
2007; Tsuchiya et al. 2013), terrestrial runoff (Zheng & Tang 2007; Chen et al. 2009),
sediment resuspension (Fogel et al. 1999). These disturbances are induced by the
passage of typhoons causing strong wind and heavy rain. Schaffelke and Klumpp

(1998) examined the effect of pulse-supplied nutrient on the growth and net
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photosynthesis rates of S. baccularia in the laboratory. Consequently, the nutrient
reserves derived from substrates enable the alga to sustain enhanced growth and net
photosynthesis rates for approximately 1 week. Indeed, three typhoons crossed over the
Goto Islands during June to September 2018 (Japan Meteorological Agency 2018), and
nutrient pulse supply was observed after the passage of a typhoon occurring in August
2018 (phosphate concentration: 0.1 to 0.3 uM increase; nitrate concentration: 0.1 to 1.2
uM increase; Nishihara et al. 2019 unpublished data). Hence, S. macrocarpum in
Arikawa Bay may have obtained benefits from these transient pulses.

Considering that marine primary producers (e.g., micro- and macro-algae)
absorb external nutrients, the following will discuss the competitive relationships in
nutrient uptake characteristics among different species of macroalgae in addition to
micro- and macro-algae. Since macroalgae with high-specific surface areas have a great
advantage in nutrient uptake, the morphological differences reflect the variations of
nutrient availability. Littler and Littler (1980) developed a theory called “functional
form” where the algal morphology and internal structure are deeply related to the
physiological characteristics (i.e., nutrient uptake and photosynthesis) (Littler & Arnold
1982; Littler et al. 1983). Sheet-shaped (e.g., Ulva sp. and Phyropia sp.) and
filamentous-groups have a competitive advantage in nutrient uptake and photoreception
because of the high-specific surface areas of their morphology. On the other hand, since
Laminariales and Fucales species are categorized as a thick-leathery-group, the net
photosynthesis per unit of thallus weight is relatively low. The Vma/Kn values for
ammonium, nitrate, and phosphate in thick-leathery-groups show large anomalies, but
are commonly lower than that in sheet-shaped group and filamentous-group (e.g.,

Haines & Wheeler 1978; Topinka 1978; Espinoza & Chapman 1983; Wallentinus 1984).
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This indicates that Ulva sp. (i.e., sheet-shaped group) has generally advantageous
characteristics for nutrient uptake under natural ambient levels of nutrient
concentrations. However, S. macrocarpum found in Arikawa Bay do not seem to be
competitive to sheet-shaped algae unbloomed in the bay for all seasons. This is because
Ulva sp. could not meet the high nutrient requirements to sustain the rapid growth in
such oligotrophic waters. Therefore, although the nutrient uptake kinetics of Sargassum
species, composed of a thick-leathery leaves, are disadvantaged compared with those of
sheet-shaped and filamentous-algae, the former can be abundant under such
nutrient-depleted waters.

Indeed, bioavailable nutrients supplied by the physical disturbances in short
term in Arikawa Bay might be directly used for both micro- and macro-algae. To
evaluate the compatibility of nutrient uptake in both algae, it is necessary to standardize
and compare their nutrient uptake characteristics. Importantly, half saturation constant
(Ks) quantifies the affinity of substrate availability (Dugdale 1967). The K for
phosphate in marine phytoplankton (e.g., Skeletonema sp. and Chaetoceros sp.) ranged
from 0.7 to 133 uM with large anomalies (Nakamura 1985; Tarutani 1999; Nishikawa et
al. 2009, 2010b; Yamamoto et al. 2004). The K variation of marine phytoplankton is
approximately 10 times larger than those of seaweeds (<1 to 10 uM; e.g., Wallentinus
1984; Hurd & Dring 1990; Pedersen et al. 2010; Appendix 2). The Ky, (i.e., K;) for
phosphate in S. macrocarpum examined in this study changed from ca. 5 to 10 uM with
no seasonal trend (Table 2-1) which is an equivalent anomaly compared with the
variation from various brown algae mentioned above (Appendix 2). In eutrophicated
environments, high phytoplankton densities induced by high-concentrations of external

nutrients lead to insufficient light availability for the growth of benthic macrophytes due
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to high turbidity in the water column (e.g., Scheffer et al. 1993). However, variations of
Ks values suggest that the growth of seaweeds is more suitable than those of
phytoplankton under low-concentrations of nutrients. Hypothetically, phytoplankton
(e.g., Skeletonema sp. and Chaetoceros sp.) with high affinity for low nutrient
concentration (i.e., low K;) grow and take up nutrients in cases which the temporal
increases in an in situ phosphate concentration (ca. 0.2 to 0.6 uM) induced by the
physical disturbances in Arikawa Bay. It is reasonable to hypothesize that the short-term
nutrient supply in nutrient-depleted conditions during summer supports the maturation

of seaweeds.

4.4 Abiotic factors effect on distributional change of Sargassum macrocarpum

This study revealed that a brown alga S. macrocarpum can adapt to seasonal P
limitation in Arikawa Bay. Based on the results regarding the horizontal distribution of
DIP concentration around the northern Goto Islands (Tsuchiya et al. 2018), seasonal
depletion of P was found in the coastal waters other than Arikawa Bay. However,
according to the guideline from Fisheries Department in Nagasaki Prefectural
Government (2018), Sargassum beds predominantly composed of S. macrocarpum were
observed only in Arikawa Bay out of the survey areas. In the barren grounds around the
northern Goto Islands, the abiotic factors not involving DIP concentration that prevent
the formation of Sargassum beds remain unclear. This dissertation describes the other
factors causing the degraded seaweed beds as follows: (1) low-current velocity and (2)
high-water temperature (i.e., global warming).

Seaweed beds depend on the water motion to supply the essential materials

(e.g., dissolved-nutrients, oxygen, carbon) for photosynthesis and growth. The material
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supply to the surface of macrophytes is regulated by the concentration boundary layer
formed on the adjacent surface at the micro level (Hurd 2000), and is affected by the
concentration and water flux (Nishihara & Ackerman 2006). These boundary layers
become thinner (i.e., the formation of a diffusive boundary layer) as the water velocity
near the surface of algal body increases, leading to increases in the amount of materials
supplied to the algal body (Nishihara &Ackerman 2006). Therefore, on a micro-scale of
the algal body surface, increasing the water velocity promotes not only photosynthesis
but the uptake rate of nutrients for seaweeds (Wheeler 1980; Hurd et al. 1996; Larned &
Atkinson 1997; Nishihara & Ackerman 2006, 2007). Furthermore, the coastal
hydrodynamic environment is closely related to a variety of physiological processes in
macrophytes, and plays a vital role in the formation of seaweed beds.

From April 2017 to February 2018, Nishihara et al. (unpublished data)
investigated the daily mean current velocities within the Sargassum beds in the Arikawa
Bay and barren grounds in Tainoura Bay (32°56°57’N, 129°06’45’E) (Nagasaki
University 2018). As the results, In the Arikawa Bay, the monthly mean current
velocities were low in summer and high in winter due to the wind-wave impacts,
annually ranging from 2.0 + 1.9 to 7.0 = 5.0 cm s*. On the other hand, in Tainoura Bay,
the annual change of the current velocities showed no trend (1.7 £ 0.6 to 2.4 £ 9.9 cm
s™). Comparing the observed values between both coastal waters, the current conditions
in Tainoura Bay are relatively calm, suggesting that the material supply required for the
growth of seaweeds is limited. In other words, as the turbulence effect on the
physiological processes is high in Arikawa Bay, the hydrodynamic condition of this
embayment may be more suitable for the formation of seaweed beds.

The biogeographical distributions of algae were strongly limited by the
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temperature gradient based on latitudinal variation and water current (Adey & Steneck
2001; Nishihara & Terada 2010; Fukumoto et al. 2018, 2019; Terada et al. 2018).
However, global warming leads to the habitat shift of inherent seaweeds which will be
poleward in the future. Therefore, the photosynthetic responses of saeweeds to
temperature gradients are one of the important factors to understand the resilience to
thermal changes in environment. Terada et al. (2019) reported that maximum gross
photosynthetic rate of S. macrocarpum occurred at 27.8 °C which approximately equal
the highest seawater temperature in August (28 to 29 °C) in the southern distributional
limit of this alga (i.e., the southern part of Kyushu Island; Watanabe et al. 2014; Kokubu
et al. 2015; Terada et al. 2018). The Fv/Fm values of this alga exposed to different
temperature conditions for 72 h were stable above 0.6 from 8 to 28 °C, but sharply
decreased to zero above 28 °C (Terada et al. 2019), suggesting that this alga is likely to
face the deactivation of a photosystem 11 above 28 °C (Terada et al. 2018). Considering
these results regarding the photosynthetic responses to summer temperatures, 28 °C is
the critical temperature for their survival. Indeed, since the SST in the southern part of
Kyushu Island (Kagoshima, Japan) has risen by approximately 1.8 °C over the last four
decades, their southern limit of the distribution of this alga will be northward in the
future.

According to the relationship between maximum uptake rate (Vmax) for
phosphate and temperate increase (Ohtake et al. 2020a), the Vnyax examined in S.
macrocarpum was stable at the intermediate level under optimum temperature (e.g., 15
to 25 °C), but increased at unfavorable high temperature (e.g., 30 °C) probably caused
by an increase in P demands. This result suggests that the survival of temperate

seaweeds is threatened by the increased P demands if warm-season persistently
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continues to be caused by global warming. Given that the habitat distribution of S.
macrocarpum at the Arikawa Bay will be shifted northward along the Japanese coastal
waters due to SST increases, the phosphate availability of this alga in new habitats
needs to be clarified.

The observed data regarding monthly changes of average concentrations for
phosphate were collected in Japanese coastal waters ranging from the southern Kyusyu
islands to the northernmost island, Hokkaido, Japan. The ranges of phosphate
concentrations in target coastal areas were summarized in Table 4-1. The variations of
phosphate concentrations in all target areas changed with seasonality and that in the
Arikawa Bay tended to be lower than in the others (Table 4-1). The in situ uptake rates
of S. macrocarpum for phosphate in all target coastal waters were estimated based on
monthly evaluated Michaelis-Menten models in this study. During winter, the estimated
P-uptake rates for S. macrocarpum in Satsuma Peninsula in Kagoshima, Bisanseto Strait
in Seto Inland Sea, Tosa Bay in Kochi, Ise Bay in Aichi, Japan Sea off Hokkaido were
substantially higher than that in the Arikawa Bay (Figure 4-2). The P-uptake rates
throughout all-year in other target areas such as Genkai-nada in Fukuoka and Suo-nada
regions off Yamaguchi showed same levels, ranging from 0.01 to 0.39 pmol g *DW h?,
compared with Arikawa Bay. This result suggests that S. macrocarpum is expected to
not face the P limitation even if the distributional range extends northward due to global

warming in the future.
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Table 4.1 Summary of monthly changes in phosphate concentrations (uM) in domestic coastal areas. Each data were collected in different year.

V.

Place Month
Dec. Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec. Jan.

Southern coast of Satsuma - 0.21 0.84 0.33 - 0.02 0.01 - 0.28 0.21 0.84 0.33 0.87 -
Peninsula, Kagoshima
Genkai-nada, Fukuoka ® - 0.30 0.10 - 0.10 0.10 - 0.10 - 0.10 0.10 - 0.30 -
Suo-nada regions off - 0.13 0.07 0.04 0.03 0.04 0.06 0.13 0.08 0.18 0.20 0.21 0.20 -
Yamaguchi © - 0.25 0.17 0.13 0.08 0.08 0.10 0.11 0.13 0.25 0.33 0.32 0.29 -

- 0.16 0.07 0.08 0.04 0.08 0.06 0.12 0.15 0.34 0.39 0.23 0.18 -
Bisanseto Strait in Seto Inland - - - - 0.16 0.08 0.23 0.30 0.19 0.29 0.48 0.44 0.46 0.27
Sea ¢
Tosa Bay, Kochi (surface) ° - - 0.50 0.15 0.10 0.40 0.10 0.10 0.03 0.03 0.23 0.14 0.33 0.09
Tosa Bay, Kochi (bottor) ° - 0.24 0.65 0.20 0.24 0.34 0.01 0.04 0.10 0.03 0.29 0.14 0.14 0.29
Ise Bay, Aichi (surface) - 0.70 0.42 0.31 0.29 0.46 0.29 0.35 0.30 0.45 0.76 0.83 0.73 -
Ise Bay, Aichi (bottom) * - 0.73 0.47 0.43 0.52 0.74 0.94 1.32 151 1.71 1.18 0.83 0.71 -
Sagami Bay, Kanagawa ° - - - - - 0.22 0.33 0.14 - - - - - -
Japan Sea off Hokkaido " - - 0.40 - 0.20 - 0.10 - 0.10 - 0.10 - 0.30 -

- - 0.50 - 0.20 - 0.10 - 0.10 - 0.10 - 0.10 -
Arikawa Bay, Nagasaki' 0.37 0.20 0.12 0.13 0.11 0.25 0.17 0.12 0.11 0.10 0.09 0.18 0.25 0.21

a: Shimabukuro 2007; b: Ikeuchi et al. 1998; c: Wanishi 2007; d: Japan Fisheries Agency 2015; e: Serisawa and Ohno 1995; f: Mizuno et al.
2009; g: Fujiki et al. 2004; h: Kuribayashi 2016; i: This study
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(Sep.-Nov. 2018) (Dec. 2017-Feb. 2018; (Mar.-May 2018) (Jun.-Aug. 2018)
Dec. 2018-Jan. 2019)

P concentration Low High Middle Low
(1M) (0.09-0.18) (0.12-0.37) (0.11-0.25) (0.11-0.17)
P uptake Middle High Low Low
(umol P gDW d™) (0.21-0.44) (0.69-1.69) (0.19-0.22) (0.06-0.12)
P demand Middle Low High Middle
(umol P g*DW d™?) (0.33-0.51) (0.12-0.33) (0.47-1.03) (0.26-0.43)

Figure 4-1 The schematic diagram of P dynamics of Sargassum macrocarpum during periods of
growth and maturation. P concentration, P uptake and P demand are categorized into three
levels such as low, middle and high based on these data in the present study and these levels
were divided into each season. The P dynamics are defined as the following three types: P
balance, P accumulation and availability of tissue P. The P equilibrium means that P uptake
equals P demand. The P accumulation represents that P uptake exceeds P demand while the use
of accumulated P is the inverse response.
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Figure 4-2 Monthly changes in estimated phosphate uptake rates of Sargassum macrocarpum in domestic coastal areas (various black
symbols without line) and Arikawa Bay (gray circle with solid line) and those in in-situ demands (gray circle with dashed line) during the
first-growth (December 2017 to April 2018), the maturation (May 2018 to August 2018) and the second-growth (September 2018 to
January 2019) periods. The in-situ uptake rates in all target coastal areas were estimated based on monthly evaluated Michaelis-Menten
model in this study and these phosphate concentrations. The in-situ demand was estimated by the in-situ photosynthetic rate as a result of
assigning photosynthetically active radiation (PAR) to the photosynthesis-irradiance (P1) curve.



Conclusion

In Study 1, the annual variations between in situ uptake and growth-related
demand for P examined in S. macrocarpum were investigated. These variations were
uncoupled trends (Figure 2-8) and the P dynamics varied with season and life stage
(Figure 2-9). The primary growth period of S. macrocarpum during autumn was a
response to a balance between P-uptake rate and demand (Figure 4-1). Thereafter, P
uptake exceeded P demand in late growth period during winter, indicating that sufficient
external P can be accumulated in the tissue. Conversely, in maturation period during
spring to late summer, this alga suffered from P-limitation, and probably utilized the
P-tissue contents for growth (Figure 4-1).

In Study 2, the storage capacity of S. macrocarpum was evaluated as an
indicator to sustain growth rate under nutrient depleted environment. The storage
capacities during the growth and maturation periods were approximately 19 weeks and
more than 16 weeks, respectively, suggesting that this species can endure P depletion for
several months by using the P-tissue contents. During the growth period, the estimated
capacity may be extended for a longer period (ca. 27 weeks) if external P uptake is
considered. Additionally, the availability of P-tissue contents during maturation period
may be partly supported by an effective uptake of external P supplied from rainfall.
Consequently, S. macrocarpum is able to adapt to seasonally oligotrophic waters until
the species matures. In this study, considerable progress has been gained with regard to
the understanding of year-round P dynamics of the perennial brown seaweeds until
maturation.

Further study needs to be performed to understand how fecundity is influenced

by P-tissue content during maturation of S. macrocarpum. This study suggests that there

77



is potential for P-reserves to be accumulated in the receptacle and reproduction (e.g.,
release of oospores and embryos) in mature thallus, leading to a population increase and
the expansion of the seaweed beds.

The annual change in concentration of intracellular polyphosphate, known as a
major tissue P compound, remains to be clarified in this study. According to a previous
report (Lundberg et al. 1989), the polyphosphates accumulated in the tissue of the red
alga Ceramium sp. were detected by nuclear magnetic resonance (NMR) analysis.
Hypothetically, perennial brown seaweeds may also accumulate polyphosphates into the
tissue, and can utilize it to sustain growth under P-depleted condition. In the present
study, since the number of individuals collected for the experiment was limited by the
authority of local fisheries cooperatives, only the total P-tissue contents of S.
macrocarpum was examined in Study 1 and 2. Further analysis regarding the seasonal
variation of polyphosphate contents can help to promote a better understanding of the

long-term change of internal P dynamics in seaweeds.
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Appendix 1 Symbol definitions and units

Symbol Unit Definition
V max pumol g 'DW h™! Maximum uptake rate of nutrient
Km pumol L! Half-saturation constant
V max/Km Lg'DWh'! Availability of nutrients at low concentrations
P max mg O, g 'WW h'! Maximum O, production rate
Pret mg O, g 'WW h™! Net O, production rate
Rq mg O, g 'WW h! Respiration rate
Ex pmol photons m2s™! Saturation irradiance
E. umol photons m2s™! Compensation irradiance
V1 day! Relative growth rate
Mimax day ! Maximum growth rate
Qmax % DW Maximum tissue concentration of phosphorus
Qc % DW Critical tissue concentration of phosphorus
Qs % DW Lowest tissue concentration of phosphorus
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Appendix 2 List of uptake kinetics parameters for phosphate in various brown alga (1/2)

Species V max Kn  VmadKn  Temper- Reference
ature
(umol  (uM) (Lg'DW  (°C)
g 'DWh™) h™)
Ascophyllum nodosum 0.09 185 0.05 12.0 Hurd & Dring (1990)
0.05 0.59 0.09 12.0
045 3.75 0.12 18.0 Pedersen et al. (2010)
Acrosiphonia centralis 3.33  N.D. N.D. 2.0 Wallentinus (1984)
Chorda filum 138 0.62 2.22 13.0
Cystophora torulosa 0.24  4.09 0.06 17.5 Dougals et al. (2014)
Dictyosiphon 1114 212 5.24 13.0 Wallentinus (1984)
foeniculaceus
Ectocarpus siliculosus 0.75 1.22 0.61 12.0
Eudesme virescens 355 0.67 5.26 11.0
Fucus serratus 082 214 0.38 18.0 Pedersen et al. (2010)
031 6.50 0.05 12.0 Hurd & Dring (1990)
023 287 0.08 12.0
0.18 2.85 0.06 12.0
Fucus spiralis 055 7.19 0.08 12.0
055 214 0.26 12.0
027 381 0.07 12.0
Fucus vesiculosus 034 3.10 0.11 12.0
041 12.06 0.03 12.0
Fucus vesiculosus "tip" 075 184 041 14.0 Wallentinus (1984)
090 274 0.33 18.0
059 3.65 0.16 11.0
Fucus vesiculosus N.D. 170 N.D. 18.0
"middle"
Fucus vesiculosus "tip" 2.85 4594 0.06 2.0
Fucus vesiculosus 126 417 0.30 18.0 Pedersen et al. (2010)
Furcellaria lumbricalis 0.10 151 0.07 13.0 Wallentinus (1984)
027 7.39 0.04 12.0
N.D. 0.02 N.D. 2.0
Kjellmaniella crassifolia not 0.31 N.D. 5.0 Ozakietal.. (2001)
comparable
Kaminaria japonica not 0.14 N.D. 5.0
comparable
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Appendix 2 List of uptake kinetics parameters for phosphate in various brown alga (2/2)

Species V max Kn  VmadKn  Temper- Reference
ature
(pmol (uM) (Lg-DW  (°C)
g-:1DWh-)) h-1)
Laminaria abyssalis 083 221 0.38 18.0 Braga & Valentin,
(1996)
Laminaria difitata 0.70 3.73 0.19 18.0 Pedersen et al. (2010)
Macrocystis pyrifera not 3.51 N.D. 24.0 Manley (1985)
comparable
Pelveti canaliculata 032 512 0.06 12.0 Hurd & Dring (1990)
Pelveti canaliculata 039 6.80 0.06 12.0
Phyllophora truncata 0.12 N.D. N.D. 14.0 Wallentinus, 1984
Rhodomela confervoides 0.64 N.D. N.D. 4.0
Sargassum baccularia N.D. 0.26 N.D. 26.0 Schaffelke & Klumpp
(1998)
Sargassum macrocarpum 0.19 1.28 0.15 10.0 Ohtake et al. (2020a)
040 4.38 0.09 15.0

044  3.06 0.14 20.0
045  3.07 0.15 25.0
0.69 253 0.27 30.0

095 5.02 0.19 16.8 Ohtake et al. (2020b)

1.76  7.12 0.25 15.0

0.33 4.68 0.07 15.5

061 7.84 0.08 19.4

024 7.45 0.03 21.7

024 7.86 0.03 23.3

015 7.02 0.02 26.9

0.32 10.50 0.03 28.6

0.85 945 0.09 23.9

1.05 6.45 0.16 22.7

0.80 7.61 0.11 19.2

140 6.16 0.23 18.2

1.73 10.26 0.17 15.5
Scytosiphon lomentaria 6.59 0.77 8.50 6.0 Wallentinus (1984)
Xiphophora chondrophylla 031 811 0.04 17.5 Dougals et al. (2014)
Zonaria turneriana 0.17 9.90 0.02 17.5
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