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Chapter 1 — General introduction

1.1 Overviews of the ocean and photosynthesis

The ocean occupies about 71% of the Earth’s surface. The mean depth, area and
volume is estimated about 3,700 m, 362 x 10° km? and 1.33 x 10’ km3, respectively
(Charette and Smith, 2010). Many organisms are living in the ocean, and depend upon
the primary producers which can convert inorganic materials to organic matters by the
photosynthesis. Main primary producers in the ocean is phytoplankton (Raven, 2010),
which are planktonic and living throughout the euphotic zones of all water bodies
including under ice in polar areas. On the other hand, phytoplankton can be also benthic,
living within sediments and on rocks and so on, but their habitat is limited to shallow
areas because of the rapid attenuation of the sunlight with depth (Barsanti and Gualtieri,
2006). The euphotic zone is defined as the portion of the water column supporting net
primary production. In general the euphotic zone seldom extends down to 150 m depth,
and in coastal waters light can penetrate up to ca. 50 m (Kaiser et al., 2011). Hence,
photosynthesis rises only in the thin layer of the upper ocean. The spectra between 400
and 700 nm called photosynthetically active radiation (PAR) are used for
photosynthesis of phytoplankton (Falkowski and Raven, 2007). To absorb the light
energy within the PAR range, algae contain specialized light-sensitive pigments such as
chlorophylls and xanthophylls in the thylakoid membrane (Falkowski and Raven, 2007;
Kark, 2011).

The light energy captured by the pigments is transferred to the chlorophyll special
pair (reaction center) in the photosystem II (PS II), and the chlorophyll is excited by the
accumulated light energy (Fig. 1.1A). Subsequently, the energy of the excited
chlorophyll is converted to the electron energy by pass to the near electron acceptor.
This is referred as charge separation, and it is a reductive reaction of the electron
acceptor by the excited chlorophyll molecule (Pearlstein, 1996; Blankenship, 2002).
The lost electrons in the chlorophyll can be acquired by splitting water (H,O) at PS 11
oxygen-evolving center (OEC) that consist of a tetranuclear manganese cluster (Umena
et al., 2011; Fig. 1.1B). The water cleavage is a chemical reaction as the flowing

equation (1.1) (Hoganson and Babcock, 1997).

2H,0 — 0, + 4H* +4e~ (1.1



Then, molecular oxygen (O,) and protons (4H") are evolved as by-product. The details
of the charge separation and oxygen evolution are described in Barber (2008).

The electrons obtained by the charge separation are transferred to the downstream
of the photosynthetic electron transport (PET) chain. On the route of PET, the electrons
enter in the cytochrome b¢f complex, and subsequently are transferred to the
photosystem I (PS I). The cytochrome bsf complex transports the H' from outside
(stroma) to inside (lumen) of the thylakoid membrane (Fig. 1.1C) (Cramer et al., 1996).
On the other hand, the entered electrons into the PS I are re-excited by light energy, and
the charge separation occur as described above, again (Fig. 1.1D). Redox potential of
those electrons in the PS I is higher than that of PS II (Blankenship and Prince, 1985;
Prince, 1985), and the electrons reduce the ferredoxin (Fd) in the stroma. Finally, the
reduced Fd and the ferredoxin-NADP reductase (FNR) is generated the nicotinamide
adenine dinucleotide phosphate (NADPH) by reducing the NADP"™ (Fig. 1.1E) (Shin
and Arnon, 1965; Arakaki et al., 1997).

On the other hand, O, and 4H" in the equation 1.1 are emitted into the lumen
(Falkowski and Raven, 2007). The O, is eventually released to the extracellular (Fig.
1.1F), whereas the inside pH of the thylakoid membrane decreases as the water cleavage
occurs, since the emitted 4H" are remained in the lumen (Fig. 1.1G). Moreover, because
the H' transportation from the stroma to lumen also occurs in the cytochrome bg f
complex, the electrochemical potential is higher in the lumen than stroma. The
electrochemical potential slope drives the adenosine triphosphate (ATP) synthase by the
H' transportation from the lumen to stroma (Fig. 1.1H) (Junge, 1999), and ATP is
synthesized from both of the adenosine diphosphate (ADP) and the inorganic phosphate
(P1) (Fig. 1.11) (Junge et al., 1997; Junge, 2004).

The ATP and NADPH synthesized by a series of the light chemical reaction are
used for the reaction energy of carbon fixation. The carbon fixation system is called the
Calvin cycle (e.g., Calvin, 1989). The Calvin cycle initiates by reacting carbon dioxide
(CO,) with ribulose-1,5-bisphosphate (RuBP) and yield 3-phosphoglycerate (PGA)
catalyzed by the enzyme ribulose-1,5-bisphoshate carboxylase/oxygenase (Rubisco)
(Fig. 1.2A). The generated 3-phosphoglycerate synthesizes the carbohydrates using the
reducing power of the ATP and NADPH obtained by the light chemical reaction (Fig.
1.2B). The used ATP is decomposed to the ADP and Pi by hydrolysis, and the NADPH
is oxidized to the NADP'. The ADP, Pi and NADP" may be recycled for the light



chemical reaction as described above. The Calvin cycle concludes with the RuBP

reproduction by the enzyme reaction of phosphoribulokinase using ATP (Fig. 1.2C).
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Fig. 1.1 Schematic diagram of the light chemical reaction in photosynthesis. (A) Light

energy is excited the photosystem (PS) II reaction center, and charge
separation occur. (B) The lost electrons in the chlorophyll can acquire by
splitting water (H,O) at PS II oxygen-evolving center (OEC). The electrons
flows into the PS I throughout cytochrome b¢f complex. (C) The cytochrome
be f complex transports the proton (H') from stroma to lumen. (D) On the
other hand, the entered electrons into the PS I are re-excited by light energy.
(E) The PS I synthesize the nicotinamide adenine dinucleotide phosphate
(NADPH) from the NADP" by using the electrons. The O, emitted into the
lumen by the H,O splitting is eventually released to the extracellular (F),
whereas the H' levels in the lumen increase as the water cleavage occurs (G).
The difference of the H' levels between the stroma and lumen drive the
adenosine triphosphate (ATP) synthase (H), and generate the ATP from both
of the adenosine diphosphate (ADP) and the phosphoric acid (Pi1) (I).
Referred from Taiz and Zeiger (2002).
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Fig. 1.2 Calvin cycle progress by the three sections. (A) CO, and H,O are fixed into
3-phosphoglycerate (PGA) by the enzyme reaction of
ribulose-1,5-bisphoshate  carboxylase/oxygenase (Rubisco). (B) The
generated 3-phosphoglycerate synthesizes the carbohydrates using the
reducing power of the ATP and NADPH obtained by the light chemical
reaction. (C) Ribulose-1,5-bisphosphate (RuBP) is regenerated by the enzyme
reaction of phosphoribulokinase by using the ATP. Redrawn from Taiz and
Zeiger (2002).

1.2 Primary production of phytoplankton and carbon cycle

Phytoplankton is autotrophs, and varies considerably in size ranging from about 0.7
um to over 200 um in diameter (Chisholm et al., 1988; Kaiser et al., 2011). Although
the carbon biomass of the phytoplankton in the ocean account for less than 1% of the
600 billion tons of the all photosynthetic carbon biomass on the Earth, it is reported that
amount of carbon fixed by phytoplankton is nearly equal to that of terrestrial plants
(Field et al., 1998; Falkowski, 2002). Diatoms contribute predominantly to the global
carbon fixation (Roberts et al., 2007). They have the tests of silica, and two
phylogenetic groups: the centric and pennate diatoms, which can be identified by the

symmetry of their frustules. The centric and pennate diatoms are characterized by radial



and bilaterally symmetrical shape, respectively. The amount of the carbon fixation in
phytoplankton reaches to ca. 50 Pg C per year (1 Pg = 10" g) (Field et al., 1998;
Granum et al. 2005; Roberts et al., 2007), and diatoms can correspond to 40% of the
total primary production in the ocean (Nelson et al., 1995; Tréguer and Pondaven, 2000;
Sarthou et al., 2005). On the other hand, coccolithophores are dressed in tests of
calcium carbonate (CaCO;3;). When calcification of CaCOs; occurs in the aquatic
environment, CO; is released into the surrounding water as following equation (1.2)
(Frankignoulle et al., 1994, 1995).

Ca?* 4+ 2HCO; — CaCO; + CO, + H,0  (1.2)

Therefore, it ultimately increases the atmospheric CO, level, and gives the positive
feedback to global warming. Moreover, this leads to decrease in the oceanic pH (ocean
acidification), and may change the abundance and community composition of
phytoplankton (e.g., Endo et al., 2013).

Atmospheric CO; has increased from the industrial revolution. This originates in
the burning of fossil fuels. The level rose 140% from 280 ppm at pre-industrial
revolution (1750) to 390 ppm at present (2011) (WMO, 2012). Meanwhile, the ocean is
a major reservoir of CO,. In spite of the fact that it already contains 50 times the mass
of CO; in the atmosphere, the ocean has more capacity for string it (Siedler et al., 2001).
The ocean surface exchanges CO, with the atmosphere for the difference of the partial
pressure of CO; (pCO;) between the seawater and atmosphere (called solubility carbon
pump). The CO, dissolved in the ocean surface can use for photosynthesis by
phytoplankton. A part of the CO, fixed into organic carbon by the phytoplankton may
be transported from the surface to deeper layer (called the biological carbon pump), and
the organic carbon is decomposed by the respiration of heterotrophic organisms such as
bacteria in the deep ocean. Then, the dissolved inorganic carbon (DIC) levels are higher
in the deeper layer than in the surface layer (e.g., Key et al., 2004; Emerson and Hedges,
2008). In the deep layer, it is considered that the seawater is transported by deep
circulation (i.e., the great ocean conveyor belt) (Broecker, 1991). Seawater in the
vicinity of the Iceland is cooled by contact with the cold winter air masses that sweep
from the Canadian Arctic. The cooling increases the density of the surface water in the
area. The high-density water sink to the abyss, and the water flows southward. Finally,

the water rises from the deep layer to the surface in the north regions of the Indian and



Pacific oceans, called upwelling. In the past, the term between the sink and upwelling
has estimated up to ca. 2,000 years by '*C analysis of a radioactive isotope of dissolved
inorganic carbon (Key et al., 2004; Emerson and Hedges, 2008). However, recently, the
term is reported to be ca. 1,000 years (Matsumoto, 2007). Since the upwelling current
transports the various substances such as nutrients from the deep layer to the surface,
the regions are the higher primary production than other oceans (Lalli and Parsons,
1997).

1.3 Primary production and water-column light utilization efficiency (¥) of
phytoplankton in the western subarctic Pacific

The Western subarctic Pacific is located in the upwelling region. Massive
phytoplankton blooms in the spring occurs by both of the stratification within the water
column and the relief of light limitation (Kasai et al., 1997). The depth-integrated
primary production during the spring phytoplankton blooms are reported to reach 3200
mg C m? d”' in the Oyashio region of the near costal region of Hokkaido, Japan (Isada
et al., 2010), 1700 mg C m™ d”' in the off shore of the costal region (Shiomoto, 2000),
and 1600 mg C m™ d”' in the western subarctic gyre (WSG) (Imai et al., 2002). During
summer in the WSG, the levels of macronutrients (nitrate, silicate and phosphate) in the
surface are relatively high (nitrate: 9.9 uM, silicate: 17.3uM and phosphate: 1.02 uM)
(Whitney, 2011), whereas the levels of Chl @ maintain relatively low value (0.5-0.7 mg
m~) (Imai et al.,, 2002). This has been recognized as high-nitrate, low-chlorophyll
(HNLC) waters, and the HNLC phenomenon in the WSG mainly attributable to low
iron availability of phytoplankton and high zooplankton grazing (Tsuda et al., 2003;
2007). The assessments of the iron availability in the WSG were carried out by two in
situ iron fertilization experiments: the Subarctic Pacific Iron Experiment for Ecosystem
Dynamics Study I (SEEDS-I) and I (SEEDS-II). Those experiments certainly showed
that the iron for phytoplankton in the HNLC water was insufficient (e.g., Tsuda et al.,
2003; Kudo et al., 2005, 2009). The occurrence of the algal blooms in the edge of the
WSG can be ascribed to higher iron supply into the edge of the WSG. The plausible
iron sources are a proximity to Asian atmospheric dust sources (Mahowald et al., 2005),
iron-rich continental Kuril/Kamchatka margin (Lam and Bishop, 2008) and Okhotsk
Sea Intermediate Water (Nishioka et al., 2007, 2011).

The western subarctic Pacific including the WSG showed the highest seasonal



biological drawdown of pCO, in the waters among the world’s oceans (Takahashi et al.,
2002), and that was probably attributable to the phytoplankton bloom (Midorikawa et
al., 2003; Ayers and Lozier, 2012). These indicate that the phytoplankton assemblages
play a key role in the carbon cycle. Similarly, Shiomoto (2000) also showed that the
water-column light utilization efficiency (¥) of phytoplankton photosynthesis
(Falkowski, 1981) in the western subarctic Pacific during the spring blooms was the
highest among the world’s oceans. On the other hand, Imai et al. (2002) was reported
that the W values at the Station KNOT (44°N, 155°E) in the edge of the WSG were
constantly low throughout the year. It is represented that the W values could be
influenced by the PAR (Falkowski and Raven, 2007) and phytoplankton community
composition (Hashimoto and Shiomoto, 2002; Isada et al., 2009). In addition, the low
iron availability in the HNLC water can increase carbon:Chl a ratio of the
phytoplankton (Sunda and Huntsman, 1997), and this possibly affect the ¥ value. The
Y value also may contribute to the high biological carbon pump efficiency in this region,

because the phytoplankton plays a key role in the biological carbon pump.

1.4 Biological carbon pump and transparent exopolymer particles (TEP) in the
Oyashio region

The biological carbon pump efficiency in the western subarctic Pacific was higher
than in other areas of the world’s oceans (Kawakami et al., 2004). The biological carbon
pump can define as transportation of the organic carbon from surface to deeper layer
throughout biological activities in the ocean. The biological carbon pump commences
by conversion from the aqueous CO; (,qCO>) in the seawater to the organic carbon by
phytoplankton (Fig. 1.3A). A large fraction of the fixed organic carbon is released again
in the form of CO, from the surface water throughout respiration in the grazing food
chain (Lalli and Parsons, 1997), and also throughout decomposition and respiration in
the microbial loop (Azam et al., 1983) (Fig. 1.3B). On the other hand, a part of the fixed
organic carbon is transferred to the deep ocean, and released in the form of CO,
throughout respiration by the deep consumers and decomposition by bacteria (Fig.
1.3C). Since the deep circulation is transporting the seawater in the deep ocean, the CO,
released in the deep ocean can preserve in the deep ocean during up to 2200 years as
described in the section 1.2. Therefore, the biological carbon pump is very important for

the carbon cycle in this planet.



One of the substances to closely relate with the biological carbon pump efficiency
is the transparent exopolymer particles (TEP). TEP are defined as >0.4 um transparent
particles that consist of acid polysaccharides, and are stainable with Alcian blue dye
(Alldredge et al., 1993). TEP are very sticky particles that exhibit the characteristics of
gel (Passow, 2002). Hence, TEP can act as “bonding agent” and condense various
particles existing in the ocean. Moreover, the aggregated particles may increase the
sinking velocity in the water column. Therefore, it is thought that TEP can increase
biological carbon pump efficiency. In the marine systems, TEP be formed from
dissolved organic precursors, which are mainly released by phytoplankton (Passow,
2002; Engel et al., 2004; Oosstende et al., 2013).

Again, the high biological carbon pump efficiency is reported in the western
subarctic Pacific including the Oyashio region (Kawakami et al., 2004). In addition, the
massive diatom bloom in the Oyashio region occurs every spring with the high primary
production (Kasai et al., 1997). However, the investigation of TEP in the Oyashio
region has never been carried out to date. It is known that diatoms can produce TEP
precursors during the growth phase of the bloom (Alldredge et al., 1993), and then, TEP
levels in the water may rise (e.g., Passow and Alldredge, 1994). In contrast, diatoms can
produce such TEP precursors in the post-boom phase (Staats et al., 2000), and thereby,
TEP levels in the water may increase (e.g., Passow and Alldredge, 1995). Therefore,

little is known about TEP production mechanisms during the bloom.
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Fig. 1.3 Schematic diagram of the biological carbon pump. (A) Large and small
phytoplankton fixes the aqueous CO; (,4CO) in the seawater. (B) A large
fraction of the fixed organic carbon is released again in the form of CO, from
the surface water to the atmosphere because of respiration in the grazing food
chain, and of decomposition and respiration in the microbial loop. (C) On the
other hand, a part of the fixed organic carbon is transferred from the surface
to deep ocean, and released in the form of CO, throughout respiration by the

deep consumers and decomposition by bacteria. Redrawn from Chisholm
(2000).

1.5 Purpose of this study
Firstly, this dissertation aims to characterize the water-column light utilization
efficiency (V) in the western subarctic gyre (WSG) of the western subarctic Pacific

during summer. The second is to assess the levels of transparent exopolymer particles



(TEP) in the Oyashio region in the western subarctic Pacific during the spring diatom
blooms.

In the Chapter 2, I reported the ¥ values in the WSG during 2008 summer, and
discussed the relationships between the ¥ values and the PAR levels and between the ¥
values and the phytoplankton community composition. Moreover, in order to assess the
importance of iron availability for the ¥ values in the WSG during summer, the ¥
values in the SEEDS-I and SEEDS-II were estimated. I made a comparison between the
inside and outside of the iron patch. Also I summarized the ¥ data in the WSG during
summer to date and discussed its variations.

In the Chapter 3, I reported the TEP levels in the Oyashio region from the spring
diatom blooms to post-bloom in the 2010 and 2011, and discussed the relationships
between the TEP levels in the seawater and the phytoplankton biomass and between the
TEP levels and the DOC production rates by phytoplankton.

Subsequently in the Chapter 4, in order to assess the relationship between TEP
production and DOC production by the Oyashio diatoms more in depth, a laboratory
experiment was carried out by using the diatom strain Thalassiosira nordenskioeldii
isolated from the diatom bloom in the 2011 Oyashio expedition.

In the Chapter 5, I concluded the results form Chapter 2 to 4, and pointed out the

remarkable points in my studies.
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Chapter 2 — Light utilization efficiency of phytoplankton in the
Western Subarctic Gyre of the North Pacific during
summer

2.1 Introduction

The Western Subarctic Gyre (WSGQG) in the western North Pacific is surrounded
by the current systems composed of the Alaska Current, the East Kamchatka Current,
the Oyashio Current and the Subarctic Current (Favorite et al., 1976; Yasuda, 2003).
The unique hydrographic conditions significantly affect biogeochemical processes in
the WSG. For example, during the spring and summer, chlorophyll (Chl) a
concentrations in the surface waters of the central WSG are generally <I mg m~,
whereas occasional phytoplankton blooms with >2 mg m™~ Chl @ occur at the southwest
edge of the WSG (e.g., Imai et al., 2002; Goes et al., 2004). Because the subarctic
waters generally contain high levels of macronutrients, including nitrate and silicic acid,
in the mixed layer (Whitney, 2011), the central WSG has been recognized as a
high-nitrate, low-chlorophyll (HNLC) body of water. The HNLC phenomenon in the
WSG is mainly attributable to low iron availability and high zooplankton grazing
(Tsuda et al., 2003; 2007). In contrast, the occurrence of algal blooms at the edge of the
WSG can be ascribed to a higher iron supply there. The plausible iron sources are Asian
atmospheric dust sources (Mahowald et al., 2005), the iron-rich continental
Kuril/Kamchatka margin (Lam and Bishop, 2008) and the Okhotsk Sea Intermediate
Water (Nishioka et al., 2007, 2011).

The western subarctic Pacific, including the edge of the WSG, shows the highest
seasonal biological drawdown of partial pressure of CO, (pCO;) in surface waters
among the world’s oceans (Takahashi et al., 2002). The drawdown of surface pCO, is
probably attributable to the phytoplankton bloom (Midorikawa et al., 2003; Ayers and
Lozier, 2012). These results indicate that the phytoplankton assemblages play a key role
in the carbon cycle in this area. Similarly, Shiomoto (2000) also showed that the
water-column light utilization efficiency (¥) of phytoplankton photosynthesis
(Falkowski, 1981) in the western subarctic Pacific during the spring blooms was the
highest among the world’s oceans. Hashimoto and Shiomoto (2002) subsequently
showed that large diatoms (>10 pum in size) contributed to these high ¥ values in the

western subarctic Pacific during spring. It was previously believed that W values were
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relatively constant, averaging approximately 0.4 g C (g Chl @) (mol photon)” m?* (Platt,
1986; Platt et al., 1988). However, closer inspection and analyses using various data
from the world’s oceans revealed that ¥ is not constant, but it increases with decreasing
average daily irradiance (Falkowski and Raven, 2007). However, Imai et al. (2002)
reported that ¥ values were consistently low (0.3 + 0.1 g C [g Chl a]"' [mol photon]”
m?) throughout the year at the KNOT Station (44°N, 155°E) in the WSG, where Chl a
concentrations in the euphotic zone kept relatively constant. These lower ¥ values
might be due to low iron availability in the WSG, but that has never been confirmed. At
present, little is known about the spatiotemporal variation of ¥ in the WSG.

In this study, we examined Chl a concentrations, primary production, and
photosynthetic available radiation (PAR) to obtain ¥ values in the WSG and in a
transition domain (TD) between the Subarctic Front (SAF) and the Subarctic Boundary
(SAB) in the summer of 2008. The data from the TD was used for comparisons with
those of WSG. Phytoplankton community composition was also estimated because ¥
can be influenced by this parameter (Hashimoto and Shiomoto, 2002; Isada et al., 2009).
To assess the importance of iron availability for ¥ values in the WSG, data from two in
situ iron enrichment experiments called the Subarctic Pacific Iron Experiment for
Ecosystem Dynamics Study I (SEEDS-I) and II (SEEDS-II) in the summers of 2001
and 2004, respectively (Kudo et al., 2005, 2009), were used in this study. In SEEDS-I, a
large diatom bloom occurred after iron enrichment (Tsuda et al., 2003). In contrast,
during SEEDS-II, iron fertilization yielded a bloom consisting of autotrophic
nanoflagellates such as cryptophytes and prasinophytes (Suzuki et al., 2009). The
different phytoplankton composition in SEEDS-I and SEEDS-II were correlated with
Chl a levels and primary production (Kudo et al., 2005, 2009). Therefore, these two
experiments were excellent opportunities to examine the effects of both iron availability

and phytoplankton community structure on ¥ values in the WSG during the summer.

2.2 Materials and methods
2.2.1 KHOS-2 cruise
2.2.1.1 Seawater sampling

Samples were collected from nine stations in the western North Pacific (Fig. 1)
from July 29 to August 20, 2008 on board the R/V Hakuho-Maru (KHOS8-2 Leg. 1) of
the Japan Agency for Marine-Earth Science and Technology (JAMSTEC). Prior to
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sampling, vertical profiles of photosynthetic available radiation (PAR; 400-700 nm)
and spectra of downward PAR were obtained with a HyperPro profiling reflectance
radiometer (Satlantic Inc.). Incident PAR above the sea surface was continuously
measured on deck with a PAR sensor (ML-020P, EKO Instruments Co., Ltd.) every 10
min on average, and the values were recorded with a data logger. Seawater sampling at
all stations was accomplished using a CTD-CMS attached with acid-cleaned Niskin
bottles. Discrete water samples were collected at five light depths corresponding to
100% (5 m in practice), 30%, 10%, 5% (or 3% at stations (Stns) 5 and 11) and 1% of
the surface irradiance with reference to the PAR profile. In this study, euphotic zone
depth was defined as the depth at which the PAR value was 1% of the surface value.
Nutrients (nitrite plus nitrate—hereafter denoted as nitrate, phosphate and silicate) were
determined with a BRAN + LUEBBE auto-analyzer following the manufacturer’s
protocol. In this study, the Subarctic Front (SAF), located south of the WSG, was defied
as the 4 °C isotherm at 100 m, and the Subarctic Boundary (SAB), located south of the
SAF, was defined as a near-surface salinity front of 34 (Favorite et al., 1976; Yasuda,
2003). The area between the SAF and SAB was defined as a Transition Domain (TD)
(Favorite et al., 1976; Yasuda, 2003).

2.2.1.2 Phytoplankton pigments and CHEMTAX processing

Concentrations of Chl a were determined using a Turner Design Model 10-AU
fluorometer, according to the Welschmeyer method (1994). Water samples (110 mL)
were taken from 12 depth layers between 0 and 200 m and filtered onto Whatman GF/F
filters (25 mm in diameter). Water samples (500 mL) collected from the 100% and 5%
(or 3%) light depths were size-fractionated using 47 mm Whatman GF/F filters and 47
mm Nuclepore filters (10 um pore-size), to estimate the contributions of the <10 and
>10 um fractions. Algal pigments were immediately extracted by soaking each filter in
N, N-dimethylformamide (DMF) at —20 °C for 24 h and were analyzed on board.

For the analysis of phytoplankton pigments using high-performance liquid
chromatography (HPLC), water samples (500 mL) collected from five light depths
(100%, 30%, 10%, 5% (or 3%) and 1%) were filtered onto 25 mm Whatman GF/F
filters under gentle vacuum (<100 mm Hg). The filter samples were folded, blotted with
filter paper and stored in a deep-freezer (—80°C). Phytoplankton pigments were

extracted with sonication in DMF according to the protocol of Suzuki et al. (2005).
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HPLC pigment analysis was performed according to the method of Van Heukelem and
Thomas (2001), except the flow rate was 1.2 mL min™'. Before injection, 250 uL of
algal extracts was mixed with 250 pL ion-pair solution (28 mM tetrabutyl ammonium
acetate (TBAA), pH 6.5), and equilibrated for 5 min at 5°C. Two hundred fifty uL of
the mixture was injected into a Shimadzu HPLC (CLASS-VP) system incorporating an
Agilent Eclipse XDB-C8 column (3.5 pum particle size, 4.6 x 150 mm). The HPLC
solvent system was as follows: solvent A was 70% methanol and 30% 2.8 mM TBAA
(pH 6.5) aqueous solution, and solvent B was methanol. A linear gradient with an
1socratic eluent method was used: 0 min 95%A/5%B, 22 min 5%A/95%B, 22-30 min
5%A/95%B.

To estimate the contributions of each algal group in the two layers (100-10% and
10—-1% light depths) to the total Chl a biomass, all data were interpreted by factorization
using the CHEMTAX program (Mackey et al., 1996). For the value at 10% light depth,
we averaged the values obtained from the 100—10% and 10-1% layers. Initial and final
pigment ratios were calculated following the method of Latasa (2007) (Table 1), and the
initial ratios were based on Suzuki et al. (2002, 2005, 2009) who estimated the
community composition of phytoplankton in the NW subarctic Pacific during the
summer. Prymnesiophytes, pelagophytes and prasinophytes in our CHEMTAX analysis
are synonymous with type 3 haptophytes, type 2 chrysophytes and type 3 prasinophytes
of Mackey et al. (1996), respectively.

2.2.1.3 Flow cytometry

Duplicate water samples (each 2 mL) from the 100% to 1% light depths (i.e., within
the euphotic zone) were preserved with paraformaldehyde (0.2% final concentration)
and stored in a deep-freezer at —80 °C until analysis on land. An EPICS flow cytometer
(XL ADC system, Beckman Coulter) equipped with a 15 mW air-cooled argon laser
exciting at 488 nm and a standard filter setup was used to enumerate eukaryotic
ultraphytoplankton (<5 pum in size). Prior to analysis, samples were thawed and drawn
through a 35 pm nylon-mesh-capped Falcon cell strainer (Becton-Dickinson) to remove
larger cells. For the enumeration of eukaryotic ultraphytoplankton, a certain volume of
Flow-Count fluorospheres (Beckman Coulter) and 2.0 pm Fluoresbrite YG beads (Poly
Sciences) were added to each sample. The details of flow cytometric analysis are
described in Suzuki et al. (2005).
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2.2.1.4 Cell abundance of phytoplankton

Water samples (500 mL) were taken from the 100% and 5% (or 3%) light depths
for counting diatoms and coccolithophores and were fixed with buffered formalin (pH
7.8, 1% final concentration). An aliquot (1445 mL) of the sample was filtered onto a
Nuclepore membrane (0.8 pm pore size) filter set in a glass funnel (8§ mm in diameter at
the base) under vacuum (100-200 mm Hg). The filter membrane was rinsed with
distilled water to remove salts and immediately dried for three hours in an oven at 60°C.
To count and identify the algal cells, the whole area of membrane (>50 mm?) was
examined with a scanning electron microscope (SEM, JMS-840A, JEOL Ltd.) at a
magnification of approximately 2,000x (Hattori et al., 2004). Species of phytoplankton
were identified according to Fukuyo (1990), Tomas (1997), Young et al. (2003) and
Scott and Marchant (2005).

2.2.1.5 Daily primary production

Daily primary production (mg C m~ d™') was estimated using in situ (Stns 5 and
11) or simulated in situ (Stns 1, 2, 3, 6, 8, 9 and 10) incubation techniques. For the
simulated in situ method, irradiance in the incubators was adjusted with blue film
screens, where blue-green light (370-575 nm, center at 460 nm) can be transmitted in
water. Temperatures in the incubators for the 100%, 30% and 10% light levels were
maintained by flowing the surface seawater, and temperatures in the 5% and 1% light
level incubators were controlled with a cooling system to simulate the 1% light depth
temperature. The samples were dispensed into three 275-mL acid-cleaned
polycarbonate bottles (two light and one dark) and were inoculated with a solution of
NaH"CO; (99 atom% '*C), which was equivalent to ca. 10% of the total inorganic
carbon (TIC) in the seawater. The concentrations of TIC were measured by coulometry
(CM5012, UIC). All bottles were incubated for ca. 24 hours. The start time of the
incubations varied according to the sampling time (Table 2). The concentrations of
particulate organic carbon and '’C abundance were determined using a mass
spectrometer (DELTA V, Thermo Fisher Scientific Inc.) with an on-line elemental
analyzer (FlashEA1112, Thermo Fisher Scientific Inc.). Daily primary production was

calculated according to Hama et al. (1983).
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2.2.1.6 Water-column light utilization efficiency (V) of phytoplankton photosynthesis

To investigate the relationship between daily primary production and PAR in the
water-column, the water-column light utilization efficiency (¥; g C [g Chl a]" [mol
photon]”' m?, Falkowski, 1981) of phytoplankton photosynthesis was determined using
the following equation (2.1):

td (Z1%

. fto fZO P(t, z)dzdt o
Z1% . (td '
fZO °B(z) dz fto Io(t) dt

where [ ttod fzzol% P(t, z)dz dt (mg C m?d")is primary production integrated from

the surface (0 m) to the 1% light (i.e., euphotic zone) depth over day, fzzol% B (z)dz
(mg Chl @ m™) is Chl a concentration integrated within the euphotic zone. For the

calculations of primary production and Chl a concentration, the values at 100% light

depth (i.e., 5 m depth in this study) were extrapolated to the surface. | ttod I, (t) dt

(mol photons m™~ d™') is the PAR incident on the sea surface integrated over the day.

2.2.2 SEEDS-I and SEEDS-I11

The SEEDS-I and SEEDS-II cruises were conducted from June 28 to August 6 in
2001 aboard the FR/V Kaiyo-Maru (Fisheries Agency of Japan) and from July 20 to
August 22 in 2004 aboard the R/V Hakuho-Maru (JAMSTEC, Japan) and R/V Kilo
Moana (University of Hawaii, USA). The iron fertilizations in the WSG were
conducted at 48.5°N, 165°E in SEEDS-I and at 48°N, 166°E in SEEDS-II. Overviews of
the two experiments were described in Tsuda et al. (2003, 2007). During the
experiments, Chl a concentrations were determined using Turner Design 10-AU
fluorometers following the method of Welscmeyer (1994) after pigment extraction in
DMF. PAR data were continuously measured with quantum light sensors set on the
upper deck of the vessels. Primary production was estimated using a °C tracer method
(Hama et al., 1983), and the procedures were described in Kudo et al. (2005, 2009).
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2.3 Results
2.3.1 KHOS-2 cruise
2.3.1.1 Hydrography

Hydrographic conditions are summarized in Table 2. According to the
temperature and the salinity data (Favorite et al., 1976; Yasuda, 2003), Stns 5, 6, 8, 9
and 10 were classified as being in the WSG. The other stations (Stns 1, 2, 3 and 11)
were located in the TD between the WSG and the SAB. Euphotic layer depth (average +
standard deviation) was 46 = 7 m in the WSG and 41 £ 7 m in the TD. The mean nitrate
concentrations (hereafter Ney mean) Within the euphotic zone ranged from 11.0 to 17.6
uM at the WSG stations, and from 4.7 to 7.8 uM at the TD stations. The lowest and
highest daily PAR levels were observed at Stn 8 (13.3 mol photons m™ d™') and at Stn
11 (36.8 mol photons m™ d™"), respectively.

2.3.1.2 Pigments and CHEMTAX outputs

Concentrations of Chl a within the euphotic zone were 22.6-32.6 (27.0
average) mg m” in the WSG and 24.6-35.2 (31.6) mg m™ in the TD (Table 2). The
percentages of the Chl @ in the <10 pm fraction ranged from 72 to 84% (78 + 5%) at 5
m and from 60 to 90% (81 £ 12%) at the 5% (or 3%) light depth in the WSG (Table 3).
In the TD, the relatively low percentages of the Chl @ in the <10 um were found
between 39 and 62% (50 £ 9%) at 5 m and between 45 and 92% (70 + 21%) at the 5%
(or 3%) light depth.

The final ratio matrix in the 100 (5 m) — 10% light depths, calculated by the
CHEMTAX program (Table 1B), was within the range of Mackey et al. (1996).
Although the final ratio matrix in the 10—-1% light depths (Table 1D) was almost within
the range of the values shown by Mackey et al. (1996), the Chl b/Chl a ratio for
chlorophytes (0.61) was slightly higher than the maximum value (0.57) reported by
Mackey et al. (1996). In the WSG, the major phytoplankton groups in terms of Chl a
biomass, as estimated by CHEMTAX calculations, were prymnesiophytes (28 = 11%),
pelagophytes (22 = 9%) and diatoms (20 + 8%) (Fig. 2). In the TD, relatively high
contributions of prymnesiophytes (32 + 17%) and chlorophytes (26 + 12%) to Chl a

biomass were found. The contributions of diatoms in the TD ranged from 0-61%.

2.3.1.3 Abundance and community composition of phytoplankton estimated by flow
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cytometry or scanning electron microscopy

The results of flow cytometry showed that Stn 1 had the maximum abundance
(9.3 x 10" cells m™) of eukaryotic ultraphytoplankton within the euphotic zone (Fig. 3).
In contrast, the abundance at Stn 5 was the lowest (3.7 x 10" cells m™). Average cell
abundances of eukaryotic ultraphytoplankton within the euphotic zone in the WSG and
TD were 4.3 + 0.6 x 10'* cells m™ and 8.6 + 0.7 x 10'? cells m™, respectively. The cell
abundance of eukaryotic ultraphytoplankton was significantly higher in the TD than in
the WSG (Wilcoxon rank sum test, p < 0.05, » = 9). The cell abundance of
Synechococcus within the euphotic zone ranged from 0.9 x 10'% cells m™ at Stn 5 to 8.8
x 10" cells m™ at Stn 6 (Fig. 3). Mean cell abundance of Synechococcus within the
euphotic zone was 4.7 + 3.1 x 10" cells m™ in the WSG and 4.8 + 1.6 x 10" cells m™
in the TD, and no significant difference between the WSG and the TD was found
(Wilcoxon rank sum test, p = 0.90, n =9).

Scanning electron microscopy (SEM) identified 39 centric diatom species, 20
pennate diatom species and 13 coccolithophore species (Table 4). The highest cell
abundances of diatoms at the 100% and 5% (or 3%) light depths were found at Stn 2 in
the TD (151 x 10° cells L™ and 99 x 10° cells L™, respectively) and were dominated by
the centric diatom Corethron criophilum (91% and 98%, respectively).
Coccolithophores in 100% and 5% (or 3%) light depths showed maxima at Stn 10 (29 x
10° cells L") and at Stn 5 in the WSG (36 x 10° cells L"), respectively.
Coccolithophores were dominated by Emiliania huxleyi type C (98% and 83%,
respectively). The diatom or coccolithophore cell abundances between the WSG and the
TD were not significantly different at the 100% light depth (Wilcoxon rank sum test,
diatoms: p = 0.41; coccolithophores: p = 0.11, n = 9) or the 5% (or 3%) light depth
(Wilcoxon rank sum test, diatoms: p = 0.06; coccolithophores: p = 0.56, n =9).

2.3.1.4 Primary production

Primary production within the euphotic zone ranged from 566 to 1,535 mg C
m? d”. The average values in the WSG and the TD were 683 + 128 mg C m™ d”' and
1,107 + 405 mg C m™ d' (Table 2), respectively. Primary production was not
significantly different between the WSG and the TD (Wilcoxon rank sum test, p = 0.19,
n =9). Primary production at each station changed concomitantly with the Chl a level

(Spearman’s rank test, p = 0.88, p < 0.005, n =9). The values of Chl a-specific primary

18



production the assimilation number) changed little (23—27 mg C [mg Chl a]" d™') in the
WSG, whereas the values ranged widely (24-44 mg C [mg Chl «]' d) in the TD
(Table 2). No significant difference in Chl a-specific primary production was found

between the WSG and the TD (Wilcoxon rank sum test, p = 0.19, n =9).

2.3.1.5 Light utilization efficiency (V)

The ¥ values obtained in the WSG and TD were between 0.64 and 1.86 g C
(g Chl @) (mol photon)™ m? (Table 2). The average values were 1.31 + 0.38 g C (g Chl
a)”' (mol photon)”’ m? in the WSG and 1.17 + 0.40 g C (g Chl @) (mol photon)” m? in
the TD. No significant difference in the ¥ values was found between the WSG and the
TD (Wilcoxon rank sum test, p = 0.73, n = 9). The ¥ values in the WSG in this study
significantly increased with a decrease in the daily PAR (Spearman’s rank test, p = —1.0,
p < 0.05, n = 5) (Fig. 4). However, no such relationship was found in the TD
(Spearman’s rank test, p = —0.80, p = 0.33, n = 4) and the total area (WSG plus TD)
(Spearman’s rank test, p =—0.68, p =0.05, n =9).

2.3.2 ¥in SEEDS-I and SEEDS-II

The data obtained from SEEDS-I and SEEDS-II are summarized in Table 5. In
SEEDS-I and SEEDS-II, the growth phase of phytoplankton assemblages inside the
iron-enriched patch (hereafter Fe-ingrowin) Was defined in terms of the increase in F\/Fi,
levels (Tsuda et al. 2003; Suzuki et al. 2009), which occurred on days 2-9 during
SEEDS-I and days 2—11 during SEEDS-II. Therefore, to examine the effects of iron
enrichment on ¥ values, we compared not only ¥ data between inside the iron-patch
(hereafter Fe-in) and outside the iron-patch (hereafter Fe-out) in the two experiments
but also ¥ data between the Fe-ingowimn and Fe-out, assuming that the Fe-ingrown was not
limited by availability during the growth phase.

In SEEDS-I, the depth-integrated Chl a concentration and primary production
within the euphotic zone were 37.6-232.2 mg m™ and 394-2,350 mg C m™ d”' in the
Fe-in, 37.6-232.2 mg m™ and 394-2,033 mg C m™ d"' in the Fe-ingown, and 31.5-40.1
mg m™ and 409-515 mg C m™ d”' in the Fe-out. The primary production values did not
change concomitantly with the Chl a level in the Fe-in, Fe-ingown and Fe-out
(Spearman’s rank test, Fe-in: p = 0.83, p = 0.06, n = 6; Fe-ingrowm: p = 0.80, p =0.33, n
=4; Fe-out: p = 0.20, p = 0.92, n = 4). The 24-hour-integrated PAR on the sea surface
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in the Fe-in, Fe-ing,owim and Fe-out was 17.5-38.8, 17.5-38.8 and 17.6-38.4 mol photons
m? d, respectively. As a result, ¥ ranged between 0.25-0.60 g C [Chl a]' mol
photon'1 m? in the Fe-in, 0.25-0.59 g C [Chl a]'1 mol photon'1 m? in the Fe-ingrowth and
0.3-0.6 g C [Chl a]" mol photon™ m? in the Fe-out. No significant difference in the ¥
values was found between the Fe-in and the Fe-out (Wilcoxon rank sum test, p = 0.76, n
= 10) or between the Fe-ingrowin and the Fe-out (Wilcoxon singled-rank sum test, p =
0.89,n=4).

Similarly, in SEEDS-II, the depth-integrated Chl a concentration and primary
production within the euphotic zone were 20.2-69.5 mg m™ and 557-1,446 mg C m™
d! in the Fe-in, 31.8-69.5 mg m~? and 887-1,446 mg C m> d'in the Fe-ingrowtn, and
16.7-42.6 mg m™ and 324-909 mg C m™ d”' in the Fe-out. The primary production also
did not change concomitantly with the Chl a level in the Fe-in, Fe-ingown and Fe-out
(Spearman’s rank test, Fe-in: p = 0.71, p = 0.09, n = 7; Fe-ingrowm: p = 0.80, p = 0.33, n
= 4; Fe-out: p = 0.54, p = 0.30, n = 6). The 24 hour-integrated PAR values on the sea
surface in the Fe-in, Fe-ingowm and Fe-out were 12.1-41.5, 12.1-34.3 and 20.2-35.2
mol photons m? d”', respectively. The values of ¥ were 0.34-1.65 g C [Chl a]"' mol
photon'1 m? in the Fe-in, 0.58-1.33 g C [Chl a]'1 mol photon'1 m? in the Fe-ingrowth and
0.61-1.24 g C [Chl a]" mol photon™ m? in the Fe-out. Again, no significant difference
in the ¥ values was found between the Fe-in and the Fe-out or between the Fe-ingrown
and the Fe-out (Wilcoxon rank sum test, Fe-in vs. Fe-out: p = 1.0, n = 13; Fe-ingrowm Vs.
Fe-out: p=0.91, n=10).

The Chl a levels, primary production and daily PAR were not significantly different
between SEEDS-I and SEEDS-II (Wilcoxon rank sum test, primary production: p =
0.98, Chl a: 0.10, n = 23, daily PAR: p = 0.92, n = 23). However, the Chl a-specific
primary production and ¥ in SEEDS-I were significantly lower than those in SEEDS-II
(Table 5) (Wilcoxon rank sum test, Chl a-specific primary production: p < 0.001, ¥: p <
0.001, n=23).

2.4 Discussion
2.4.1 Factors controlling ¥ values in the WSG during the summer

As described above, it has been reported that W is not constant, but it
increases with a decrease in daily PAR (Falkowski and Raven, 2007). Similar results

were also found in previous reports from the WSG during the summer (Shiomoto, 2000;
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Honda et al., 2009) and during the KHOS8-2 cruise in this study. In contrast, relatively
constant W values, irrespective of daily PAR, were reported in the WSG over a year
(Imai et al., 2002). For constant ¥ values, Imai ef al. (2002) noted that Chl a-specific
primary production was proportional to the daily PAR. However, such a relationship
was not found in our KHOS8-2 cruise (Spearman’s rank test, p = —0.10, p = 0.95, n = 9).
In addition, the ¥ values (0.2-0.4 g C [g Chl a]" mol photon™ m?) of Imai et al. (2002)
were significantly lower than those found during the KHO0S8-2 cruise (Table 2)
(Wilcoxon rank sum test, p < 0.05, n = 9). Therefore, the differences in the Y-related
parameters between Imai et al. (2002) and our KHO08-2 cruise were examined. The
euphotic layer depth changed little between Imai et al. (2002) (53 + 6 m) and the
KHO08-2 cruise (46 = 7 m) (Wilcoxon rank sum test, p = 0.14, n = 9). Primary
production (194-304 mg C m™ d') measured by Imai et al. (2002) was lower,
compared to the results (683 + 128 mg C m™ d™') of our KHO8-2 cruise (Wilcoxon rank
sum test, p < 0.05, n = 9). However, the Chl a concentrations and the daily PAR were
not significantly different between the two studies (Wilcoxon rank sum test, Chl a: p =
0.41, n = 9; daily PAR: p = 0.11, n = 9). As a result, the Chl a-specific primary
production in Imai ez al. (2002) showed relatively low values (6-12 mg C [mg Chl a]
d") compared to our KHO08-2 cruise (Table 2; Wilcoxon rank sum test, p < 0.05, n = 9).
The low primary production of Imai ef al. (2002) may be due to the lower (ca. 1%)
inoculation percentage of a solution of NaH">COj; to the total inorganic carbon in the
seawater compared to our inoculation percentage (ca. 10%). However, the higher
inoculation of NaH"’CO; increases seawater pH, which can decrease primary
production (Raven, 2006; Raven et al., 2011) because an increase in seawater pH
reduces aqueous CO; available for phytoplankton.

In general, high primary production was associated with diatoms in the subarctic
Pacific (Harrison et al., 1999). In the KH08-2 cruise, the diatoms were one of the major
phytoplankton groups in the WSG (Fig. 2). At Stn KNOT, Mochizuki et al. (2002),
using light microscopy, reported that large diatoms (>10 pum) such as Chaetoceros
concavicornis and Corethron criophilum contributed to the increase in primary
production. However, Komuro et al. (2005) showed that small phytoplankton (2—10
um; small diatoms, coccolithophores and parmales) were also important primary
producers at Stn KNOT as revealed by SEM. The cell abundance of coccolithophores in
this study was highest at 5 m at Stn 5 and at the deeper layer of Stn 10 in the WSG, and
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the prymnesiophytes including coccolithophores, and pelagophytes, were also major
phytoplankton groups in the WSG (Fig. 2). Therefore, the relatively high primary
production compared to Imai et al. (2002) could be derived from these phytoplankton
groups.

According to Hashimoto and Shiomoto (2002), ¥ value of algal cells with 2—10
um was higher than that of <2 pm or >10 pm in the WSG during summer. Although the
size-fractionated Chl a data in the KHOS8-2 cruise were only taken from the layers at 5 m
and 5% (or 3%) light depth, the Chl a fractions of <10 um were 78 + 5% at 5 m and 81
+ 12% at 5% (or 3%) light depth in the WSG (Table 3). Those results suggested that the
high ¥ values in the WSG during summer were mainly attributable to the small
phytoplankton. The phytoplankton size may be related with ambient nutrient levels
(Thingstad, 1998; Krap-Boss et al., 1996). Although relatively high macronutrient
levels were observed in the WSG during the summer (Whitney, 2011), the growth of
large-sized phytoplankton is often limited by iron availability (Tsuda et al. 2003).
Unfortunately, iron data were seldom available from the KH08-2 cruise.

Therefore, we examined ¥ values in Fe-in and Fe-out areas during SEEDS-I and
SEEDS-II. We found that iron availability did not affect ¥ values in the WSG in these
studies. Suzuki et al. (2009) reported that the initial slope (o) of the photosynthesis—
irradiance (P—E) curve little changed between Fe-in and Fe-out during SEEDS-II.
Because the o has the same dimension as W, this can support our results that iron
availability did not affect ¥ values.

As discussed above, the ¥ values in the WSG were influenced by the magnitude of
primary production. In SEEDS-I and SEEDS-II, however, the ¥ values did not increase
with primary production (Table 5). Compared with the W values of Falkowski and
Raven (2007), Shiomoto (2000) found that high ¥ values were caused by high values of
Chl a-specific primary production. In SEEDS-I and SEEDS-II, the increases in Chl
a-specific primary production increased the W values and these results were similar to
previous studies (Shiomoto, 2000; Honda ef al., 2009; Isada et al., 2009).

Interestingly, the ¥ values during SEEDS-II were higher than those during SEEDS-I
(Table 5). Autotrophic flagellates predominated in the phytoplankton assemblages in
Fe-in during SEEDS-II (Suzuki et al., 2009), whereas the chain-forming diatom
Chaetoceros debilis (>10 pm in size) bloomed during SEEDS-I (Tsuda et al., 2003). In
the WSG during the KHOS8-2 cruise, autotrophic flagellates were also dominant (Fig. 2).
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Previous studies (e.g., Harrison and Platt, 1980; Furnas, 1982) showed that higher Chl
a-specific primary production was observed when nano-sized phytoplankton (2—20 pm),
which include most autotrophic flagellates observed in the WSG (Suzuki ef al., 2002),
rather than micro-sized phytoplankton (20200 um) dominated. As mentioned above, ¥
values become lower with an increase in PAR. In this study, we found higher ¥ values
in the WSG during summer when moderate PAR levels (ca. 1030 mol photons m™ d™)
existed and autotrophic flagellates predominated in the phytoplankton assemblages.

In the KHO08-2 cruise, the data of the TD were used as reference to the WSG.
Unexpectedly, we found that the primary production, Chl a-specific primary production
and ¥ were not significantly different between the TD and the WSG, representing that
the light utilization efficiency of phytoplankton photosynthesis was also high in the TD
during summer. Although ¥ values in the TD have been reported previously by
Shiomoto (2000) and Isada et al. (2009), the data from TD are clearly fewer than those
from the WSG. Comprehensive understanding of the variability of W values and its

controlling mechanisms in the TD are also required as future work.

2.4.2 Relationship between ¥ and daily PAR

Recently, Honda et al. (2009) calculated ¥ values on the basis of primary
production, Chl a concentration and PAR values in the northern North Pacific,
including stations in the Bering Sea and in the eastern North Pacific. The ¥ values
ranged from 0.2 to 1.5 g C (g Chl @) (mol photon)’ m?. Furthermore, the ¥ values
significantly correlated with surface PAR (R’ = 0.86, p < 0.00001) and tended to
increase with a decrease in surface PAR. The relationship was shown using the

following power function (Eq. 2.2).
¥ = 3.41 (surface daily PAR) ™ (2.2)

We calculated the power function of ¥ values in the world’s oceans (Falkowski and
Raven, 2007) where the data obtained from the subarctic North Pacific were not
included. As a result, Eq. 2.3 was obtained (R = 0.35, p < 0.001 for slope, root mean
square error (RMSE)=0.17, n=211).

¥ = 1.85 (surface daily PAR) (2.3)

Similarly, Eq. 2.4 was also derived from the WSG in the KHO08-2 cruise (R* = 0.96, p <
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0.001, for slope, RMSE = 0.08, n =5).
¥ =28.71 (surface daily PAR) "% (2.4)

The slope (—1.04) and intercept (28.71) of Eq. 2.4 are lower and higher than those
(slope: —0.56, intercept: 1.85) of Eq. 2.3 in Falkowski and Raven (2007).

In addition, we estimated the relationship between ¥ and daily PAR in the
WSG during the summers from 1993 to 2008 using Shiomoto (2000), Hashimoto and
Shiomoto, (2002), Imai et al. (2002) and the KHO08-2 cruise. The ¥ values varied
largely year by year; however, the values showed a significant correlation with the daily
PAR (Eq. 2.5, R*=0.31, p < 0.05 for slope, RMSE = 0.39, n = 23).

W = 7.44 (surface daily PAR) " (2.5)

Eq. 2.5 is useful for estimating ¥ values from the daily PAR in the WSG during
summer (June—August). All ¥ data in the WSG and Falkowski and Raven (2007) are
plotted in Fig. 4, and the fitting curves of Eq. 2.3, 2.4 and 2.5 are also drawn. Shiomoto
(2000) reported that the W values in the western subarctic Pacific during the spring
blooms were the highest among the world’s oceans as compared them under the same
daily PAR level. Recently, Isada ef al. (2009) showed that relatively high ¥ values in
the Oyashio region in both May and September as compared with those of Falkowski
and Raven (2007). In this study, the ¥ values (curve B in Fig. 4) in the WSG during the
summer of 2008 were clearly higher than the previous data. Moreover, the ¥ values in
the WSG during the summers between 1993-2008 (curve C in the Fig. 4) were also
generally higher than those of the world’s oceans derived from Falkowski and Raven
(2007). Therefore, these results indicate that ¥ in the WSG during the summer is the
highest among the world’s oceans. The high values of the water-column light utilization
efficiency (V) of phytoplankton photosynthesis can contribute to the high efficiency of
biological carbon pumping observed in the WSG (Honda, 2003).
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Table 2.1 Accessory pigment:chlorophyll a ratio matrices: (A) Initial ratio matrix in
the 100-10% light depths; (B) Final ratio matrix obtained by CHEMTAX
in the 100-10% light depths; (C) Initial ratio matrix in the 10-1% light
depths; (D) Final ratio matrix obtained by CHEMTAX in the 10—1% light
depths.

Fucox 19'-But  19'-Hex Peri Diadinox Allox Violax Prasinox Chlb Zeax Chl a
(A)
Diatoms  0.75 0 0 0 0.16 0 0 0 0 0 1
Prymne 0 0 0.58 0 0.10 0 0 0 0 0 1
Pelago 0.49 0.64 0 0 0.17 0 0 0 0 0 1
Chloro 0 0 0 0 0 0 0.049 0 0.29 0.044 1
Prasino 0 0 0 0 0 0 0.13 0.35 0.72 0 1
Crypto 0 0 0 0 0 0.1 0 0 0 0 1
Dino 0 0 0 0.5 0 0 0 0 0 0 1
Cyano 0 0 0 0 0 0 0 0 0 0.37 1
B)
Diatoms  0.75 0 0 0 0.16 0 0 0 0 0 1
Prymne 0 0 0.60 0 0.10 0 0 0 0 0 1
Pelago 0.49 0.64 0 0 0.15 0 0 0 0 0 1
Chloro 0 0 0 0 0 0 0.084 0 0.51 0.056 1
Prasino 0 0 0 0 0 0 0.13 0.35 0.72 0 1
Crypto 0 0 0 0 0 0.1 0 0 0 0 1
Dino 0 0 0 0.5 0 0 0 0 0 0 1
Cyano 0 0 0 0 0 0 0 0 0 0.37 1
©
Diatoms  0.44 0 0 0 0.06 0 0 0 0 0 1
Prymne 0 0 1.08 0 0.16 0 0 0 0 0 1
Pelago 0.38 0.40 0 0 0.05 0 0 0 0 0 1
Chloro 0 0 0 0 0 0 0.056 0 0.48 0.066 1
Prasino 0 0 0 0 0 0 0.07 0.36 0.70 0 1
Crypto 0 0 0 0 0 0.1 0 0 0 0 1
Dino 0 0 0 0.5 0 0 0 0 0 0 1
Cyano 0 0 0 0 0 0 0 0 0 0.35 1
(D)
Diatoms  0.44 0 0 0 0.06 0 0 0 0 0 1
Prymne 0 0 1.08 0 0.16 0 0 0 0 0 1
Pelago 0.38 0.40 0 0 0.03 0 0 0 0 0 1
Chloro 0 0 0 0 0 0 0.069 0 0.61 0.081 1
Prasino 0 0 0 0 0 0 0.07 0.36 0.70 0 1
Crypto 0 0 0 0 0 0.1 0 0 0 0 1
Dino 0 0 0 0.5 0 0 0 0 0 0 1
Cyano 0 0 0 0 0 0 0 0 0 0.35 1

Abbreviations: Prymne, prymnesiophytes; Pelago, pelagophytes; Chloro, chlorophytes; Prasino, prasinophytes; Crypto,

cryptophytes; Dino, dinoflagellates; Cyano, cyanobacteria; Fucox, fucoxanthin; 19'-But, 19'-butanoyloxyfucoxanthin; 19'-Hex,

19'-hexanoyloxyfucoxantin; Peri, peridinin; Diadinox, diadinoxanthin; Allox, alloxanthin; Violax, violaxanthin; Prasinox,
prasinoxanthin; Chl b, chlorophyll b; Zeax, zeaxanthin; Chl a, chlorophyll a.
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Table 2.3 Size-fractionated chlorophyll a concentrations at 5 m and 5% (or 3%)
light depth at each station.

Chlorophyll a (%)
Station Water mass 5m 5 % (or 3%) light depth
<10 pm >10 pm <10 pm >10 pm
1 TD 48 52 82 18
2 TD 39 61 45 55
3 TD 49 51 62 38
5 WSG 75 25 90 10
6 WSG 72 28 86 14
8 WSG 84 16 87 13
9 WSG 79 21 80 20
10 WSG 78 22 60 40
11 TD 62 38 92 8
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Table 2.4

List of the phytoplankton species identified. Genus and species names are

arranged alphabetically, not systematically. The asterisk indicates the
most dominant species in the diatoms or coccolithophores.

Centric diatoms

Pennate diatoms

Coccolithophores

Actinocyclus sp. 1
Asteromphalus hookeri
Azpeitia sp. 1

Bacteriastrum elongatum

B. hyalinum
Bacteriastrum sp. 1
Chaetoceros affinis
Ch. concavicornis
Ch. debilis

Ch. messanensis
Chaetoceros sp. 1
Chaetoceros sp. 2
Corethron criophilum™
Co. inerme
Coscinodiscus sp. 1
Eucampia zodiacus
Hemiaulus hauckii
Odontella longicuris
Rhizosolenia sp. 1
Rhizosolenia sp. 2
Skeletonema costatum
Thalassiosira allenii
Th. angulata

Th. anguste-lineata
Th. curviseriata

Th. eccentrica

Th. gracilis

Th. lineata

Th. mala

Th. nordenskioeldii
Th. oestrupii

Th. pacifica

Th. proschkinae

Th. trifulta
Thalassiosira sp. 1
Thalassiosira sp. 2
Thalassiosira sp. 3
Thalassiosira sp. 4
Thalassiosira sp. 5

Diploneis sp. 1
Fragilariopsis atlantica

F curta

E cylindriformis

F. cylindrus

F oceanica

F. pseudonana
Fragilariopsis sp. 1
Lioloma delicatulum
Navicula sp. 1
Neodenticula seminae
Nitzschia bicapitata

Ni. braarudii

Nitzschia sp. 1
Pseudonitzschia pseudodelicatissima
P. subfraudulenta
Pseudonitzschia sp. 1
Pseudonitzschia sp. 2
Pseudonitzschia sp. 3
Thalassionema nitzschioides

Alisphaera sp. 1

Calcidiscus leptoprus ssp. Leptoporus
Coccolithus pelagicus ssp. Braarudii
C. pelagicus ssp. Pelagicus
Coronosphaera mediterranea
Cyrtosphaera lecaliae

Emiliania huxleyi type A

E. huxleyi type B

E. huxleyi type C*

Syracosphaera corolla

S. molischii type 1

S. nana

S. pulchra
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Table 2.5 Summary of chlorophyll a concentration, primary production, PAR, Chl
a-specific primary production and ¥ during SEEDS-I and SEEDS-II.
Fe-in: inside the iron-fertilized patch, Fe-ingowi: growth phase based on
the F\/F levels in the Fe-in, Fe-out: outside the iron-fertilized patch,
Y: water-column light
utilization efficiency of phytoplankton photosynthesis.

PAR: photosynthetic

available

radiation,

Iron-fertilized

patch

Chlorophyll a
Day concentration

Primary production PAR (mol photons

(mg C m?d")

m> d-l)

Chl a-specific primary
production (mg C [mg

¥ (g C [g Chl a]
mol photon™ m?)

(mg m?) Chla]™ d™)
SEEDS-I
Initial 0 38.8 441 30.2 11 0.38
Fe-in g 2 37.6 520 31.7 14 0.44
Fe-ing,, 4 41.0 394 38.8 10 025
Fe-in g 7 115.0 1851 27.5 16 0.59
Fe-fgs 9 2322 2033 17.5 9 0.50
Fe-in 11 221.0 2350 35.2 11 0.30
Fe-in 13 131.7 1690 21.4 13 0.60
Fe-out 4 38.7 515 38.4 13 0.35
Fe-out 9 40.1 424 17.6 11 0.60
Fe-out 13 31.5 409 23.4 13 0.55
SEEDS-II
Initial 0 339 527 20.2 16 0.77
Fe-inyqum 2 31.8 887 343 28 0.81
Fe-inygun 5 62.8 1161 31.8 19 0.58
Feding,,, 8 65.5 1052 12.1 16 133
Feding,, 11 69.5 1446 24.1 21 0.86
Fe-in 17 453 557 36.3 12 0.34
Fe-in 23 20.2 633 41.5 31 0.75
Fe-in 25 24.8 629 15.4 25 1.65
Fe-out 11 42.6 909 23.9 21 0.89
Fe-out 15 42.5 723 26.0 17 0.65
Fe-out 24 18.2 794 35.2 44 1.24
Fe-out 31 16.7 378 26.8 23 0.84
Fe-out 32 20.5 324 25.8 16 0.61
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Fig. 2.1 Sampling stations during the KHO8-2 cruise in the western subarctic

Pacific. The locations of Stn KNOT, SEEDS-I and SEEDS-II are also
indicated. The surface current is drawn with arrows following Yasuda
(2003).
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Relationships between W and daily PAR during the KHO08-2 cruise (WSG
and TD), other studies in the WSG, and the world’s oceans. (A) The fitting
curves obtained from the Falkowski and Raven (2007), (B) the fitting curve
using the WSG data obtained from the KHO8-2 cruise and (C) the fitting
curve using all WSG data. The fitting curves (A), (B) and (C) correspond

to equations (3), (4) and (5), respectively.
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Chapter 3 — Dynamics of transparent exopolymer particles in the
Oyashio region of the western subarctic Pacific
during the spring diatom blooms

3.1 Introduction

In Chapter 2, I described that the water-column light utilization efficiency (‘) by
phytoplankton was relatively high in the Western Subarctic Gyre during summer. Isada
et al. (2009) also reported high ¥ values in the Oyashio region during the spring diatom
blooms. The PAR level in latitude 40° at the meridian transit between January and May
increases from ca. 1,000 to 2,000 pmol photons m? s (Kirk, 2011). The increase of the
PAR level from winter to spring lead to the water-column stratification (Kasai et al.,
1997), and it may induce the massive spring diatom blooms. In this spring diatom
blooms, the chlorophyll (Chl) a concentration and the primary production integrated
within the water-column were reported to reach 40 mg Chl a m™ (Kasai et al., 1998) and
3,200 mg C m™ d”' (Isada et al., 2010), respectively. The organic matters produced by
phytoplankton were consumed by the predators such as zooplankton, fish and mammals
and decomposed by bacteria. The consumption and decomposition may occur mainly in
the surface ocean, because the photosynthesis depends on PAR level. The depth of the
euphotic zone in the Oyashio region during the spring diatom booms were reported to
be between 3 and 50 m (Kasai et al., 1998; Isada et al., 2010), and the depth may
depend on the phytoplankton abundances (Saito et al., 2002). Whereas, a part of the
organic matter produced by phytoplankton was exported from the euphotic zone to the
deeper ocean. It is called the biological carbon pump. The biological carbon pump was
defined as the biological transportation of the organic carbon from the euphotic zone to
deeper ocean (Chisholm, 2000).

Takahashi et al. (2002) reported that the Oyashio region is one of the regions that
the seasonal drawdown effect of pCO, by marine organisms is highest among oceans.
This is caused by high primary production during the spring diatom blooms
(Midorikawa et al., 2003; Ayers and Lozier, 2013). However, a large part of the organic
matter fixed by phytoplankton is respired by bacteria, zooplankton, fish and marine
mammals, and as a result, CO; is released to the seawater. In addition, even if the
organic matter was transported from euphotic zone to deeper ocean, the settling organic

matters can be decomposed by bacteria or consumed by zooplankton, fish and marine
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mammals. Therefore, what important is the export of organic matters from the euphotic
zone to deeper ocean. The setting velocity of the particles can be estimated from the
Stokes’ equation (Stokes, 1845). As an example obtained from a laboratory experiment
of Iversen and Ploug (2010), the aggregate of 2.5-mm size produced by Skeletonema
costatum (diatoms) had the setting velocity of 113 m d”'. The average depth of ocean is
about 3,700 m (Charette and Smith, 2010). Hence, if this aggregate was not
decomposed or consumed, it could take 31 days from the sea surface to the floor. In fact,
since the decomposition and consumption occur in the water column, it would be spent
further time, and it is known that only about 0.1% of the export from the euphotic zone
reaches to the sea floor (Honda, 2003; Williams and Follows, 2011). The refractory
organic aggregates reached on the sea floor can be preserved for the geological time
scale. On the other hand, the labile organic aggregates may be respired by the organisms
in the deep ocean and in/on the floor, and after, the CO; released into the deep water can
be fixed up to ca. 1,000 years in the ocean (Matsumoto, 2007). The mechanism of the
carbon fixation into the ocean is important for the future high CO, world. Honda (2003)
reported that the efficiency of biological carbon pump was relatively high in the
Western Subarctic Gyre among the world’s oceans. Kawakami et al. (2004) also
showed that the POC fluxes and the ratios of POC export to primary production
(e-ratios) in the western subarctic Pacific including the Oyashio region were much
higher in spring than in winter.

The aggregate of particles may be facilitated by the existence of Transparent
exopolymer particles (TEP), which are very sticky, exhibit the characteristics of gels,
and particularly important for the aggregate of particles (e.g., Passow, 2002b, Wurl et
al., 2011). TEP are defined as >0.4 um transparent particles that consist of acid
polysaccharides and are stainable with Alcian blue (Alldredge et al., 1993). In the
marine system, many organisms, including phytoplankton and bacteria generate the
extracellular polysaccharides (Passow, 2002b). Generally, the high TEP levels are
known to associate with phytoplankton blooms, such as diatoms (e.g., Passow et al.,
1995b), phaeocystis spp. (e.g., Hong et al., 1997), dinoflagelltes (e.g., Berman and
Viner-Mozzini, 2001), cryptomonads (e.g., Passow et al., 1995) and cyanobacteria (e.g.,
Grossart and Simon, 1997). Diatoms are especially well known for excreting large
amount of polysaccharides during their actively growing and/or senescent conditions

(Passow, 2002b). Therefore, TEP can increase the biological carbon pump efficiency
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due to (I) TEP act as “bonding agent” and condense various particles existing in the
ocean, and (II) the aggregated particles increase the sinking velocity in the
water-column.

The TEP levels in the world’s oceans were highly variable (0—14,800 pg Xanthan
gum equivalent L) (Hong et al., 1997; Radi¢ et al., 2005). The high TEP were also
found within the hydrothermal plume area (Prieto and Cowen, 2007; Shackelford and
Cowen, 2006). A survey of the TEP in the Western Subarctic Gyre of the North Pacific
was carried out by Ramaiah et al. (2005), and the maximum value of the TEP levels was
190 pug Xanthan gum equiv. L. In Japan, the TEP surveys were conducted in Isahaya
Bay (Fukao et al, 2011), Sagami Bay (Sugimoto et al., 2007), Tokyo Bay (Ramaiah and
Furuya, 2002) and Otsuchi Bay (Ramaiah et al., 2001). However, the TEP studies in
Japan are limited in these bays.

As described above, the biological pump efficiency in the Oyashio region was
higher in the spring (Kawakami et al., 2004). This is associated with the spring diatom
blooms, and the diatoms may be the major source of the TEP. Hence, I studied the TEP
levels in the Oyashio region during the spring diatom blooms. Simultaneously, I
investigated the phytoplankton group, primary production, photosynthesis parameters
and bacterial abundance, and so on. Since it was reported that the TEP were mainly
formed from the DOC excreted by phytoplankton (Passow, 2002), I also estimated the
production of dissolved organic carbon (DOC) by the phytoplankton, and this is the first
study in the Oyashio region.

3.2 Materials and methods

3.2.1 Research cruises

The research cruises of the TEP in the Oyashio region during the spring diatom
blooms were conducted from April 13 to 23, 2010, from June 7 to 16, 2010, and from
May 5 to 13, 2011. The R/V Wakataka-Maru of the Tohoku national fisheries research
institute, Japan was used for the two cruises of 2010, whereas the R/V Tansei-Maru of
the Japan agency for marine-science and technology (JAMSTEC)/Atmospheric and
Ocean Research Institute, the University of Tokyo was used for the 2011 cruise. The

sampling stations in the April, June and May cruises were two (Al and A2), four (J1, J2,
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J3 and J4) and three (M1, M2 and M3), respectively (Fig. 3.1). In all cruises, incident
PAR above the sea surface was continuously measured on deck with a PAR sensor
(ML-020P, EKO Instruments Co., Ltd.) every 10 min on average, and the values were
recorded with a data logger. Seawater sampling at all stations was accomplished using a
CTD-CMS attached with Niskin bottles. Nutrients (nitrite plus nitrate—hereafter donated
as nitrate, phosphate and silicate) were determined with a BRAN + LUEBBE

auto-analyzer following the manufacturer’s protocol.

3.2.2 Phytoplankton pigments and CHEMTAX processing

To obtain the size information of the phytoplankton in terms of Chl a concentration,
Chl a concentrations of the <20, 2—10 and >10 um fractions in the April and June
cruises were determined using a Turner Design Model 10-AU fluorometer, according to
the Welschmeyer method (1994). Water samples (500 mL) corrected from 5 m depth
were size-fractionated using 47 mm Whatman GF/F filter and 47 mm Nuclepore filters
(2 and 10 um pore-size). Algal pigments were immediately extracted by soaking each
filter in N, N-dimethylformamide (DMF) at —20°C for 24 hours and were analyzed on
board.

For the analysis of phytoplankton pigments using high-performance liquid
chromatography (HPLC), water samples (500 mL) collected from 5 to 300 m depths (12
layers) were filtered on the 25-mm Whatman GF/F filters under gentle vacuum (<100
mm Hg). The filter samples were folded, blotted with filter paper and stored in a
deep-freezer (—80°C). Phytoplankton pigments were extracted with sonication in N,
N-dimethylformamide (DMF) according to the protocol of Suzuki et al. (2005). HPLC
pigment analysis was performed according to the method of Van Heukelem and
Thomas (2001), except the flow rate of 1.2 mL min™". Before injection, 250 uL of algal
extracts was mixed with 250-pL ion-pair solution (28 mM tetrabutyl ammonium acetate
(TBAA), pH 6.5), and equilibrated for 5 min at 5°C. Two hundred fifty microliters of
the mixture was injected into a Shimadzu HPLC (CLASS-VP) system incorporating an
Agilent Eclipse XDB-C8 column (3.5-um particle size, 4.6 x 150 mm). The HPLC
solvent system was as follows: solvent A was 70% methanol and 30% 2.8 mM TBAA
(pH 6.5) aqueous solution, and solvent B was methanol. A linear gradient with an
1socratic eluent method was used: 0 min 95%A/5%B, 22min 5%A/95%B, 22—-30 min
5%A/95%B.
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To estimate the contributions of each algal group in the two layers (520 m and 30—
50 m depths) to the total Chl a biomass, all data were interpreted by factorization using
the CHEMTAX program (Mackey et al., 1996). Initial and final pigment ratios were
calculated following the method of Latasa (2007) (Table 3.1), and the initial ratios were
based on Suzuki et al. (2002, 2005, 2009) who estimated the community composition of
phytoplankton in the western subarctic Pacific. Prymnesiophytes, pelagophytes and
prasinophytes in our CHEMTAX analysis are synonymous with type 3 haptophytes,
type 2 chrysophtes and type 3 prasinophytes of Mackey et al. (1996), respectively.

3.2.3 Phytoplankton specific absorption coefficient (a,,)

Duplicate water samples (each 500 mL) were collected at 5 m depth. The samples
were filtered onto Whatman GF/F filters (25 mm diameter) under gentle vacuum (<100
mm Hg). The filters were immediately contained into Petri slide containers (Millipore),
and covered with aluminum foil. The samples were stored in the deep-freezer (—80°C).
On land, the absorption from 400 to 750 nm of the samples was measured with a
spectrophotometer (MPS-2450, Shimadzu) equipped with an end-on-type
photomultiplier tube. The measurements were carried out according to the glass-fiber
filter technique of Kishino et al. (1985). The particulate matter on the filter was soaked
in NaClO solution (1% final concentration) to bleach phytoplankton pigments. The
bleached filter was measured with the spectrophotometer, and the absorption of detritus
determined. The optical density of the phytoplankton was obtained by subtracting the
optical density of the detritus from that the total particles. The measured optical
densities of particulate matter were corrected for the path-length amplification effect
using the equation of Cleveland and Weidemann (Cleveland and Weidemann, 1993).

The mean Chl a-specific absorption coefficient of phytoplankton, a,, (m” [mg Chl
a]") was weighted with the spectral irradiance of the incubator lamp from 400 to 700
nm to correct the spectral characteristics of the incubator lamp source according to Cota
et al. (1994) (equation 3.1).

700 700
g = j ag WEMNAL / | EQ)dA (3.1)
400 400
Where E()) is the relative spectral irradiance of the incubator lamp, and the relative

spectrum was obtained from the manufacturer.
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3.2.4 Cell abundance of phytoplankton

Water samples (500 mL) were taken at 5 m depth for counting diatoms and
coccolithophores and were fixed with buffered formalin (pH 7.8, 1% final
concentration). An aliquot (3—11 mL) of the sample was filtered onto a Nuclepore
membrane (1 pm pore size) filter set in a glass funnel (3 mm in diameter at the base)
under vacuum (100-200 mm Hg). The filter membrane was rinsed with the Milli-Q
water to remove salts and immediately dried for three hours in an oven at 60 °C. To
count and identify the algal cells, the whole area of membrane (ca. 7 mm?) was
examined with a scanning electron microscope (SEM, VE-8800, KEYENCE Corp.) at a
magnification of approximately 2,000x. Species of phytoplankton were identified
according to Fukuyo (1990), Thomas (1997), Young et al. (2003), Scott and Marchant
(2005) and Round et al. (2007). In this study, the dominant species in the diatoms were

defined as having more than 25% contributions to the total diatom abundances.

3.2.5 Flow cytometery

Quadruplicate water samples (each 2 mL) from 5 to 300 m depths were preserved
with paraformaldehyde (0.2% final concentration) and stored in the deep-freezer (—80
°C) until analysis on land. An EPICS flow cytometer (XL ADC system, Beckman
Coulter Inc.) equipped with a 15 mW air-cooled argon laser exciting at 488 nm and a
standard filter setup was used to enumerate eukaryotic ultraphytoplankton (<5 pm in
size, duplicate samples) and heterotrophic bacteria (duplicate samples). Prior to analysis,
the samples were thawed and drawn through a 35-pum nylon-mesh-capped Falcon cell
strainer (Becton-Dickinson) to remove larger cells. For the enumeration of eukaryotic
ultraphytoplankton, a certain volume of Flow-count fluorospheres (Beckman Coulter)
and 2.0 um Fluoresbrite YG beads (Poly Sciences) were added to each sample. The
details of flow cytometric analysis are described in Suzuki et al. (2005).

For the enumeration of heterotrophic bacteria, cells were stained with the nucleic
acid stain SYBER Gold solution (Invitrogen). Stock SYBER Gold stain (10*-fold
concentrations in the commercial solution) was diluted to 10-fold concentrations with
the Milli-Q water. The 10-fold SYBER Gold stain of 25 pL was added to the bacteria
sub-samples of 225 uL, and incubated in the dark at room temperature (25°C) for 30

min before analysis. The incubated samples were mixed with the Flow-Count
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fluorospheres of 250 pL, and then, analyzed.

3.2.6 Dissolved organic carbon (DOC) analysis

The samples of DOC were collected from 5 to 300 m depths (12 layers). In-line
filter folders (PP-47, Advantec MFS Inc.) and tubes (TYGON R-3603, United States
Plastic Corp.) were pre-cleaned by soaking in 1 M HCI and then rinsed with Milli-Q
water. Before sampling, pre-combusted Whatman GF/F filters (47 mm) were set in the
in-line filter folders, and the tubes were connected with the in-line filter folders. The
water samples were taken by connects the tube with the spigot of Niskin bottle. At start
of sampling, filtrates were well drained for prewashing of the tube, filter folder and
filter, and after, triplicate samples were collected into pre-combusted 24-mL screw vials
with acid-cleaned PTFE septum caps. The samples were immediately stored in the
freezer (—20°C) until analysis on land. The frozen samples were thawed, and they were
well shaken. The concentrations of DOC were determined with a total organic carbon
analyzer (TOC-V CSH, Shimadzu).

3.2.7 Pulse amplitude modulation (PAM) fluorometer measurements

The water sample for the pulse amplitude modulation (PAM) fluorometer was
collected into the 20-mL shading bottle at 5 m depth. The water sample was acclimated
to dark for 30 min at the 5 m depth temperature. Three milliliter of the water sample
was added into a quartz cuvette, and the photochemical quantum efficiency (Fy/Fy,) of

algal photosystem II (PSII) was measured with a Walz WATER-PAM fluorometer.

3.2.8 Particulate organic carbon (POC) production

Daily particulate organic carbon (POC) production was estimated using a simulated
in situ incubation technique at 5 m depth, except Station M3 during the May cruise. The
samples were dispensed into three 275-mL acid-cleaned polycarbonate bottles (two
light and one dark) and were inoculated with a solution of NaH">CO3 (99% atom% "*C),
which was equivalent to ca. 10% of the total inorganic carbon (TIC) in the seawater.
The TIC concentrations were measured with a total alkalinity analyzer (ATT-05,
Kimoto Electric Co., Ltd.). All bottles were incubated for ca. 24 hours. The incubated
samples were filtered onto pre-combusted Whatman GF/F filters (25 mm in diameter,

450°C for 5 hours) under a gentle vacuum (<100 mm Hg), and stored in the freezer (—
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20°C) until analysis. On land, the samples were thawed in the room temperature, and
exposed to HCI fumes in order to remove inorganic carbon, and completely dried in a
desiccator under vacuum for >24 hours. The concentrations of POC on the filters and
13C abundance were determined using a mass spectrometer (DELTA V, Thermo Fisher
Scientific Inc.) with an on-line elemental analyzer (FlashEA1112, Thermo Fisher
Scientific Inc.). The daily primary production was calculated according to equation
(3.2) (Hama et al., 1983).

(ais — an) _ [C]

X — X f (3.2)

POC production rate =
(aic - ans) t

Where ajs 1s the BC atom% in an incubated sample, ays 1s the BC atom% in a natural
(i.e., non-incubated) sample, ai. is the *C atom% in inorganic carbon, [C] is
concentration of POC in the incubated sample, ¢ is the incubation length (day) and f'is

the discrimination factor of °C (i.e. 1.025).

3.2.9 DOC production

Daily dissolved organic carbon (DOC) was estimated according to Hama and
Yanagi (2001) in general. The filtered seawater samples of the incubated POC
production were collected in pre-combusted 500-mL reagent bottles (450°C for 5 hours),
and stored in the freezer (-20°C) until analysis. On land, the frozen samples were
melted at room temperature (25°C), and the water samples were desalinated with an
electrodialyzer (Micro Acilyzer S3, ASTOM Corp.) equipped AC-220-550 cartridge
(CMX-SB/AMX-SB, ASTOM Corp.). The conductivity of the water samples decreased
from ca. 53 to just 3.0 mS cm” (S = Q) for 2-3 hours. Before and after the
desalination, DOC concentrations were examined in this study. The recovery percentage
of DOC concentration ranged from 62 to 96%, whereas the conductivity decreased to
6% of the initial conductivity (Table 3.2). The desalinated seawater samples were
concentrated to ca. 5 mL with a rotary evaporator at 45°C using pre-combusted 500-mL
egg-plant shaped flask. HCl was added to the concentrated 5-mL samples to decrease
the pH to 2. The low pH concentrates were purged with N, gas for ca. 9 min to remove
the dissolved inorganic '*C. Thereafter, the concentrates were re-concentrated to ca.
0.5-1 mL with the rotary evaporator at 45°C using a pre-combusted 10-mL pear shaped

flask. Whatman GF/F filters were completely fragmented with a probe-type sonicator in
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Milli-Q water, and the fragmented GF/F filter dried in an oven at 120°C. The dried
GF/F filter (a lump of the GF/F filter) was disentangled with a metal scoopula, and
collected in a 500-mL reagent bottle, and combusted in a muffle furnace (450 °C for 5
hours). A known weight of the GF/F filter fragments was added in tin capsules (Santis
Analysis, 10 x 10 mm tin capsule) for the elemental analyzer, and after, the
re-concentrated seawater samples of 500 uL was absorbed onto the GF/F fragments.
The samples were completely dried in a desiccator under vacuum for a few days. The
13C abundances of the samples were determined using the mass spectrometer (DELTA
V, Thermo Fisher Scientific Inc.) with the on-line elemental analyzer (FlashEA1112,
Thermo Fisher Scientific Inc.). Daily primary production for DOC was calculated
according to equation (3.3) (Hama and Yanagi, 2001).
DOC production rate = M X g (3.3)
(a,, — ay) t

Where ajs 1s the BC atom% in an incubated sample, ays 1s the BC atom% in a natural
(nonincubated) sample, ;. is the °C atom% in inorganic carbon, ¢ is the incubation
length (day), and [C] is concentration of DOC estimated in the section 3.2.6 DOC

analysis.

3.2.10 Photosynthesis-irradiance (P-E) curve experiments

Photosynthesis-irradiance (P-E) curve experiments were carried out according to
Isada et al. (2009). The water samples collected at 5 m depth were dispensed into 275
mL acid-cleaned polystyrene bottles, inoculated with a solution of the NaH">CO; (99
atom% '°C), which was equivalent to ca. 10% of TIC in the seawater. The
concentrations of TIC were measured with the total alkalinity analyzer (ATT-05,
Kimoto Electric Co., Ltd.). Incubations were carried out for ca. 2 hours in a bench-top
incubator, and equipped with a 150 W metal halide lamp (HQI-T 150W/WDL/UVS,
Mitsubishi/Osram Co., Ltd.) as a light source. The incubator was cooled to the seawater
temperature at 5 m depth with a temperature-controlled water circulator (CL-80R,
TAITEC Corp.). The samples were exposed to irradiance levels from ca. 5 to 2400
umol photons m™ s'. The irradiance levels at each bottle position were measured with a
4n PAR sensor (SQL-2101, Biospherical Instruments Inc.). After incubation, the

samples were filtered onto pre-combusted Whatman GF/F filters (25 mm diameter)
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under gentle vacuum (<100 mm Hg). Single water sample of 275 mL was also filtered
in the same manner as before the incubation. The filter samples were stored in the
freezer (—20°C) until analysis on land.

After the frozen filters were thawed, they were exposed to HCI fumes to remove
inorganic carbon, and completely dried in a desiccator under a vacuum for more than 24
hours. The POC in the samples and °C abundance were determined using the mass
spectrometer (DELTA V, Thermo Fisher Scientific Inc.) with the on-line elemental
analyzer (FlashEA1112, Thermo Fisher Scientific Inc.). Primary production per hour
was calculated according to Hama et al. (1983). The primary production rate was
normalized with the Chl a biomass. The Chl a-normalized primary production rate (mg
C [Chl a]" h™") was fitted with the non-photoinhibition model of the Webb et al. (1974)
(eq. 3.4) or with the photoinhibition model of Platt et al. (1980) (eq. 3.5).

*

P' = Pr (1 = exp™@E/Pm) (3.4)

P' =P (1 = exp=F/7) x (1 = exp B E/7) (3.5)

In those model, P’ pay is the maximum photosynthesis rate (mg C [Chl a]’ h™), o is the
initial slope (mg C [Chl a]" h™' [umol photon m™ s']™") and/or B is the photoinhibition
index (mg C [Chl a]" h™' [umol photon m™ s']™"). For the photoinhibition model (eq.
3.5), P max Was estimated from equation (3.6).

* * B/ "
P =P*><< ¢ >><< ¢ > (3.6)
R VOIS B Vs

The light saturation index (Ey) is defined as following equation (3.7).

E. = Po / @ (3.7)

Moreover, the maximum quantum yield of carbon fixation (®; max, mol C [mol

photon]™) was estimated from the following equation (3.8).
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Dpmax = 0.0231 X a" / ay, (3.8)

Where 0.0231 is factor to converts miligrams of carbon to moles, pmol photons to
moles and hours to seconds, and @, is the phytoplankton specific absorption coefficient

estimated in the equation (3.1).

3.2.11 TEP analysis

The water samples of TEP were taken from 5 to 300 m depths (12 layers).
According to Passow and Alldredge (1995b), triplicate water samples were filtered onto
Whatman 0.4-pm Nuclepore filters under gentle vacuum (<100 mm Hg), and TEP on
the filter were stained for ca. 2 seconds with 1 mL of a 0.02% aqueous solution of
Alcian blue (8GX, Sigma-Aldrich Inc. LLC) in 0.06% acetic acid (pH 2.5). The stained
filter was immediately rinsed with Milli-Q water to remove excess dye. The filters were
stored in the freezer (—20°C) until analysis on land.

For standard curve of TEP, I modified the method of the Claquin et al. (2008).
Xanthan gum of 1 mg was put into a 15-mL centrifugal tube, and added the 10-mL
Alcian blue stain. The tube was well shaken for about 1 hour. The tube was centrifuged
(3,200 x g, 20 min), and the supernatant liquid was removed using micro pipets.
Ethanol (99.5%) was added into the tube, and the tube was centrifuged, and the
supernatant liquid was also removed (ethanol precipitation method). The ethanol
precipitation method was repeated until the solution becomes transparently (>4 times).
The ethanol in the tube was removed as much as possible. To dry the blue-colored
xanthan gum, N, gas was gently sprayed into the tube. Subsequently, the xanthan gum
was completely dried in a desiccator under a vacuum for more than 24 hours. The blue
colored xanthan gum was extracted with 6-mL 80% H,SOy4, and dilution series for the
TEP standard curves were made to determine the TEP concentrations of the natural
samples. Absorption at 787 nm was measured with a Shimadzu spectrophotometer
(MPS-2400) in 1-cm cuvettes with reference to Milli-Q water. The slopes of the TEP
standard curves were examined with those of previously studies. The slopes in this
study ranged within those of previous studies (Table 3.3). Passow and Alldredge (1995)
also reported that the slopes vary according to the batch of staining solution.

For filter blanks, Passow and Alldredge (1995) reported that average absorption of
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the filter blanks with 0.4-um polycarbonate filters ranged between 0.07 and 0.09. In this
study, the filter blank (average + standard deviation) was 0.081 = 0.003 (n = 4).

The natural filter samples were transferred into 20-mL vials. Six milliliters of 80%
H,SO4 were added to the vials, and the filters soaked for 2 hours. The vials were gently
agitated 5 times over this period. Absorption at 787 nm was measured with the
spectrophotometer in the 1-cm cuvettes against Milli-Q water as reference. TEP levels

(ug Xanthan gum equivalent L) were determined following the equation (3.9; Passow
and Alldredge, 1995).

TEP level = (E757 — Cg7) X L X f (3.9)
(O
where E7g7 is the absorption at 787 nm of the sample, C7g7 is the absorption of the blank
(i.e. 0.081), V; is the filtered volume (L), and f is the calibration factor in micrograms
estimated from the TEP standard curve.
The carbon content (TEP-C) in the TEP were estimated according to the
equation (3.10; Engel and Passow, 2001).

TEP-C = TEP level X 0.75 (3.10)

Where 0.75 is a conversion factor from the TEP levels to TEP-C. Engel and Passow
(2001) estimated the carbon content in the TEP using a variety of diatom strains, and
showed that the carbon content the TEP ranged between 0.53 and 0.88 ug C [pg
Xanthan gum equiv.]™". The 0.75 is the average value of the conversion factors obtained

in the study of Engel and Passow (2001).

3.3 Results
3.3.1 Hydrography

Hydrographic conditions at 5 m depth are summarized with Chl a, POC, POC/Chl a
ratio and diatom abundances in Table 3.4. Although those surveys were carried out on
April and June in 2010 and May in 2011, the temperature increased from April to June.
The salinity (average + standard deviation) also little changed throughout April, May

and June (33.0 = 0.14). Generally, the nutrient levels of nitrate, silicate and phosphate
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did not deplete during those surveys.

3.3.2 Phytoplankton pigments and community composition as estimated by CHEMTAX
program

Chlorophyll a levels decreased from April to June (Fig. 3.2). The highest
concentration at 5 m depth was shown at the A1 station of April (8.8 mg m™), whereas
the lowest concentration was found at the J2 station of June (0.4 mg m™) (Table 3.4). In
general, the Chl a levels decreased with depth. The averaged percentages of the Chl a in
the >10 um fraction were relatively high in April (98 + 3%), and lower in June (18 +
12%).

The final ratio matrix in the 5-20 m depths estimated by the CHEMTAX program
(Table 3.1B) was within the range of Mackey et al. (1996), except alloxanthin:Chl a
ratio of the cryptophytes. The ratio (0.25) for cryptophytes was slightly higher than that
of the maximum value (0.23) of Mackey et al. (1996). The final ratio matrix in the 30—
50 m depths (Table 3.1D) was within the range of Mackey et al. (1996). Average
compositions of each phytoplankton group to the Chl a biomass from 5 to 50 m depths
are shown in Fig. 3.3. Diatoms dominated during April (>90%) and May (>75%). In
contrast, contribution of diatoms to the Chl a biomass in June was lower than those in
April and May (<46%), and the other phytoplankton groups such as cryptophytes (12—
37%), prasinophytes (13-26%) and prymnesiophytes (6—16%) appeared. The high Chl a
levels and diatom compositions indicated that this study was conducted from the diatom

bloom to the post-bloom phases.

3.3.3 Cell abundances and compositions of diatoms and coccolithophores by estimated
SEM

Scanning electron microscopy (SEM) identified 59 centric diatom species, 14
pennate diatom species, and 3 coccolithophore species including a holococolith (HOL)
species (Table 3.5). The cell abundances of diatoms at 5 m depth were highest at April
(335 + 67 x 10’ cells L") and lowest at June (5 + 4 x 10° cells L"), and May was highly
variable (150 + 115 x 10° cells L™") (Table 3.4). Dominant species in April and May
were Thalassiosira nordenskioeldii and Chaetoceros sp. 1 (Photo 3.1A) and, Ch.
atlanticus and Chaetoceros sp. 6 (Photo 3.1B), respectively. Fragilariopsis pseudonana

and Neodenticula seminae were predominant in June. I also found that the dominant
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diatom species changed from centrics between April-May to pennates in June (see
Table 3.5). The cell abundances of coccolithophores were low throughout those surveys
(0-3.6 x 10° cells L.

The CHEMTAX analysis revealed that the Chl a concentrations in April were

principally derived from diatoms.

3.3.4 Cell abundances of eukaryotic ultraphytoplankton and Synechococcus estimated
by flow cytemetery

The cell abundances of eukaryotic ultraphytoplankton from 5 to 300 m depths
ranged between 1.1 x 107 cells mL™ at 300 m depth of the M1 station and 5.2 x 10*
cells mL™" at 20 m depth of the J4 station (Figs. 3.4A, B). In the subsurface layer (30-75
m depths) during the May and June surveys, dramatic changes in the cell abundances
occurred, but that was not found in April. The average cell abundances in April, May
and June at 5 m depth were 5.3 2.2 x 10’ cells mL™, 2.1 + 1.5 x 10’ cells mL™" and 2.0
+ 1.3 x 10* cells mL™, respectively.

The cell abundances of Synechocuccus in the 5-300 m depths ranged between 58
cells mL™" at 300 m depth of the A2 station and 2.7 x 10’ cells mL™" at 30 m depth of the
J4 station (Figs. 3.4C, D). Generally, the cell abundances of Synechococcus were lower
than one order of magnitude in those of the eukaryotic ultraphytoplankton. Although the
changes in the subsurface layer (30—100 m depths) were found at some stations in May
and June, they little changed, compared to those of the eukaryotic ultraphytoplankton.
The average cell abundances at 5 m depth were 9.7 + 6.6 x 10 cells mL™ in April, 9.5 +
3.9 x 10 cells mL™ in May and 5.2 + 2.9 x 10* cells mL ™.

3.3.5 Bacteria abundance estimated by flow cytemetery

The vertical profiles of bacterial abundances were shown in Figs. 3.4E and F. The
cell abundances ranged between 5.4 x 10* cells mL™ at 300 m depth of the A2 station
and 5.7 x 10° cells mL™" at 150 m depth in the J2 station. The vertical profile of
subsurface (5-50 m depths) at the M1 station was slightly different with those in other
stations. The vertical profiles of bacteria in 100-300 m depths were different between
April-May and June, and the integrated cell abundances of 100—300 m depths in June
(5.7 +2.7 x 107 cells cm™) were significantly higher than those in April (1.8 + 0.5 x 10’

cells cm™) and May (1.8 + 0.3 x 10" cells cm™) (Wilcoxon rank sum test, June vs.
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April-May: p < 0.05, n = 9). In contrast, the bacterial abundances at 5 m depth little
changed from April to June (4.8 + 0.8 x 10° cells mL™ in April, 3.8 + 1.9 x 10° cells
mL™" in May and 3.4 + 0.8 x 10° cells mL™' in June).

3.3.6 POC concentration

The concentrations of POC at 5 m depth decreased from April to June, as well as
the Chl a levels (April: 454 + 70 pg L'; May: 203 + 37 pg L™'; June: 143 + 8 ug L)
(Table 3.4). In contrast, the ratio of POC/Chl a level was increased from April to June
(April: 77 £27; May: 134 + 25; June: 237 + 58).

3.3.7 DOC concentration

The concentrations of DOC generally decreased from 5 to 300 m depths (Fig. 3.5A,
B). The highest concentration (64 uM) was found at 10 or 20 m depths in the J2 station
and at 10 m depth in the J3 station, and the lowest concentration (45 uM) was found at
300 m depth of the M2, J3 and J4 stations. The DOC concentrations at 5 m depth were
58 £ 0.9 uM in April, 62 £ 0.9 uM in May and 62 + 1.3 uM in June. The integrated
concentrations of DOC were slightly higher in April (16.3 + 0.4 mol m™) than in May
(15.0 + 0.3 mol m™) and June (15.3 + 0.3 mol m™).

3.3.8 Maximum photochemical quantum efficiency (F\/F,) of photosystem II for
phytoplankton

The highest value (0.65 = 0.02) of F\/F, was found at the Al station in April, and
the lowest value (0.27 £+ 0.03) was observed at the J1 station in June (Table 3.6). The
average values in April, May and June were 0.59 £+ 0.07, 0.46 £ 0.13 and 0.32 + 0.04,
respectively, and significantly differences were found between April and June, and
between May and June (Steel-Dwass test, April vs. June: p < 0.01, n = 18; May vs.
June: p <0.01, n=21).

3.3.9 POC and DOC production

Production of POC at 5 m depth was ranged between 25 mg m™ d”' at the J1 station
and 290 mg m™ d' at the A1 station (Table 3.6). The average productivities in April,
May and April decreased from April to June (195 + 135 mg m™ d' in April, 72 + 41 mg

m> d' in May and 33 + 8 mg m~ d”' in June). Significantly differences were found
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between April and June, and between May and June, as well the F./F), ratios
(Steel-Dwass test, April vs. June: p < 0.05, n = 12; May vs. June: p <0.05, n =12).

The averaged values of DOC productivity at 5 m depth in April, May and June was
29+19mgm>d’,32+13mgm>d"and 1.9+ 0.5 mgm™ d”, respectively (Table
3.6). No significant differences were found between months (Steel-Dwass test, April vs.
May, May vs. June and April vs. June: p > 0.05).

The ratios (PER) of the DOC production/total (DOC plus POC) production were
estimated. The average ratios slightly increased from April to June (2.3 £ 2.5% in April,
4.6 £0.8% in May and 5.5 £ 1.5 % in June) (Table 3.6).

3.3.10 Phytoplankton specific absorption coefficient (a,,)

The values of phytoplankton specific absorption coefficient (d,,) at 5 m depth were
shown in Table 3.7. I found that the values in June were significantly high than those in
April and May (Steel-Dwass test, April vs. June: p < 0.05, n = 12; May vs. June: p <
0.05, n = 14).

3.3.11 P-E parameters and the maximum quantum yield (®. mq.) of carbon fixation for
photosynthesis

Photosynthesis-Irradiance (P-E) curves were drawn, and the calculated parameters
for P-E curves were summarized in Table 3.7. The maximum photosynthesis rates
(P’ max) in April, May and June were 2.7-3.3 (average 3.0), 2.2-3.6 (2.7) and 2.5-3.4
(2.9) mg C [Chl ] h'", respectively. Similarly, the values of initial slope (o) in April,
May and June were 0.031-0.048 (0.039), 0.020—0.035 (0.026) and 0.026—0.045 (0.034)
mg C [Chl a]" h' [umol photon m™ s'T", respectively. The photoinhibition indexes
(B) in the April (A2 station), May and June were 0.0010, 0.0014—0.0026 (0.0021) and
0.0007—-0.0014 (0.0011) mg C [Chl a]' h™' [umol photon m™ s']", respectively. The
values of light saturation index (Ex) in April, May and June were 70-89 (80), 68—182
(116) and 68—128 (92) umol photons m™ d' in June. The all parameters of P pax, 0, B
and Ex were not significantly different between April-May and June (Wilcoxon rank
sum test, P max, o and Ex: p> 0.7, n =9, Wilcoxon singled-rank test, p’: p = 0.34, n = 4),
and between May and June (Wilcoxon rank sum test, P*max, a*, B* and Ex: p>0.2,n=
7).

The values of maximum quantum yield of carbon fixation (®; ma.x) ranged from
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0.024 mol C [mol photon]'1 at the M3 station in May to 0.074 mol C [mol photon]'1 at
the A1 station in April (Table 3.7). The average values decreased from April to June
(0.072 + 0.004 mol C [mol photon]” in April, 0.041 + 0.019 mol C [mol photon]” in
May and 0.037 + 0.011 mol C [mol photon]” in June). The values of April were
significantly higher those in May, and those in June (Steel-Dwass test, April vs. May: p
<0.05, n=10; April vs. June: p <0.05, n=12).

3.3.12 TEP levels

The vertical profiles of TEP levels in each month were shown in Fig. 3.6. The
minimum and maximum values of the TEP levels were found at the Al station, and
those values were <10 pg Xanthan gum equiv. L and 171 pg Xanthan gum equiv. L™,
respectively. Although the TEP levels at the J2 station were higher in the deeper layer
(50-300 m) than in subsurface layer (5—40 m), the TEP levels of the subsurface layer in
each month were significantly higher than in the deeper layer (Wilcoxon rank sum test,
April: p <0.0001, n = 51; May: p < 0.0001, n = 101; June: p < 0.0001, n = 144). The
averaged TEP levels at 5 m depth decreased from April to June (109 + 21 ug Xanthan
gum equiv. L™ in April, 80 + 48 pg Xanthan gum equiv. L in May and 57 + 18 pg
Xanthan gum equiv. L), and the TEP levels in April were significantly higher than
those in June (Table 3.8) (Steel-Dwass test, p < 0.01, n = 18). I tested the relationships
between TEP levels and other parameters at 5 m depth. As a result, the TEP levels were
correlated with the parameters of the Chl a, POC/Chl a, bacteria abundance and POC
production (Table 3.9). The average levels of the integrated TEP values from 5 and 300
m depths in April, May and June were 9.7 + 0.2 g Xanthan gum equiv. m~, 144+ 0.3 g
Xanthan gum equiv. m™ and 12.0 + 2.5 g Xanthan gum equiv. m™, respectively (Table
3.8).

Interestingly, the ratios of TEP/Chl a (hereafter TEP') at 5 m depth significantly
increased from April to June (Table 3.8; Steel-Dwass test, April vs. May: p < 0.05, n =
15; May vs. June: p <0.01, n =21). In contrast, the ratios of the TEP/POC in April were
significantly lower than those in June (Steel-Dwass test, p < 0.05, n = 18). Similarly, the
ratios of the TEP-carbon content (TEP-C)/POC were also significantly lower in April
than in June (Steel-Dwass test, p < 0.05, n = 18). The average values of the TEP/POC
and TEP-C/POC ratios during this study were 36 + 12% and 27 £+ 9%, respectively. |

also investigated the relationships between TEP" levels and other parameters at 5 m
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depth, except the Chl a-related parameters. As a result, the TEP" levels correlated with
the parameters of the water temperature, salinity, POC, DOC, diatom abundances and
F\/Fy (Table 3.9).

3.4 Discussion
3.4.1 Comparisons of TEP levels between the Oyashio region and other oceans

To compare the TEP levels (units: pg Xanthan gum equivalent L") obtained in this
study, I summarized the values of the TEP range and maximum level in sifu in the
world’s oceans including estuary, polar and hydrothermal plume regions from 1995 to
early 2013 (Fig. 3.7, Table. 3.10). The comparisons revealed that the TEP levels (<10—
171; No. 60 in the Table 3.10) in the spring diatom bloom of the Oyashio region were
relatively low. On the other hand, my results were the first report on oceanic TEP levels
off Japan, because the TEP studies in Japan (No. 56-59 in the Table 3.10) were only
carried out in the bays (Isahaya Bay, Sagami Bay, Tokyo Bay and Otsuchi Bay; No. 56—
59 in the Table 3.10). The Western Subarctic Gyre (WSG) in the upstream region of the
Oyashio region has been recognized as a high-nitrate, low-chlorophyll (HNLC) waters.
The HNLC phenomenon in the WSG is mainly attributed to low iron availability and
zooplankton grazing (Tsuda et al. 2003; 2007). In the HNLC region, the in situ
experiment of the iron fertilization called Subarctic Pacific Iron Experiment for
Ecosystem Dynamics Study I (SEEDS-I) was carried out in summer, 2001. TEP
observations during SEEDS-I were conducted in both inside the iron-patch (Fe-in) and
outside the iron-patch (Fe-out) (Ramaiah et al.,, 2005). The TEP levels in Fe-in
increased with Chl a concentrations (ca. from 40 to 190 pg Xanthan gum equiv. L™, No.
62 in the Table 3.10), whereas those in Fe-out almost little changed (40—60 pg Xanthan
gum equiv. L, No. 61 in the Table 3.10). The TEP levels in the Fe-in were similar to
TEP levels in this study, and Chaetoceros deblis during the massive bloom in the Fe-in
of SEEDS-I dominated (Tsuda et al., 2003). Ramaiah et al. (2005) discussed that Ch.
debilis dominated during the SEEDS-I might be a low TEP producer, because the TEP
levels of >1,000 pg Xanthan gum equiv. L' were reported in the diatom blooms
(Passow, 2002b). Radi¢ et al. (2005) also reported the high TEP levels of >2,000 pg
Xanthan gum equiv. L' when the three diatoms of Chaetoceros sp., Skeletonema
costatum and Pseudonitzschia delicatissima dominated. Although the centric diatoms of

Chaetoceros sp. 1 and Thalassisosira nordenskioeldii dominated in April when the
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diatom bloom occurred in this study (Table 3.5), the TEP levels were clearly lower than
those observed previously. The results suggest that these diatom species did not produce
high amount of TEP or its precursors.

The most intensive observations were conducted in the Santa Barbara Channel (No.
7-14 in Table 3.10), where Dr. Uta Passow (Marine Science Institute, University of
California, Santa Barbara) energetically investigated. Unfortunately, the cross-sectional
observation of TEP in the Pacific or Atlantic has not been yet reported, and a lot of
surveys were carried out at near shore waters (Fig. 3.7). The highest level of 14,800 pg
Xanthan gum equiv. L' was observed in the Adriatic Sea of the Mediterranean Sea (No.
39 in Table 3.10), and such massive TEP was taken to a photograph (Photo 3.2; Kaiser
et al., 2011). As the reason for the highest TEP level, the authors noted that a shallow
basin under direct influence of Po River nutrient inputs contributed (Radi¢ et al., 2005).
In contrast, zero (No. 1 in Table 3.10) or the undetectable TEP levels (No. 19, 21-23
and 34 in the Table 3.10) were reported in the Antarctic regions and also Mediterranean
Sea. Generally, the high TEP levels of >1,000 pg Xanthan gum equiv. L™ were found in
the semi-closed regions such as estuary, bay and sea ice regions. A few studies also
have conducted within the hydrothermal plume area of the deep ocean (No. 15 in the
Table 3.10: Prieto and Cowen, 2007; Shackelford and Cowen, 2006 for TEP
abundances). Interestingly, high TEP levels (up to 6,451ug Xanthan gum equiv. L)
were observed in the hydrothermal plume areas of the deep ocean, and it has been
discussed that bacteria in the hydrothermal plume area were associated with the high
TEP levels. Then, the TEP levels can increase not only the euphotic zone but also the

deep ocean where close to the hydrothermal plume vent.

3.4.2 TEP level in the Oyashio region during the spring diatom blooms

Generally, the high TEP levels are known to associate with phytoplankton blooms,
such as diatoms (e.g., Passow et al., 1995b), phaeocystis spp. (e.g., Hong et al., 1997),
dinoflagelltes (e.g., Berman and Viner-Mozzini, 2001), cryptomonads (e.g., Passow et
al., 1995) and cyanobacteria (e.g., Grossart and Simon, 1997). In this study, the high
TEP levels at 5 m depth were observed in April and May rather than in June (Table 3.8),
and diatoms particularly dominated in April and May (Table 3.4 and Fig. 3.3). Even if
bacterial abundances in this study were well correlated positively with the TEP levels

(Table 3.9), it is suggested that the organic matters produced by the phytoplankton
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changed bacterial abundance and/or composition as reported by Mari and Kierboe
(1996) and Tada et al. (2011). Bacteria are also known not only to attach with TEP, to
decompose and consume the TEP (e.g., Passow et al., 2001), and to increase the growth
rate (Smith et al., 1995), but also to form the TEP from the TEP precursors (e.g.,
Yamada et al.,, 2013). These previous results support the significant relationship
between bacterial abundances and TEP levels observed in this study. However, the
interactions between TEP and bacteria are presumably complex due to the combinations
of various factors as reviewed by Passow (2002b).

On the other hand, phytoplankton clearly contributed to TEP levels at 5 m depth,
because a significant relationship was found between the TEP and Chl a cocentrations
(Table. 3.9), and similar results have also been reported previously (e.g., Passow et al.,
1995; Ramaiah and Furuya, 2002; Wurl et al., 2011). The positive relationship also
suggested that, in the Oyashio region, the TEP levels would be the highest during the
spring diatom booms throughout the year. Subsequently, to estimate the TEP levels
within the surface mixed layer, I examined the relationship between TEP and Chl a
concentrations within the mixed layer. As a result, the significant relationship was
found in Fig. 3.8. Also, the below equation (eq. 3.11) was proposed to estimate the TEP
level (TEPixed layer) from the Chl a concentration within the surface mixed layer in the

Oyashio region during the spring blooms.

TEPmixedlayer = 61 X Chl a032 (3.11)

Where, Chl a is the Chl a concentration within the mixed layer. This equation can
be used during the spring bloom in the Oyashio region from April to June, provided that
the Chl @ concentration ranged from 0.4 to 8.8 pg L. In the review on TEP by Passow
(2002b), the relationship between TEP and Chl a concentrations was also shown with
the power function of Eq. (3.11), and the slope and intercept values were 3.63 and 1 in
the Ross Sea (Hong et al., 1997), 0.45 and 176 in the East Sound (Kierboe, 1996;
Passow, 2002a), 0.33 and 282 in the Baltic Sea (Engel, 1998) and 0.46—1.06 and 106—
221 in the laboratory experiments using diatom strains (Passow, 2002a), respectively. In
this study, those values within the mixed layer were 0.32 and 60 (see Eq. 3.11),
respectively. Assumed that all TEP production was derived form phytoplankton, the
TEP productivity by the Oyashio diatoms in particularly April was relatively low (see
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Fig. 3.9), compared with other regions reported by Passow (2002b).

3.4.3 Contribution of TEP to biological carbon pump in the Oyashio region during the
spring blooms

The TEP-carbon contents (TEP-C) at 5 m depth were estimated assuming the
conversion factor of 0.75 from TEP level (ug Xanthan gum equivalent L) to TEP-C
(ug C L) (Engel and Passow, 2001). The TEP-C/POC ratios in this study were shown
in the Table 3.8, and the average value was 27 £ 9%. | summarized the average values
of the TEP-C/POC ratio obtained from various regions (Table 3.11). Surprisingly, the
ratios ranged from 1-103%. For the reason of the >100% (No. 4, 24 and 25 in the Table.
3.11), the difference (0.4 um for TEP and ca. 0.8 um for POC) of the pore size between
the TEP and POC filters could cause some errors (Beauvais et al., 2003; Bar-Zeev et al.,
2011). The ratios roughly obtained from the sea surface of the world’s oceans (No. 1-3,
5,7, 9 and 25 in the Table 3.11) were averaged for the comparison with my data, and
the value was 33 + 20%. The percentage of TEP-C to the POC pool in the sea surface
little differed between the Oyashio region during spring diatom bloom and the other
regions. Nevertheless, TEP have a high impact on the POC pool in the surface (e.g.,
Engel and Passow, 2001; Engel et al., 2002). In addition, because the ratio was reported
to increase from the surface to deeper layer (No. 10-13 and No. 23-25 in the Table
3.11; Ramaiah et al., 2005; Bar-Zeev et al., 2011), the TEP itself must be also important
for the biological carbon pump. On the other hand, an evaluation of the stickiness of the
TEP was not carried out in this study. The stickiness of the TEP excreted from the
diatoms was showed to vary between species (e.g., Kiorboe and Hansen, 1993). If the
stickiness of the TEP during the Oyashio spring diatom blooms was higher than those in
the other regions, the synergistic effect of the high abundance of the large-diatom and

the high stickiness of the TEP would increase the efficiency of the biological carbon

pump.

3.4.4 TEP production during the spring diatom blooms in the Oyashio region

Baines and Pace (1991) reviewed that the ratio of DOC production to total
production (PER) obtained from 16 studies including lacustrine, marine and estuarine
were average ca. 13%. In the eutrophic regions, the PER values were found on average

5% in Hakata Bay, Kyusyhu, Japan (Hama and Yanagi, 2001) and 19% in Ria de Bigo
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(42°14°N, 8° 47°W), Spain (Maraiion et al., 2004). In contrast, the higher values were
reported in the oligotrophic regions such as the Mediterranean Sea (32% reported by
Fernandez et al., 1994; up to 45% reported by Alonso-Saez et al., 2008; average 37%
reported by Lopez-Sandval et a., 2011) and Sargasso Sea (44% reported by Thomas,
1971). The increment of the surface to volume ratio of phytoplankton may increase the
PER value, because the increment can facilitate the passive diffusion of the biological
materials from the inside to outside the cell (Bjornsen, 1988; Kierboe, 1993). In this
study, the fraction of the large-sized phytoplankton (>10 um) obtained from Chl a
concentration at 5 m depth was clearly high in April (average 98 + 3%), and in contrast,
that of June became relatively low (average 18 + 12%). Although the statistical analysis
was incapable due to the small sample size, this difference might contribute to the PER
in this study (Table 3.6), and eventually, the PER might influence the formation of TEP.

Previous studies reported that TEP are mainly formed from dissolved acid
polysaccharides excreted from phytoplankton and/or bacteria (e.g., Alldredge et al.,
1993; Passow et al., 1994; Passow, 2000). This study focused on the relationship
between the TEP levels in the seawater and the DOC production by phytoplankton,
because the TEP production of bacteria was presumably complex, and did not
investigate in detail. Unexpectedly, it was not found that the TEP level was significantly
correlated with the DOC production (Table 3.9). However, the relationship between
TEP and Chl a concentrations indicate that the TEP level correlated with phytoplankton.
Interestingly, the TEP™ values significantly increased from April to June (Table 3.8).
Assumming that all TEP production derived phytoplankton, algal cellular TEP
production might increase toward the decline of the diatom blooms. This also suggests
that the TEP production by the diatoms was relatively low, compared with the other
phytoplankton groups appeared in the post-bloom. In fact, the TEP" levels were
significantly negative correlated with the diatom abundances (Table 3.9). I also tested
the relationships between TEP  and other parameters, and found that TEP  was
significantly correlated with the temperature, salinity, POC, diatom cell abundances
F./F, (Table 3.9). However, TEP" levels were not significantly correlated with DOC
production (Table 3.9). The TEP or its precursors produced by phytoplankton in the
Oyashio region during the spring bloom could be significantly affected by the formation,
decomposition, and consumption of bacteria (e.g., Engel et al. 2004b; Wurl et al., 2011;
Yamada et al., 2013), and/or those of zooplankton (e.g., Shimeta, 1993; Ling and
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Alldredge, 2003).
Table 3.1 Final

accessory pigment:chlorophyll

a ratio matrices

obtained by
CHEMTAX: (A) Initial ratio matrix in the 5-20 m depths; (B) Final ratio
matrix obtained by CHEMTAX in the 5-20 m depths; (C) Initial ratio matrix
in the 30—50 m depths; (D) Final ratio matrix obtained by CHEMTAX in the
30-50 m depths.

Fucox 19'-But 19'-Hex Peri  Diadinox Allox Violax Prasinox Chlb Zeax Chla
N
Diatoms 0.43 0 0 0 0.06 0 0 0 0 0 1
Prymne 0 0 0.73 0 0.14 0 0 0 0 0 1
Pelago 0.56 72 0 0 0.34 0 0 0 0 0 1
Chloro 0 0 0 0 0 0 0.015 0 0.38 0.049 1
Prasino 0 0 0 0 0 0 0.08 3 0.97 0 1
Crypto 0 0 0 0 0 0.2 0 0 0 0 1
Dino 0 0 0 0.5 0 0 0 0 0 0 1
Cyano 0 0 0 0 0 0 0 0 0 0.33 1
B
Diatoms 0.43 0 0 0 0.06 0 0 0 0 0 1
Prymne 0 0 0.72 0 0.14 0 0 0 0 0 1
Pelago 0.56 71 0 0 0.34 0 0 0 0 0 1
Chloro 0 0 0 0 0 0 0.015 0 0.39 0.049 1
Prasino 0 0 0 0 0 0 0.17 3 0.91 0 1
Crypto 0 0 0 0 0 0.2 0 0 0 0 1
Dino 0 0 0 0.5 0 0 0 0 0 0 1
Cyano 0 0 0 0 0 0 0 0 0 0.33 1
©
Diatoms 0.53 0 0 0 0.03 0 0 0 0 0 1
Prymne 0 0 0.73 0 0.14 0 0 0 0 0 1
Pelago 0.56 78 0 0 0.24 0 0 0 0 0 1
Chloro 0 0 0 0 0 0 0.035 0 0.37 0.042 1
Prasino 0 0 0 0 0 0 0.06 3 0.90 0 1
Crypto 0 0 0 0 0 0.1 0 0 0 0 1
Dino 0 0 0 0.7 0 0 0 0 0 0 1
Cyano 0 0 0 0 0 0 0 0 0 0.33 1
(D)
Diatoms 0.53 0 0 0 0.03 0 0 0 0 0 1
Prymne 0 0 0.73 0 0.14 0 0 0 0 0 1
Pelago 0.56 .79 0 0 0.24 0 0 0 0 0 1
Chloro 0 0 0 0 0 0 0.035 0 0.37 0.042 1
Prasino 0 0 0 0 0 0 0.07 3 0.84 0 1
Crypto 0 0 0 0 0 0.1 0 0 0 0 1
Dino 0 0 0 0.7 0 0 0 0 0 0 1
Cyano 0 0 0 0 0 0 0 0 0 0.33 1

Abbreviations: Prymne, prymnesiophytes; Pelago, pelagophytes; Chloro, chlorophytes; Prasino, prasinophytes; Crypto,

cryptophytes; Dino, dinoflagellates; Cyano, cyanobacteria; Fucox, fucoxanthin; 19'-But, 19'-butanoyloxyfucoxanthin; 19'-Hex,

19'-hexanoyloxyfucoxantin; Peri, peridinin; Diadinox, diadinoxanthin; Allox, alloxanthin; Violax, violaxanthin; Prasinox,
prasinoxanthin; Chl b, chlorophyll b; Zeax, zeaxanthin; Chl a, chlorophyll a.
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Table 3.2 Conductivity and DOC concentrations at before (original) and after
(desalted) of the desalination. The parentheses show the percentages
between the before and after. The conductivity decreased to ca. 6% of the
initial conductivity, whereas the recovery percentages of DOC
concentration ranged from 62 to 96%.

Sample Conductvity (mS cm™) DOC concentration (ug C L)
No. Original Desalted Original Desalted
1 53.3 (100) 3.0 (5.6) 704 (100) 438 (62.2)
2 53.1 (100) 3.0(5.6) 704 (100) 447 (63.5)
3 53.3(100) 3.0 (5.6) 688 (100) 506 (73.6)
4 52.8 (100) 3.0 (5.7) 715 (100) 687 (96.2)
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Table 3.3 Comparisons of the TEP standard curves between this study and previous
studies. The slopes (calibration factor) were shown for an inverse number
(f") of the regressions of Alcian blue absorbance vs. xanthan gum level.
The slopes in this study ranged within those of previous studies. It is
reported that the slopes vary according to the batch of staining solution
(Passow and Alldredge, 1995).

Reference . Sl(.)pe P Batch of Alcian blue stain
(calibration factor)
This study 120 0.99 Previous experiment
This study 120 0.99 Previous experiment
This study 124 0.99 April and June, 2010 cruises
This study 129 0.99 April and June, 2010 cruises
This study 105 0.99 May, 2011 cruise
This study 108 0.99 May, 2011 cruise
Passow and Alldredge (1995) 88 0.99"
Passow and Alldredge (1995) 139 0.98"
Claquin et al. (2008) 100 0.97
Claquin et al. (2008) 111 0.99

*Correlation coefficient
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Table 3.5  List of the phytoplankton species identified. Genus and species names are
arranged alphabetically, not systematically. Dominant species in the April,
May and June showed as red, purple and blue colors, respectively.

Centric diatoms

Pennate diatoms

Coccolithophores

Actinocyclus curvatulus
Actinocyclus sp. 1
Actinocyclus sp. 2
Asteromphalus hyalinus
Chaetoceros atlanticus
Chaetoceros concavicornis
Chaetoceros convolutus
Chaetoceros decipience
Chaetoceros debilis
Chaetoceros diadema
Chaetoceros neglectus
Chaetoceros pseudocurvisetus
Chaetoceros radicans
Chaetoceros sp. 1
Chaetoceros sp. 2
Chaetoceros sp. 3
Chaetoceros sp. 4
Chaetoceros sp. 5
Chaetoceros sp. 6
Chaetoceros sp. 7

Corethron criophilum
Corethron inerme
Coscinodiscus sp. 1

Odontella aurita

Rhizosolenia sp. 1
Rhizosolenia sp. 2
Rhizosolenia sp. 3
Rhizosolenia sp. 4
Stephanopyxis turris
Thalassiosira allenii
Thalassiosira angulata
Thalassiosira eccentrica
Thalassiosira gracilis
Thalassiosira hyalina
Thalassiosira lineata
Thalassiosira lineoides
Thalassiosira mala
Thalassiosira nordenskioeldii
Thalassiosira oceanica
Thalassiosira oestrupii
Thalassiosira pacifica
Thalassiosira leptopus
Thalassiosira trifulta
Thalassiosira sp. 1
Thalassiosira sp.
Thalassiosira sp.
Thalassiosira sp.
Thalassiosira sp.
Thalassiosira sp.
Thalassiosira sp.
Thalassiosira sp.
Thalassiosira sp. 9
Thalassiosira sp. 10
Thalassiosira sp. 11
Thalassiosira sp. 12
Thalassiosira sp. 13
Thalassiosira sp. 14
Thalassiosira sp. 15
Thalassiosira sp. 16

[c=IEN e SRV I N )

Fragilariopsis atlantica
Fragilariopsis cylindriformis
Fragilariopsis cylindrus
Fragilariopsis oceanica
Fragilariopsis pseudonana
Fragilariopsis sp. 1
Fragilariopsis sp. 2
Navicula directa

Navicula sp. 1
Neodenticula seminae
Nizschia sp. 1
Pseudonizschia sp. 1
Thalassionema nitzchioides
Thalassiothrix longissima

Coccolithus pelagicus ssp. Pelagicus
Emiliania huxleyi

Coccolithus pelagicus ssp. Pelagicus HOL'

" Abbreviation: HOL, holococcolith
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Table 3.6 Maximum photochemical quantum efficiency (F\/F,) of photosystem II
for phytoplankton, POC production and DOC production. PER was the
percentage of DOC production/(DOC plus POC production). They were
shown in order to the Chl a concentrations, that is alignment sequence of
April, 2010, May, 2011 and June, 2010 cruises.

POC production = S.D. DOC production +

. . °
Cruise Station F,/F,+S.D. (mg m d”) S.D. (mg m™ d) PER (%)
April, 2010 Al 0.65 £0.02 290 + 17 1.6 £0.04 0.5
April, 2010 A2 0.53+0.02 100+ 1 42+0.1 4.1
May, 2011 M1 0.41 £0.03 43+04 23+£09 5.1
May, 2011 M2 0.63 £0.03 100+ 5 42+04 4.0
May, 2011 M3 0.36 £0.03
June, 2010 J1 0.27£0.03 25+1 1.9+0.02 7.1
June, 2010 12 0.37£0.03 28+0.3 1.7+£04 5.8
June, 2010 I3 0.34 +0.01 43 +2 2.6+0.2 5.7
June, 2010 J4 0.30+0.01 36+1 1.3+£0.02 3.5
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Table 3.7 Summary of phytoplankton specific absorption coefficient (d) (m”® [mg
Chl a]™"), the maximum photosynthesis rate of P-E curve (P msx) (mg C
[Chl a]" h™), the initial slope (o) (mg C [Chl a]' h"' [pmol photon m™
s'T™"), the photoinhibition index (B) (mg C [Chl ¢]" h™' [umol photon m™
s'T™"), the light saturation index (Ex) (umol photons m™ s™'), the coefficient
of determination for the P-E fitting curve (+*) and the maximum quantum
yield of carbon fixation (®c max) (mol C [mol photon]™) at 5 m depth. They
were shown in order to the Chl a concentrations, that is alignment
sequence of April, 2010, May, 2011 and June, 2010 cruises.

Cruise  Station a ,,=S.D. P a B’ E, r P, ... £S.D.
April, 2010 Al 0.010 £+ 0.0001 2.7 0.031 89 0.99 0.074 £0.0040
April, 2010 A2 0.016 +0.0003 33 0.048 0.0010 70 0.99 0.069 +0.0011

May, 2011 Ml 0.013 +£0.0015 2.2 0.022 0.0014 99 0.98 0.038 =0.0030
May, 2011 M2 0.013 +0.0001 2.4 0.035 0.0023 68 0.90 0.061 = 0.0004
May, 2011 M3 0.019 £0.0011 3.6 0.020 0.0026 182 0.99 0.024 £ 0.0009
June, 2010 n 0.019 = 0.0001 34 0.026 0.0011 128 0.97 0.030 £+ 0.0002
June, 2010 12 0.026 = 0.0006 3.1 0.045 0.0014 68 0.92 0.040 £ 0.0009
June, 2010 I3 0.017 +0.0008 2.9 0.037 0.0013 76 0.89 0.051 £0.0025
June, 2010 J4 0.021 £ 0.0008 2.5 0.026 0.0007 96 0.91 0.028 £0.0010

62



Table 3.8 The levels of TEP, and the ratios of TEP/Chl a, TEP/POC and TEP-C/POC
at 5 m depth, and the integrated levels from 5 to 300 m depths. They were
shown in order to the Chl a concentrations, that is alignment sequence of
April, 2010, May, 2011 and June, 2010 cruises.
5 m depth 5 - 300 m integrated
Cruise Station TEP level + S.D. (ug TEP/ Chl a ratio TEP/POC ratio TEP-C/POC TEP level (g Xanthan
Xanthan gum equiv. L™) +8S.D. +8S.D. ratio £ S.D. gum equiv. m?)
April, 2010 Al 110 + 22 13+3 0.22 + 0.04 0.16 + 0.03 9.9
April, 2010 A2 109 + 26 26+6 0.27 +0.06 0.20 + 0.05 9.5
May, 2011 M1 33+6 3245 0.21+0.03 0.15+0.03 14.1
May, 2011 M2 121+ 34 59+ 16 0.57+0.16 0.43+0.12 14.7
May, 2011 M3 87 +48 52429 0.37 £0.20 0.28+0.15 145
June, 2010 J1 5245 84+9 0.36 +0.20 0.27 +0.03 9.6
June, 2010 n 34+15 80 +36 0.25+0.11 0.19+0.08 153
June, 2010 13 71+12 98 + 16 0.51 +0.09 0.38 +0.06 10.8
June, 2010 J4 69 + 11 92+ 14 0.45 +0.07 0.34 = 0.05 12.4
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Table 3.9  Relationships between TEP and other parameters, and between TEP™ and
other parameters. A significant relationship showed by boldface.

*

Parameters TeP TeP
P p n p p n
Temperature -0.65 0.07 9 0.83 0.01 9
Salinity 0.35 0.36 9 -0.80 0.01 9
Nitrate -0.05 0.91 9 -0.42 0.27 9
Silicte 0.05 0.91 9 -0.33 0.39 9
Phosphate -0.55 0.13 9 -0.15 0.71 9
Chla 0.77 0.02 9 - - -
POC 0.68 0.05 9 -0.83 0.01 9
POC/Chl a -0.78 0.02 9 - - -
DOC -0.11 0.78 9 0.85 0.003 9
CHEMRAX Diatom% 0.57 0.12 9 - - -
Diatom derived-Chl a 0.68 0.05 9 - - -
Diatom cell abundance 0.58 0.11 9 -0.73 0.03 9
Eukaryotic ultraphytoplankton ~ -0.30 0.44 9 0.58 0.11 9
Synechococcus abundance -0.17 0.68 9 -0.53 0.15 9
Bacteria abundances 0.98 0.0004 9 -0.26 0.54 9
F,/F, 0.57 0.12 9 -0.80 0.01 9
POC production 0.75 0.03 8 -0.69 0.06 8
DOC production 0.34 0.42 8 -0.14 0.73 8
PER -0.62 0.12 8 0.45 0.27 8
a'ph -0.54 0.14 9 - - -
P e 003 095 9 - ; )
o 0.26 0.50 9 - - -
B’ 0.13 0.76 8 - - -
E, -0.37 0.34 9 - - -
D nax 0.55 0.13 9 - - -
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T30 T4z T4 746 L
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Fig. 3.1 Sampling locations in the TEP survey cruises during the Oyashio spring
diatom blooms. The stations in April and June, 2010 were shown with red
color (Al and A2) and white color (J1, J2, J3 and J4), respectively. The
stations in May, 2011 were also shown with yellow color (M1, M2 and M3).
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Chl a concentration (mg m-3)
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Fig. 3.2 Chlorophyll a vertical profile in the Oyashio spring phytoplankton blooms.
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Fig. 3.3  Average contributions of each phytoplankton group to the Chl a biomass
within 5-50 m depths. They were shown in order of the Chl a concentrations,
that is alignment sequence of April, 2010, May, 2011 and June, 2010 cruises.
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Eukaryotic ultraphytoplankton abundances (cells mL-")

102 10 104 105 102 103 104 105
50 50+ =
100+ 100+
150 150+

- - —-— ]l
200 200-F

r r —-— ]2
250+ 250+ - 13

; i 14
300 300

Synechococcus abundances (cells mL-")

10! 102 103 104 10! 104
0f——nt 0 f——n -
o D
~ 1004 100+
£ B i
N’ L L
< 150-f 150
=¥ i B
L i i
2 200 200+
250-F 250-F
300-L 300-L
Bacterial abundances (cells mL1)
104 105 109 10* 106
00— ‘ 0 —
o E
100-F 100+
150 150+
2004 200+
250-F 250+
300-L 300-L

Fig 3.4 Vertical distributions of eukaryotes (A, B), Synechococcus (C, D) and bacteria
(E, F).
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DOC concentration (uM)
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Fig. 3.5 Vertical profiles of dissolved organic carbon (DOC) concentrations in April
and May cruises (A), and June cruise (B).
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TEP level (ug Xanthan gum equiv. L)
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Fig. 3.6 Vertical profiles of TEP levels in April (A), May (B) and June (C), and of
TEP/Chl a ratios in April and May (D) and June (E).
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Fig. 3.8 Relationship between TEP and Chl a concentrations within the mixed layer.
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Fig. 3.9 Relationships between TEP and Chl a concentrations obtained in the various
region. This study (A), Hong et al. (1997) (B), Kierboe (1996) and Passow
(2002a) (C), Engel (1998) (D), Average of the diatom strains (Passow, 2002a)

(E).
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Chaetoceros sp. 1 Chaetoceros sp. 6

Pohoto 3.1 Photos of Chaetoceros sp.1 (A) and Chaetoceros sp. 6 (B).
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Pohoto 3.2 A Photo of massive TEP (marine “snowflake”) in the Adriatic Sea (Kaiser
etal., 2011).
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Chapter 4 — Formation of transparent exopolymer particles from
the diatom Thalassisosira nordenskioeldii strain

4.1 Introduction

In Chapter 3, I investigated the dynamics of the transparent exopolymer particles
(TEP) in the Oyashio region during the spring diatom boom. The levels of TEP at 5 m
were highest in April, and generally decreased from April to June. Chlorophyll (Chl) a
concentration significantly correlated with the TEP levels. It has been reported that the
centric diatom Thalassiosira nordenkioeldii dominated in the Oyashio spring boom
(Chliba et al., 2004; Ichinomiya et al., 2010; Suzuki et al., 2011). Indeed, T.
nordenskioeldii also predominant in the phytoplankton community in April 2010 (see
Chapter 3). Hence, in this chapter I examined the TEP productivity of T.
nordenskioledii more in depth using the batch cultivation technique.

The precursors of TEP have been considered as dissolved acid polysaccharides (e.g.,
Engel, 2004; Thornton et al., 2007; Wurl et al., 2011), and they might be mainly derived
from the dissolved organic carbon (DOC) excreted by phytoplankton (Passow, 2002b).
The release of the polysaccharides by phytoplankton depends on species, individual
physiological state and environmental growth conditions (Passow, 2002b). Myklestad
(1974) reported that the ratios of the polysaccharide/carbohydrate excreted by nine
diatoms (Chaetoceros affinis, Ch. curvisetus, Ch. decipiens, Ch. debilis, Ch. socialis,
Corethron hystrix, Skeletonema costatum, T. gravida and T. fluviatilis) varied from 1—
125%. Other study of Myklestad using Ch. affinis also reveled that carbohydrates,
especially polysaccharides, reached to 80% of the total DOC production (Myklestad,
1989). The investigations of the DOC and POC productivities by phytoplankton have
been conducted intensively (e.g., Hellebust, 1965; Fogg, 1983; Lopez-Sandoval et al.,
2011). Hellebust (1965) reported that the ratio (PER: percentage of extracellular
release) of the DOC productivity/total organic carbon (TOC) productivity (DOC + POC
productivities) in four diatoms (Phaeodactylum tricornutum, S. costatum and T.
fluviatilis) were higher in the high light intensity (ca. 1,800 pmol photons m™ s™) than
the low or middle light intensities (ca. 50 and 400 pmol photons m™ s™). This was
mainly explained by the damages of diatom cells with photooxidation. The relationship

between the PER and light intensity was also studied by Zlotnik and Dubinsky (1989)
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and Maraion et al. (2004). In contrast to Hellebust (1965), those studies showed that the
PER in the high light intensity (ca. 1,900—3,000 umol photons m™ s) was not higher
than the low or middle light intensity. On the contrary, the PER became higher in the
low or middle light intensities (ca. <400 pmol photons m™ s™). These results reveled
that the behaviors of the PER, and POC and DOC productivities to the light intensity
differed between species. The values of the PER can be influenced by the growth phase
of phytoplankton. The absolute DOC productivity of Ch. affinis was higher in the
exponential growth phase (exponential phase) than in the stationary growth phase
(stationary phase), whereas the PER became 5-fold higher in the stationary phase than
in the exponential phase (Myklestad, 1995). Some previous papers (Myklestad, 1974;
Myklestad et al., 1989; Obernosterer and Herndl, 1995) also showed similar results with
Myklestad (1995).

The TEP were known to protect phytoplankton cells from the attachment of
bacteria (Azam and Smith, 1991; Smith et al., 1995). Hence, the existence of bacteria
may increase the TEP productivitiy by phytoplankton. On the other hand, it has recently
been reported that bacteria promoted the aggregation of polysaccharides (Yamada et al.,
2013). Moreover, it was reported that extracellular polymeric substances (EPS), which
are TEP precursors, may also act as a salinity barrier and a cryoprotectant (Krembs and
Engel, 2001; Tamaru et al., 2005; Underwood et al., 2010). Therefore, phytoplankton
possibly excrete the TEP or TEP precursors to moderate ambient environment changes.

Claquin et al. (2008) and Fukao et al. (2012) reported the TEP productivity of
diatoms. The four diatoms (Ichochrysis aff. galbana, Pseudo-nitzchia fraudulenta, S.
marinoi and T. pseudonana) ranged between ca. 0 and 50 pg Xanthan gum equiv. [pug
Chl a]' d' under the continuously light conditions of 130 pmol photons m™ s
(Claquin et al., 2008). Coscinodiscus granii had the cellular TEP productivities between
3.2-8.2 ng Xanthan gum equiv. [cell]’ d (light:dark cycle = 14 hours:10 hours, light
intensity: 150-200 pumol photons m? s™) (Fukao et al., 2012). However, the TEP
productivity of T. nordenskioeldii dominated in the Oyashio spring boom have not ever
been reported to date. Hence, I investigated not only the TEP productivity, but also the
relationship between the DOC and TEP productivity using 7. nordenskioeldii isolated
from the Oyashio spring bloom. Moreover, to examine between the DOC productivity
and the light intensity or between the DOC productivity and the growth phase, the

photosynthesis—irradiance (P—E) curve experiment was also carried out in the
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exponential and stationary phases.

4.2 Materials and Methods
4.2.1 Design of laboratory culture experiment
4.2.1.1 Isolation, sterilization and acclimation of Thalassiosira nordenskioeldii

A single cell of Thalassiosira nordenskioeldii (diatom, photo 4.1) was isolated from
the seawater corrected in the Oyashio cruise of May 2011. The isolated T.
nordenskioeldii were incubated in f/2 medium (Guillard and Ryther, 1962; Guillard,
1975) at 10°C before the onset of the laboratory culture experiment. According to
Sugimoto et al. (2007), T. nordenskioeldii were sterilized with the antibiotics of
penicillin (final concentration: 25 U mL™) and streptomycin (final concentration: 25 pg
mL™") (catalog no. 17-603E, Penicillin/Streptomycin stock 5K/5K, Lonza Group Ltd.).

The oligotrophic surface water was collected from the subtropical North Pacific at
23°N, 180° on December 2011 (temperature: 26.2°C, salinity: 35.3, nitrate: <0.05 puM,
ammonium: 0.02 uM, phosphate: 0.02 uM, silicate: 1.1 uM) was used as the base
seawater of this culture experiment. One litter of the oligotrophic seawater was filtered
through Whatman GF/F filter (47 mm in diameter) and corrected into a 2-L
polycarbonate bottle. The salinity was adjusted at 33.0 by adding Milli-Q water to the
filtered seawater. The stock solutions for the f/2 medium (Guillard and Ryther, 1962;
Guillard, 1975) were added to the filtered seawater in the bottle, and the nutrient
concentrations were coordinated with those at the before of the spring diatom blooms in
the Oyashio region (nitrate: ca. 20 uM; silicate: ca. 35 uM; phosphate: ca. 2.0) (Saito et
al., 2002; Kono and Saito, 2010). Subsequently, 50 uL of the trace metal and 25 pL of
vitamin stock solutions for the f/2 medium were added to 1 L of the filtered seawater,
(final concentrations: FeCls - 6H,O at 600 nM, vitamin Bj, at 15 nM). The
Oyashio-simulated medium was autoclaved (121°C, 20 min; TOMY BS-305, TOMY
SEIKO Co., Ltd.), and the medium was cooled in a clean bench. Thereafter, the medium
was transported into an incubator (MIR-554, SANYO Electric Co., Ltd.) for the
laboratory culture experiment (temperature at 5°C). Six fluorescent lamps (FL20SS -
BRN/18, TOSHIBA x 6) were mounted to the upper part in the incubator, and
photosynthetic available radiation (PAR) of ca. 100 umol photons m™ s™ at the base of
the bottle was exposed with the light-dark cycle of each 12 hour. The axenic

Thalassiosira nordenskioeldii were acclimated to the above condition for ca.
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30-generations in the exponential phase before onset of the culture experiment.

4.2.1.2 Preparation of the culture experiment

Two polycarbonate culture vessels (volume: ca. 20 L, P/N 2600-0012 culture vessel,
Thermo Scientific Nalge Nunc International) with four ports were used. Similarly to the
section 4.2.1.1, the oligotrophic surface water was collected from the subtropical North
Pacific at 23°N, 180° on December 201 1was filtered through the 47-mm Whatman GF/F
filter. To conduct the aseptic culture experiment of the final volume 17-L per the 20-L
vessel, and because autoclaving the medium of the large-volume was some problems, I
divided the filtered seawater into two vessels. Fourteen and 3 litters of the filtered
seawater were corrected in the 20-L culture vessel and a 6-L polycarbonate bottle,
respectively. According to the section 4.2.11, the Oyashio-simulated mediums were
made, and autoclaved. The autoclaved 3-L medium was added into the 20-L
polycarbonate culture vessel; therefore, the total medium volume of the culture vessel
was ca. 17 litters.

To aseptic sampling from the 20-L culture vessels, the tubes, bents and three-way
cock pre-cleaned by soaking for >24 hours in 1 M HCI were connected with the ports of
the 20-L culture vessel. The 20-L culture vessels were covered with plastic bags, and
once, they were cooled in a refrigerator (ca. 3°C). After, the 20-L culture vessels were
transported in the same incubator (temperature: 5°C, MIR-554, SANYO Electric Co.,
Ltd.).

4.2.1.3 Start of the culture experiment and sampling

To start the culture experiment, the axenic 7. nordenskioeldii were added into the
20-L culture vessels in the clean bench, and immediately, the 20-L culture vessels were
restored in the incubator (Fig. 4.1). The medium in the 20-L culture vessels was well
stirred with turn round and round the bottles, every morning (ca. 6:30 AM). After
stirred, sampling was carried out every other day (samples: nutrients, cell size and count,
and TEP levels) or once in four days (samples: particulate organic carbon (POC),
particulate nitrogen (PN), dissolved organic carbon (DOC), and pigments). Moreover,
the photosynthesis—irradiance (P—E) curve experiments to investigate the
photosynthesis physiology of 7. nordenskioeldii were conducted in the exponential and

stationary phases (days 18 and 20 for the exponential phase, days 34 and 36 for the
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stationary phase).

The sampling system mentioned above is shown with some photos (see Fig.4.2).
The sampling tubing pre-cleaned by the HCI was jointed to both the three-way cook and
a pre-cleaned sampling bottle, and the three-way cook was twisted from the atmosphere
opening thorough the disposable inline filter (0.2 pm; ADVANTEC DISMIC®-25AS,
Toyo Roshi Kaisha Ltd.) to the sampling bottle. The air pressure in the sampling bottle
was lowered with an aspirator (ADVANTEC PSA152AB, Toyo Roshi Kaisha Ltd.).
Therefore, the water sample was transported from the 20-L culture vessel to the
sampling bottle. A part of the first water sample was discarded for prewashing the
tubing and sampling bottle. After sampling, the three-way cock was twisted for
atmosphere opening through the 0.2-um inline filter, and then the sampling tubing was

removed.

4.2.2 Samples of every other day
4.2.2.1 Nutrients

Duplicate water samples per the 20-L culture vessel were corrected into acrylic
tubes with screw cap (11-D, SANPLATEC Corp.), and the samples were immediately
stored in the freezer (—20°C). The frozen samples were thawed in the room temperature
(25°C) and they were well shaken. Because high abundance of cells in the sample
hampers nutrient analyses, the samples were centrifuged, and the supernatant was
transferred into the new tubes. Nutrients (nitrate, nitrite, ammonium, phosphate and
silicate) were determined with an auto-analyzer (QuAAtro 2-HR, BLTEC Corp.) for

nutrient analyses following the manufacturer’s protocol.

4.2.2.2 Cell size and count

The water sample of 10-50 mL was transferred into 15-mL or 50-mL
polypropylene centrifuge tubes (part no. 339650 or 339652, Nunc'™ 15mL or 50mL
Conical Sterile Polypropylene Centrifuge Tubes, Thermo Fisher Scientific inc.). During
days 0-14, T. nordenksioeldii were filtered onto 25 mm Whatman Nuclepore membrane
filters with 1.0 um pore-size, and were immediately re-suspended in the
non-concentrated water samples (concentration factor: 5—10 times). One point five
milliliters of the concentrated water sample (days 0—14) or the non-concentrated water

sample (days 16—40) was transferred to a micro slide glass chamber of thickness 1.1
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mm (S109502, MATSUNAMI GLASS Ind., Ltd.), and covered with a cover glass. To
estimate the cell size and abundance, duplicate samples from the 20-L culture vessels
were observed with an epifluorescence microscope (BZ-9000, KEYENCE Corp.)
equipped with a GFP optical filter (excitation wavelength: 480 + 15 nm, emission
wavelength: >510 nm, OP-66835 BZ filter GFP, KEYENCE Corp.). In the light field,
the cell diameter and pervalvar axis (length between valve and valve) were observed 11
cells during days 0-8, and 21 cells during days 10-40, and those lengths were
determined with assistance of an image analysis software (KEYENCE Corp.). The area
(Cell,: mm?) and volume (Cell,: mm®) of the cell were estimated from the equations
(4.1) and (4.2), respectively. Then, the cell shape of 7. nordenskioeldii in this

experiment is assumed as a cylinder.

Cell, = 2mr? + 2mrlL 4.1
Cell, = 2nr?L 4.2)

Where 7 is the circular constant, » is the cell radius and L is the length of the pervalvar
axis.

For the cell abundance, the Chl a-derived fluorescence in 7. nordenskioeldii were
automatic photographed with 28 fields in magnification 4%, and the fluorescence were
summed with the image analysis software above. The specific growth rate per day (u:
d") during the culture experiment was estimated with the method of Guillard (1973) as

the following eq. (4.3).

p = (InNy — InNy) / (t; — to) (4.3)

where Nj is the initial cell abundance (cells mL™), N, is the cell abundance after ¢ days,
to is the initial time (d), and ¢ is the time after ¢ days. Subsequently, the growth rates

per day (M: division d") were calculated from eq. (4.4).

M=1In(2)/u (4.4)
where In (2) is 0.693.
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4.2.2.3 Transparent exopolymer particle (TEP) levels

According to Passow and Alldredge (1995b), triplicate water samples (1-20 mL)
were filtered onto Whatman 0.4-pum Nuclepore membrane filters under gentle vacuum
(<100 mm Hg), and TEP on the filter were stained for ca. 2 seconds with 1 mL of a
0.02% aqueous solution of Alcian blue (8GX, Sigma-Aldrich Inc. LLC) in 0.06% acetic
acid (pH 2.5). The stained filter was immediately rinsed with Milli-Q water to remove
the excess dye. The filters were stored in a freezer (—20°C) until analysis.

For standard curve of TEP, I modified the method of the Claquin et al. (2008), and
the analytical procedure was described in the section 3.2.11.

The TEP filter samples were transferred into 20-mL vials. Six milliliters of 80%
H,SO4 were added to the vials, and the filters soaked for 2 hours. The vials were gently
agitated 5 times over this period. Absorption at 787 nm was measured with the
spectrophotometer in the 1-cm cuvettes against Milli-Q water as reference. TEP levels
(ug Xanthan gum equivalent L") were determined according eq. (4.5) (Passow and
Alldredge, 1995b).

TEP level = (E737 — Cg7) X L X f (4.5)
(O
Where E7g7 1s the absorption at 787 nm of the sample, C7g7 is the absorption of the blank
(i.e. 0.081), V; is the filtered volume (L), and f is the calibration factor in micrograms
estimated from the TEP standard curve.
The carbon content (TEP-C) in the colorimetric TEP (unit: Xanthan gum

equivalent) was estimated according to the eq. (4.6; Engel and Passow, 2001).
TEP-C = TEP level X 0.75 (4.6)

Where 0.75 is a conversion factor from the Xanthan gum TEP levels to TEP-C. Engel
and Passow (2001) estimated the carbon content in the TEP using a variety of diatom
strains, and showed that the carbon content the TEP ranged between 0.53 and 0.88 pg C
[ng Xanthan gum equiv.]”. The 0.75 is the average value of the conversion factors

obtained from the study of Engel and Passow (2001).
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4.2.2.4 TEP productivity
Based on the TEP levels in the vessels, the cell-normalized (cellular) TEP
productivities (pg Xanthan gum equivalent [cell]" d') were estimated according to the

eq. (4.7; Zhang et al., 1996; Fukao et al., 2012).

(TEP, — TEP,)
(Ne — No)

TEPgroa = WX

< (4.7)

where p is the specific growth rates estimated in the eq. (4.3) (day), TEP, is TEP
levels in the initial time (ug Xanthan gum equiv. L), TEP, is the TEP levels after ¢ days,

N, is the initial cell abundance (cells L), and M, is the cell abundance after ¢ days.

4.2.3 Samples of once in four days
4.2.3.1 Particulate organic carbon (POC) and particulate nitrogen (PN)

The water samples of 10-50 mL were filtered onto pre-combusted Whatman GF/F
filters (25 mm in diameter, 450°C for 5 hours) under a gentle vacuum (<100 mm Hg),
and stored in the freezer (—20°C) until analysis. The samples were thawed in the room
temperature, and completely dried in a desiccator under vacuum for more than 24 hours.
The concentrations of POC and PN on the filters were determined with element
analyzer (FlashEA1112, Thermo Fisher Scientific Inc.).

4.2.3.2 Dissolved organic carbon (DOC)

A filter funnel (25 mm in diameter, PN 4203, PALL Corp.) was pre-cleaned by
soaking in 1 M HCI and then rinsed with Milli-Q water. A pre-combusted Whatman
GF/F filters (25 mm) was set in the filter funnel, and the funnel was equipped with a
suction vessel (VT-500, Toyo Roshi Kaisha Ltd.). The filtration of the water sample
was carried out under a gentle vacuum (<100 mm Hg). At start of sampling, a few
milliliters of the filtrates were drained for prewashing of the GF/F filter and the filter
funnel, and after, duplicate samples were collected into pre-combusted 24-mL screw
vials with acid-cleaned PTFE septum caps. The samples were immediately stored in the
freezer (—20°C) until analysis. The frozen samples were thawed, and they were well
shaken. The concentrations of DOC were determined with a total organic carbon
analyzer (TOC-V CSH, Shimadzu).
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4.2.3.3 DOC productivity estimated from DOC concentration
Based on the DOC concentrations in the culture vessels, the cellular DOC

productivity (pg C [cell]" d') was estimated (eq. 4.8; Zhang et al., 1996).

(DOC, — DOC,)
(Ne — Np)

DOCy7oq = 1 X

< (4.8)

Where, p is the specific growth rates estimated in the eq. (4.3) (day™), DOC, is DOC
concentration in the initial time (ug C L), DOC, is the DOC concentration after ¢ days,

N, is the initial cell abundance (cells L), and M, is the cell abundance after ¢ days.

4.2.3.4 Pigments

For the analysis of phytoplankton pigments using high-performance liquid
chromatography (HPLC), the water samples (10-50 mL) were filtered on the 25-mm
Whatman GF/F filters under gentle vacuum (<100 mm Hg). The filter samples were
folded, blotted with filter paper and stored in a deep-freezer (—80°C). Phytoplankton
pigments were extracted with sonication in N, N-dimethylformamide (DMF) according
to the protocol of Suzuki et al. (2005). HPLC pigment analysis was performed as
described in Chapter 3.

4.2.4 Photosynthesis-irradiance (P-E) curve experiments in the exponential and
Stationary phases

—cell

4.2.4.1 Phytoplankton specific absorption coefficients (a,, and @y,

In the P—E curve experiments of exponential and stationary phases, samplings of
the phytoplankton specific absorption coefficients (,, and dce“ph) were carried out.
Duplicate water samples (20-300 mL) were filtered onto Whatman GF/F filters (25 mm
diameter) under gentle vacuum (<100 mm Hg). Once, the filters were immediately
contained into Petri slide containers (Millipore), and covered with aluminum foil. The
samples were stored in the deep-freezer (—80°C). Within 24 hours, the absorption from
400 to 750 nm of the samples was measured with a spectrophotometer (MPS-2450,
Shimadzu) equipped with an end-on-type photomultiplier tube. The mesurements were

described in Chapter 3.
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The mean Chl a-specific absorption coefficient of phytoplankton, c,, (m® [mg Chl
a]") was weighted with the spectral irradiance of the incubator lamp from 400 to 700
nm to correct the spectral characteristics of the incubator lamp source according to Cota

etal. (1994) (eq. 4.9).

700 700

g = j ag WEMNAL / | EQ)dA (4.9)
400 400

Where E()) is the relative spectral irradiance of the incubator lamp, and the relative

spectrum was obtained from the manufacturer.

Similarly, @, (m* [cell] ") was also estimated from eq. (4.10).

700 700
gl = j as” WEMAL / | EQ)dA (4.10)
400 400

4.2.4.2 P-E curve experiment for POC and DOC

In the exponential phase (days 20 for the vessel 1, days 18 for the vessel 2) and
stationary phase (days 36 for the vessel 1, days 34 for the vessel 2), photosynthesis—
irradiance (P—E) curve experiments were conducted to investigate the relationships
between POC and DOC productivities and the light intensity. The water samples were
dispensed into 275 mL acid-cleaned polystyrene bottles, inoculated with a solution of
the NaH">CO; (99 atom% '*C), which was equivalent to ca. 10% of TIC in the seawater.
The concentrations of TIC were measured with the total alkalinity analyzer (ATT-05,
Kimoto Electric Co., Ltd.). Incubations were carried out for ca. 5 hours in a bench-top
incubator, and equipped with a 150 W metal halide lamp (HQI-T 150W/WDL/UVS,
Mitsubishi/Osram Co., Ltd.) as a light source. The water temperature in the incubator
was maintained to the 5°C with a temperature-controlled water circulator (CL-80R,
TAITEC Corp.). The samples were exposed to irradiance levels from ca. 5 to 2300
umol photons m™ s'. The irradiance levels at each bottle position were measured with a
4nt PAR sensor (SQL-2101, Biospherical Instruments Inc.). After incubation, the POC
samples were filtered onto pre-combusted Whatman GF/F filters (25 mm diameter)
under gentle vacuum (<100 mm Hg). Single water sample of 275 mL was also filtered
in the same manner as before the incubation. The filter samples were stored in the

freezer (—20°C) until analysis. For the DOC samples, the filtrates of the POC samples
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were corrected within pre-combusted 500-mL reagent bottles (450°C for 5 hours), and
stored in the freezer (—20°C) until analysis.

After the frozen filter samples for the POC were thawed, they were exposed to
HCI fumes to remove inorganic carbon, and completely dried in a desiccator under a
vacuum for more than 24 hours. The POC in the samples and "*C abundance were
determined using the mass spectrometer (DELTA V, Thermo Fisher Scientific Inc.)
with the on-line elemental analyzer (FlashEA1112, Thermo Fisher Scientific Inc.).
Primary productivity per hour was calculated according to Hama et al. (1983). The
primary productivity was normalized with the Chl a biomass or cell abundance. The Chl
a-normalized primary productivity (ug C [Chl a]' h') was fitted with the
photoinhibition model of Platt et al. (1980) (eq. 4.11). Similarly, the cellular primary
productivity (pg C [cell]" h™') was estimated from the eq. (4.12).

P =P (1 = exp™®7) x (1 = exp=F5/7%) (4.11)

Pcell _ Pgell(l _ exp_acellE/Pgell) 5 (1 _ exp_'gcellE/Pgell) (412)

In the model of the eq. (4.11), o is the initial slope (mg C [Chl ]’ h™” [umol photon
m?s']") and B” is the photoinhibition index (mg C [Chl 4] h™ [umol photon m? s ™).
In the model of the eq. (4.12), a®" is the initial slope (pg C [cell]" h™ [umol photon m™
s'T") and B! is the photoinhibition index (pg C [cell]' h™' [umol photon m? s'T™).
Subsequently, the parameters of P*max and Pce“max were estimated from eq. (4.13) and

(4.14), respectively.

P —P*x( i >><< a >ﬂ/a (4.13)
e ) a’ + ,B* a’ + ﬂ* .
ell ; cell
cell cell B o
cell _ pell @ @ _
Pmax - Pg X<acell+ ﬂcell> x <acell+ ﬁcell> (414)

The Chl a- or cell-normalized light saturation index (Ex) was defined as following eq.

(4.15).
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E, = pyoreell j g *orcel (4.15)

Where, P! is P max o P, and o % is o or o, Moreover, the maximum
quantum yields of the Chl a-normalized carbon fixation (®chiac max, Mol C [mol
photon]'l) or the cellular carbon fixation (@cejic max, mol C [mol photon]'l) were

estimated from the following eq. (4.16) or (4.17), respectively.

Dentacmae = 0.0231 X a"/ ay, (4.16)

Doetiemax = 0.0231 x e / ags! (4.17)

Where 0.0231 is factor to converts miligrams of carbon to moles, pmol photons to
moles and hours to seconds, and @,, and d““ph are the phytoplankton specific absorption
coefficients estimated in the equations (4.9) and (4.10), respectively.

The valuation of the DOC productivity were performed as described in 3.2.9 of
Chapter 3.. The estimated DOC productivity per hour (ug C L' h") was normalized
with the Chl a concentration (ug L") or cell abundance (cells L™). Finally, the Chl
a-normalized (ug C [pg Chl a]' h™") or cellular (pg C [cell]’ h™') productivity was
plotted to the exposed PAR levels.

The ratio (PER) of the DOC productivity to the total organic carbon (TOC)
productivity was defined as following eq. (4.18).

DOCprod

PER =
(DOCprod + POCprod)

x 100 (4.18)

Where, DOCproq and POCpq are the DOC productivity and POC productivity,

respectively.

4.3 Results and Discussion
4.3.1 Cell abundance and condition during the incubation
Cell abundance in the culture vessel 1 increased from 2 cells mL™ at day 0 to 2.5 x

10* cells mL™" at day 40 (Fig. 4.4). The cell abundance exponentially increased between
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days 0 and 28, whereas that almost did not increase between days 30—40. These results
suggest that exponential and stationary phases were days 0-28 and days 3040,
respectively. In the vessel 1, the decline phase was not observed. In the vessel 2, the cell
abundances from day 0 to days 40 increased from 2 cells mL™ to 2.2 x 10* cells mL™
(Fig. 4.4). The cell abundance exponentially increased from days 0 to 26, whereas those
during days 2840 little increased. Therefore, the exponential and stationary phases
corresponded to days 0-26 and days 28—40, respectively. The decline phase was not
found in the vessel 2 as well.

The specific growth rates (u: d') and the division rates per day (M: division d") in
the exponential and stationary phases of the vessels 1 and 2 were showed in Table 4.1.
The averaged p of the vessels 1 and 2 were 0.31 + 0.02 d”' during the exponential phase
and 0.03 + 0.02 d”' during the stationary phase. Similarly, the averaged M values were
0.44 + 0.03 division d”' during the exponential phase and 0.05 + 0.02 division d' during
the stationary phase. The u and M values during the exponential phase were ca. 10-fold
higher than those during the stationary phase.

In the culture vessel 1, nitrate plus nitrite (NOs + NO;) and silicate (Si(OH)s)
concentrations at day 0 were 20.2 uM and 37.4 uM, respectively (Fig. 4.3 vessel 1). The
NO, concentration were <0.09 puM throughout the experiment. NO; + NO;
concentrations between days 26 and 28 rapidly decreased from 11.5 uM to 0.9 uM, and
that at day 30 became <0.05 uM. The Si(OH)4 concentration also decreased between
days 28 (20.0 uM) and 30 (3.0 uM). The averaged concentration (average + standard
deviation) between days 30 and 40 was 3.3 = 0.8 uM. Phosphate (PO4) concentration
was 2.07 uM at day 0, and the lowest concentration was found at day 30 (0.33 uM). In
the culture vessel 2, NO; + NO, and SiO; concentrations at day 0 were 18.4 uM and
33.9 uM, respectively (Fig. 4.3 vessel 2). The NO, concentration was <0.06 uM
throughout this experiment. NO3; + NO, concentrations between days 22 and 24
decreased from 7.6 uM to 0.5 uM, and that at day 26 became <0.05 puM. Si(OH)4
concentration also decreased from days 24 (19.0 uM) to 26 (7.3 uM). The averaged
concentration of silicate between days 26 and 40 was 3.4 = 1.7 uM. PO, concentration
was 1.84 uM at day 0, and the lowest concentration was found at day 38 (0.29 uM). On
day 30 for vessel 1 and day 26 for vessel 2, the nitrate concentration became the
detection limit (<0.05 uM), whereas silicate concentrations were >3.0 uM. The

commonly observed half-saturation constants of the nitrate and silicate uptakes by
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diatoms were approximately 1.6 uM and 3.9 uM, respectively (Sarthou et al., 2005).
Hence, the results of the nutrients in the laboratory experiment indicated that the growth
of T. nordenskioeldii in both the vessels 1 and 2 was limited by nitrate rather than
silicate availability (Fig. 4.4).

In both of the vessels 1 and 2, the cell diameters tended to decrease from day 0
(15.3 £ 0.7 um for the vessel 1, 15.6 = 0.7 um for the vessel 2) to day 40 (14.0 = 1.1 um
for the vessel 1, 13.3 = 1.4 um for the vessel 2) (Fig. 4.5A). The decrease in the cell
diameter from day 0 to day 40 might contribute to the asexual division (e.g., Lalli and
Parsons, 1997). The average cell lengths of pervalvar axis in the vessels 1 and 2 could
be higher during days ca. 6—16 than those during days ca. 30-40 (Fig. 4.5A). The
difference for the length of pervalvar axis was unknown in this study. However, the
elongation of the pervalvar axis could be caused by the active cell division during the
exponential phase, because 7. nordenskioeldii elongated to a direction of the pervalvar
axis, and thereafter the cell division occured. Overall, the changes in cell size during
this experiment were higher in the length than the diameter. Therefore, the changes in

the area and volume depended on the length rather than the diameter (Fig 4.5B).

4.3.2 Pigments

The samplings of the pigment were generally carried out in the term between the
P-FE curve experiments of the exponential and stationary phase (i.e., days 20-36 for the
vessel 1, days 18-38 for the vessel 2). The six pigments of Chl a, fucoxanthin, Chl c¢;,
Chl ¢;, diadinoxanthin, diatoxanthin, and carotenes were detected. The concentrations
of the all pigments were significantly linear correlated with the cell abundance
(Spearman’s rank correlation, p = 0.87, p < 0.0001, n = 15 for the all pigments) (Fig.
4.10). The chlorophyll a concentration ranged between 6.0 and 42.6 pg L™.

The ratios of the accessory pigments to Chl a were calculated through the
exponential to stationary phases. Those ratios (average + standard deviation [coefficient
of variation]) were 0.446 + 0.040 [9%] for fucoxanthin, 0.118 £ 0.017 [14%] for Chl ¢;
+ ¢1, 0.093 = 0.035 [38%] for diadinoxanthin, 0.023 + 0.011 [49%] for diatoxanthin,
and 0.020 £ 0.005 [24%] for carotenes. The pigment composition of 7. nordenskioeldii
could little change between the exponential and stationary phases. Also, those pigment
ratios were within the pigment ratios of Bacilliarophyceae obtained from the various

diatoms (Mackey et al., 1996).
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The pigment concentrations per cell in the exponential and stationary phases were
11.6 + 4.1 and 2.1 + 0.1 pg cell”! for Chl a, 5.7 + 2.1 and 0.85 + 0.06 pg cell’ for
fucoxanthin, 1.5 = 0.6 and 0.22 + 0.01 pg cell! for Chl ¢+ 1, 0.98 £ 0.53 and 0.23 +
0.07 pg cell for diadinoxanthin, 0.20 + 0.14 and 0.06 + 0.01 pg cell”’ for diatoxanthin,
and 0.21 + 0.09 and + 0.05 + 0.01 pg cell”, respectively. Those concentrations were
significantly difference between the exponential and stationary phases (Wilcoxon rank
sum test, p < 0.001, n = 15 for Chl a, fucoxanthin, Chl ¢, + ¢, carotenes; p < 0.05, n =
15 for diadinoxanthin), except for the diatoxanthin (Wilcoxon singled-rank test, p =
0.08, n = 8). The diadinoxanthin and diatoxanthin were known to be the photoprotective
pigments, referred to as the xanthophyll cycle (Dermers et al., 1991; Moisan et al.,
1998; Fujiki et al., 2003). The ratio of the pigments can change with the light irradiance
to protect the photosynthetic apparatus against high-irradiance conditions (Young et al.,
1997; Falkowski and Raven, 2007). Dermers et al. (1991) reported that the change time
occurred within spite of the short periods between 30 and 60 minutes. Hence, to
precisely analyze those pigments is needed to immediately extract the filtrated sample
(e.g., Fujiki et al., 2003) or immediately placed in liquid nitrogen (e.g., Moisan et al.,
1998). In this study, although the samples were stored in a deep-freezer (—80°C) as soon
as possible, the operations were carried out. Therefore, the concentrations of the
diadinoxanthin and diatoxanthin were roughly concentrations, compared with the
detected other pigments.

The relationship between Chl a concentration and cell abundance was shown as

following eq. (4.19).
Chl a concentration = 1.75 x 107¢ x Cells + 6.06 (4.19)

where the unit of Chl a concentration is pg L™, and Cells is cell abundance in the unit of
cells L. The coefficient of determination (+*) was 0.99, and the root mean square error
(RMSE) in this equation was + 1.6 pg L™, This equation is valid within days 20-36 for
the vessel 1 and days 18—38 for the vessel 2.

The chlorophyll a in the P—E curve experiments were shown in Table 4.2. The Chl
a concentrations of the vessels 1 at the day 20 and day 36 were 6.1 + 0.1 pg L™ and
42.5+ 0.3 pg L™, respectively. In the vessel 2, the Chl a concentrations of the day 18
and day 34 were 7.1 + 0.1 pg L™ and 42.6 + 1.5 pg L™, respectively.
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4.3.3 TEP levels and TEP productivities

The TEP levels at day 0 were not measurable (<10 pg Xanthan gum equiv. L) in
the vessel 1 and 16 + 21 pug Xanthan gum equiv. L' in the vessel 2 (Fig. 4.6). The TEP
levels in the vessel 1 at day 36 were 918 + 247 pg Xanthan gum equiv. L', and
unfortunately, the data between days 38 and 40 were lost by a mistake during the
sampling process. The TEP levels in the vessel 2 in days 40 were 1,107 = 195 pg
Xanthan gum equiv. L™". T calculated the ratio of TEP/Chl a (TEP"). The averaged TEP"
ratios in the exponential and stationary phases were 39 + 10 ug Xanthan gum equiv. [ug
Chl a]" and 22 + 4 pg Xanthan gum equiv. [ug Chl a]”'. The ratio in the exponential
phase was significantly higher than that in the stationary phase (Wilcoxon singled-rank
test, p < 0.0005, n = 10). This would indicate that the TEP" ratio of 7. nordenskioeldii
was useful as an indicator of the TEP productivity.

Subsequently, the levels of cellular TEP productivity during the exponential and
stationary phases were also estimated. Generally, the values decreased exponentially
from day 0 to day 40, and those values ranged between 0.2 and 1,870 pg Xanthan gum
equiv. [cell]’ d'. Furthermore, the averaged cellular TEP productivity was 12-fold
higher in the exponential phase (25.1 + 0.2 pg Xanthan gum equiv. [cell]’ d') than in
the stationary phase (2.0 + 0.5 pg Xanthan gum equiv. [cell]’ d) (Table 4.1). These
results indicated that the TEP productivity of 7. nordenskioeldii were highly variable.
Fukao et al. (2012) showed that the values of cellular TEP productivity for Co. granii
were ca. 3,200-8,200 pg Xanthan gum equiv. [cell]! d”'. However, it should be noted
that the incubation conditions differed between their and my experiments: the light to
dark cycle (14 h:10 h), light intensity (150200 pmol photons m™ s™) and temperature
(10, 15, 20 and 25°C) in Fukao et al. (2012). Even if the light conditions of Co. granii
were better than those (light:dark cycle = 12 hours:12 hours, and light intensity = ca.
100 pmol photons m? s) of 7. nordenskioeldii in my laboratory experiment, the
averaged TEP productivity of 7. nordenskioeldii were lower than Co. granii. On the
other hand, the maximal potential (1,870 pg Xanthan gum equiv. [cell]’ h™") of the TEP
production in T.nordenskioeldii could be comparable with the TEP productivity of Co.
granii.

The chlorophyll a-normalized TEP productivities between days 20 and 36 for the

vessel 1, and between days 18 and 38 for the vessel 2 were estimated from eq. (4.19).
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The averaged values of the Chl a-normalized TEP productivities during the exponential
and stationary phases were 6.3 + 3.4 ug Xanthan gum equiv. [ug Chl a]" d”' and 0.9 +
0.3 pg Xanthan gum equiv. [ug Chl a]” d”', respectively. The TEP productivities were
also higher in the exponential phase than in the stationary phase, as well as the cellular
TEP productivities. Therefore, it was considered that the high diatom biomass and TEP
productivity during the Oyashio spring bloom might have contributed to high TEP

levels in the seawater.

4.3.4 Relationship between DOC and TEP productivities

Dissolved organic carbon (DOC) concentrations increased from day 0 to day 40
(Fig. 4.9). The DOC concentrations in the vessels 1 and 2 at day 0 were 1,209 ug C L™
and 1,086 ug C L', respectively. Unfortunately, the data at day 40 in the vessel 1 were
lost by a mistake during the sampling process, and the DOC concentration at day 36
was 1,637 pg C L. The DOC concentration in the vessel 2 at day 40 was 1,818 pg C
L

The levels of cellular DOC productivity during the exponential and stationary
phases were calculated. As a result, the productivity decreased exponentially from day 0
to day 40, and those values ranged between 1.1 and 1,799 pg C [cell]' d'. The
precursors of TEP are known to be dissolved acid polysaccharides (Engel, 2004;
Thornton et al., 2007; Wurl et al., 2011). Since the TEP levels at day 0 in this
experiment were almost zero, an origin of TEP should contribute to dissolved
polysaccharides excreted by 7. nordenskioeldii. However, unfortunately, the dissolved
polysaccharides were not analyzed in this experiment. On the other hand, the DOC
concentration was measured once per four days. Therefore, the relationship between the
cellular TEP and DOC productivity was examined. In the exponential phase, the cellular
TEP productivitity significantly correlated with the cellular DOC productivity
(Spearman’s rank correlation, p = 0.89, p < 0.0001, n = 13) (Fig. 4.13). In contrast, no
significant relationship between those productivities was found during the stationary
phase (Spearman’s rank correlation, p = —0.60, p = 0.35, n = 5). The results in the
exponential phase suggested that the TEP were formed from a part of the DOC excreted
from 7. nordenskioeldii.

The averaged cellular DOC productivities during the exponential and stationary

phases were 7.8 + 2.4 pg C [cell]' d” and 1.3 + 0.3 pg C [cell]" d', respectively (Table
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4.1). Unexpectedly, the ratio of the TEP/DOC productivity was higher in the
exponential phase (2.7 = 0.01) than in the stationary phase (1.7 & 0.6), and the ratios
were consistently >1 (Table 4.1). This result showed that TEP productivity was higher
than the DOC productivity. It was expected that (I) the significantly part of the DOC
(including acid polysaccarides) excreted from 7. nordenskioeldii once attach to the cell
surface, and (II) the attachments may accumulate with time. Simultaneously, the
attached matters were diffused from the cell surface to the ambient environment, or the
fragments formed on the cell surface were released to the ambient environment. Indeed,
it was observed that the Alcian blue stainable substances were attached to the cell
surface of 7. nordenskioeldii (Photo 4.2). Such substances should affect to the TEP
levels. Therefore, the ratio of >1 might be due to the Alcian blue stainable substances
attached on the cell surface. On the other hand, the averaged ratio of TEP/DOC
productivity was higher in the exponential phase than in the stationary phase. Perhaps,
the differences indicate that the composition of the DOC excreted from T.

nordenskioeldii changed between the exponential and stationary phases.

4.3.5 POC and PN concentrations

Particulate organic carbon (POC) concentrations in the vessel 1 and 2 changed little
between day 0 and day 16 (277 + 87 pug C L™ for the vessel 1,247 + 85 ug C L™ for the
vessel 2), and thereafter the POC concentrations increased (Fig. 4.7). The POC
concentrations in the vessels 1 and 2 at days 40 increased to 8,570 and to 11,593 ug C
L™, respectively. Assuming that the carbon contents (TEP-C) in the TEP were the 75%
as mentioned above, the TEP-C concentrations during this experiment were between 0
and 688 pug C L in the vessel 1, and between 12 and 830 pg C L in the vessel 2.
estimated the TEP-C/POC ratio from the TEP-C and POC concentrations. Interestingly,
the ratio rapidly increased from day 0 (average 2%) to days 12 (83 + 3%), and thereafter
(i.e., days 32-40) it rapidly decreased to 10 = 4 % (Fig. 4.8). However, the cause of the
high-variably ratios during the exponential phase could not be found.

Particle nitrogen (PN) concentrations were detected between days 18 and 40 (Fig.
4.7). The PN concentrations ranged between 43 ug N L™ and 333 ug N L™ in the vessel
1, and between 46 pg N L and 765 pg N L in the vessel 2. The ratio of PN/Chl a
(N/Chl a) was not significantly difference between the exponential phase (9 = 3 pg N
[ng Chl a]") and the stationary phase (10 = 7 ug N [ug Chl a] ") (Table 4.1; Wilcoxon
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singled-rank test, p = 1.0, n = 4). In contrast, a significant difference in the POC/Chl a
(C/Chl a) ratio was found between those phases (Wilcoxon singled-rank test, p < 0.05, n
= 4). The averaged ratios of POC/PN in the exponential and stationary phases also
showed in the Table 4.1. The ratios were significantly higher in the stationary phase
(22.4 £ 4.1) than in the exponential phase (7.9 = 1.0) (Wilcoxon rank sum test, p <
0.0001, n = 19). This also indicated that 7. nordenskioeldii during the stationary phase

were 1n a nitrate deficient condition.

4.3.6 Relationship between the light levels, and DOC and POC productivities

The experiments of the photosynthesis—irradiance (P—E) curve were conducted at
day 20 for the vessel 1 and at day 18 for the vessel 2 in the mid-exponential phase, and
days 36 for the vessel and days 34 for the vessel in the stationary phase. The P—E curves
of the Chl a-normalized POC were showed in Fig. 4.11A. Generally, the productivity
was higher in the exponential phase (0.07-1.23 pg C [pg Chl a]' h™") than in the
stationary phase (0.17-0.01 pg C [ug Chl a]"' h™). The photosynthetic parameters
estimated from the P—E curve were summarized in Table 4.2, and the values were also
higher in the exponential phase than in the stationary phase. The maximum
photosynthetic rate (P max) was 1.29 + 0.10 pug C [ug Chl a]" h' in the exponential
phase and 0.15 + 0.02 pg C [ng Chl a]"' h™' in the stationary phase. The initial slope (o)
was 0.012 + 0.001 pg C [ug Chl @] h' [pmol photon m™ s™']" in the exponential phase
and 0.002 + 0.0001 pg C [pg Chl ] h' [umol photon m™ s™']" in the stationary phase.
The values of the photoinhibition index (B) in the exponential and stationary phases
were 0.00299 + 0.00025 pg C [ug Chl ]’ h™' [umol photon m? s']" and 0.00003 +
0.00001 pg C [ug Chl a]" h' [umol photon m™ s™'T", respectively. The light saturation
index (Ey) was 110 + 3 umol photon m™ s™ in the exponential phase and 76 + 7 pmol
photon m™? s in the stationary phase. The values of Chl a-normalized phytoplankton
specific absorption coefficient (&,,) in the P-E experiments in the exponential and
stationary phases were 0.0086 + 0.0005 m” [ug Chl a]" and 0.0092 + 0.0004 m? [pg
Chl a]'l, respectively (Table 4.2). The value of ® cpacmax 1N the exponential phase
estimated from o and d:,h was 0.031 £ 0.003 mol C [mol photon]'l, and the value in the
stationary phase was 0.005 + 0.0002 mol C [mol photon]”. The productivity of DOC
was clearly higher in the exponential phase than in the stationary phase as well as the

POC productivity (Fig. 4.11B). The values of DOC productivity in the exponential and
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stationary phases ranged between 0.020 and 0.133 pg C [ug Chl o] b, and between
0.0002 and 0.010 pg C [pg Chl a]' h™', respectively. In the exponential phase, the DOC
productivities of >1,000 pumol photons m™ s’ were significantly higher than the
productivity of the <1,000 pmol photons m™ s (Wilcoxon rank sum test, p < 0.01, n =
18).

Photosynthesis—irradiance (P—E) curves based on the cell-normalized (celullar)
POC were showed in Fig. 4.12A. The productivity was higher in the exponential phase
(1.0-16.7 pg C [cell]" h™") than in the stationary phase (0.02—0.38 pg C [cell]" h™"). The
photosynthetic parameters estimated from the P—E curve were summarized in Table 4.3,
and the values were higher in the exponential phase than in the stationary phase, as well
as the parameters of Chl a-normalized P—E curve. The maximum photosynthetic rates
(P! o) were 16.9 + 2.0 pg C [cell]' h™' in the exponential phase and 0.33 + 0.04 pg C
[cell]' h™' in the stationary phase. The initial slope (0°") was 0.154 + 0.013 pg C [cell]”
h' [umol photon m™ s™']" in the exponential phase, whereas that was 0.004 + 0.0002 pg

1

C [cell]" h'" [umol photon m? s']" in the stationary phase. The values of the

photoinhibition index (B
0.0012 pg C [cell]" ™' [umol photon m? 5" and 0.0001 = 0.00003 pg C [cell]" b

[nmol photon m™ s, respectively. The light saturation index (Ex) was 109 + 4 pmol

) in the exponential and stationary phases were 0.0385 =+

photon m™ s in the exponential phase, whereas that was 75 + 6 umol photon m™ s™ in

the stationary phase. The values of cellular phytoplankton specific absorption

—cell 2

coefficient (@ ,4) in the exponential and stationary phases were 113 + 5 <107 m
[cell]'1 and 19 = 1 x10™"? m? [cell]'l, respectively (Table 4.3). The value of @ ¢ejj-c-max 1N
the exponential phase was 0.032 £ 0.003 mol C [mol photon]”, and the value in the
stationary phase was 0.005 + 0.0005 mol C [mol photon]”. The productivity of DOC
was clearly higher in the exponential phase than in the stationary phase (Fig. 4.12B). In
the exponential phase, the values of DOC productivity under >1,000 umol photons m™
s were significantly higher than those under <1,000 pmol photons m™ s™ (Wilcoxon
rank sum test, p <0.01, n = 18), as well as the Chl a-normalized DOC productivity.

The values of the PER estimated from the DOC and POC productivities ranged
between 2 and 57% in the exponential phase and between 0.2 and 5% in the stationary
phase (Fig. 4.14). The values in the exponential phase were significantly higher than
those in the stationary phase (Wilcoxon singled-rank test, p < 0.001, » = 18). In the

exponential phase, the percentages of the low light intensity (<100 pmol photons m™

101



s1) were relatively high compare to those of the mid light intensity (100 — ca. 1,000
umol photons m? s™) (Wilcoxon rank sum test, p < 0.001, n = 14). This could relate
with relatively high DOC productivity (Figs. 4.11B and 4.12B). It has been reported
that the DOC productivity in the low light intensity was higher than that of the high
light intensity, and the PER increased (Zlotnik and Dubinsky, 1989; Marafion et al.,
2004). Moreover, in the exponential phase, the PRE values in the high PAR (>1,700
umol photons m™ s™) were significantly higher than those in the low and middle PAR
(ca. <1,000 umol photons m™ s™) (Wilcoxon rank sum test, p < 0.05, n = 18). The high
percentage contributed to both the photoinhibition of the POC production and the
increase in the DOC productivity in high PAR (ca. >1,000 umol photons m™ s™") (Figs.
4.11 and 4.12). In contrast, the results of the P—F curve experiment in the Ria de Bigo
(Galicia, Spain) showed that the photoinhibition of the POC production and the increase
in the DOC productivity did not occur even for the high light intensity of ca. 1900 pmol
photons m™ s™', and the PER values were low (ca. 10%) (Marafion et al., 2004). In the
sea surface of the Oyashio cruise in Chapter 3, the maximum level of PAR in the April
was 1,400 pmol photons m™ s™', and that in May reached to 2,200 pmol photons m™ s™.
Based on the P—E curve experiment of 7. nordenskioeldii, it was suggested that the
DOC productivity by phytoplankton in the sea surface was highest within the water
column. Since the TEP formations mainly contribute to the DOC excreted by
phytoplankton as described above (section 4.3.4) and some papers (e.g., Passow, 2002b;
Engel, 2004; Wurl et al., 2011), the TEP productivities might be high in the sea surface.
In contrast, the sunlight was reported to decompose the DOC (Stubbins et al., 2012;
Helms et al., 2013; Yamashita et al., 2013). Therefore, the TEP formations in the sea
surface would be influenced to the intensity of sunlight. Further studies of the
relationship between the DOC production by phytoplankton and the DOC

decomposition by sunlight are necessary.
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Fluorescent lamp for plant x 6
(THOSHIBA FL20SS-BRN/18)

PAR level at bottom of the bottles:
ca. 100 umol photons m2 s-!

ﬁ?m@‘ﬁm
T O/ T

\ O

S°C

Incubator (SANYO, MIR-554)
L L)

Fig. 4.1 Schematic figure in this experiment. The two 20-L culture vessels were
stored in the incubator maintained at 5°C. Six fluorescent lamps were
mounted to the upper part in the incubator, and photosynthetic available
radiation (PAR) of ca. 100 pmol photons m™ s™' at the base of the bottle was
exposed with light dark-cycle of 12 hours vs. 12 hours.
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Fig. 4.2

Explanation of the sampling system. The culture experiment was conducted
with the 20-L culture vessels (A) with four ports (B). Two ports of the four
ports were used for the vent port (By) to exchange the air between inside and
outside the vessel, and for the sampling port (Bs), respectively. The vent port
was mounted the two disposable inline filters (C,). The sampling port was
installed a three-way cock (D) with the inline filter (Cs). When sampling is
carried out, the sampling tubing (F) extended from a sampling bottle (G) was
connected with the joint (E) extended from the three-way cock (D).
Subsequently, the three-way cock was twisted from the atmosphere opening
through the inline filter (Cs) to the sampling bottle (G), and an aspirator was
connected with the outlet tubing (H) of the sampling bottle (G). The air
pressure in the sampling bottle (G) was lowered with the aspirator. Therefore,
the water sample was transferred from the 20-L culture vessel to the
sampling bottle. After sampling, the three-way cock (D) was re-twisted to
the atmosphere opening through the inline filter (Cs), and then the sampling
tubing (F) was removed from the joint (E).
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Fig. 4.3 Cell abundances in the culture vessels 1 and 2. The error bar shows the
standard deviation (n = 2).
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Fig. 4.4 Nitrate (NOs) plus nitrite (NO,), and silicate (Si(OH),) concentrations in the
culture vessels 1 and 2 during this experiment. The error bars show the
standard deviation (n = 2).
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Fig. 4.6  Relationships between the pigment concentrations and the cell abundances.
All pigments were carried out the linear fitting.
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Figure of the TEP levels. The levels increased with days. Unfortunately, the
data of days 38 and 40 in the vessel 1 were lost by a mistake during the
sampling process. The error bar shows the standard deviation (n = 3).
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Fig. 4.8
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The error bar shows the standard deviation (n = 5).
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Fig. 4.10 Particulate organic carbon (POC) and particulate nitrogen (PN)
concentrations. For the PN, the concentrations during days 0—16 could be not
detected due to the detection limit.
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Fig. 4.12 Chl g-normalized particulate organic carbon (POC) productivity (A) and
dissolved organic carbon (DOC) productivity (B) in the exponential and
stationary phases. The error bars show the standard deviation (n = 2).
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stationary phases. The error bars show the standard deviation (n = 2).
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Photo 4.1 Thalassiosira nordenskioeldii photographed with Scanning electronic
microscope (SEM).
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Thalassiosira nordenskioledii \ /

Photo 4.2
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Thalassiosira nordenskioeldii and TEP in this experiment were
photographed with a optical microscope. The TEP were attaching to the
surface of 7. nordenskioelii. The four cells of the center in the photo were
T. nordenskioeldii. The Blue substances were TEP stained by the Alcian
blue.
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Chapter 5 — General conclusions and perspectives

5.1 General conclusions

Main primary producer in the ocean is phytoplankton. The massive organic matter
produced by phytoplankton support the almost all heterotrophic organisms in the ocean.
Simultaneously, the carbon fixation from inorganic carbon to organic carbon by
phytoplankton has affect to the carbon cycles not only in the ocean but also in the
atmosphere. Atmospheric CO, has increased from the industrial revolution. This
originates in the burning of fossil fuels. The level rose 140% from 280 ppm at
pre-industrial revolution (1750) to 390 ppm at present (2011). The CO, dissolved in the
ocean surface can use for photosynthesis by phytoplankton. A part of the CO; fixed into
organic carbon by the phytoplankton may be transported from the surface to deeper
layer (called biological carbon pump), and the organic carbon is decomposed by the
respiration of heterotrophic organisms such as bacteria in the deep ocean. In the deep
layer, it is considered that the seawater is transported by deep circulation (i.e., the great
ocean conveyor belt). Therefore, the carbon transported to the deep ocean is fixed
during up to ca. 2,200 years in the ocean, and the upwelling occur in the some regions
of the world’s ocean. Since the upwelling current transports the various substances such
as nutrients from the deep layer to the surface, the regions are the higher primary
production than other oceans.

Western subarctic Pacific is located in the upwelling region. Massive
phytoplankton blooms in the spring occurs by both of the stratification within the water
column and the relief of light limitation. During the spring phytoplankton bloom, the
primary productivity was reported to reach 3,200 mg C m™ d”', and the high values of
the water-column light utilization efficiency (V) of phytoplankton photosynthesis were
estimated. In contrast, the western subarctic gyre (WSG) during summer have been
recognized as high-nitrate, low-chlorophyll (HNLC) waters, and the HNLC
phenomenon in the WSG mainly attributable to low iron availability of phytoplankton
and high zooplankton grazing. The observations of the ¥ in the WSG during summer
showed that the variability was very high. Therefore, in Chapter 2, I investigated the ¥
in the WSG of the North Pacific during summer 2008. The ¥ values (0.64-1.86 g C [g
Chl a]™" [mol photon]”' m?) obtained significantly increased with decreasing daily PAR
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(photosynthetic available radiation) and were generally higher than those of previous
studies, not only from the subarctic Pacific but also from the world’s oceans. To
examine the effect of iron availability on ¥ in the WSG, V¥ values were estimated from
the data of two in situ iron fertilization experiments: the Subarctic Pacific Iron
Experiment for Ecosystem Dynamics Study I (SEEDS-I) and IT (SEEDS-II). The results
found that iron availability did not affect the W values. Overall, in Chapter 2 revealed
that ¥ values changed remarkably in the WSG during the summer and that higher
values were found at the stations where moderate PAR levels (ca. 10-30 mol photons
m? d) were observed and autotrophic flagellates predominated in the phytoplankton
assemblages. The high values of the water-column light utilization efficiency (V) of
phytoplankton photosynthesis can contribute to the high efficiency of biological carbon
pumping observed in the western subarctic Pacific.

For increase the biological carbon pump efficiency, the particle size was one of the
important factors. Transparent exopolymer particles (TEP) are very sticky particles that
exhibit the characteristics of gels, and particularly important for the aggregate of
particles. The TEP concentrations in the seawater relate with the phytoplankton bloom,
and in particular, the production of the TEP or TEP precursors of the diatoms are known
to be relatively high, compared with the other phytoplankton groups. The Oyashio
region in the western subarctic Pacific is reported that the high productivity and
biological pump efficiency are high during spring diatom bloom. However, the TEP in
the Oyashio region have not been investigated to date. Then, in Chapter 3, I studied the
dynamics of the TEP in the Oyashio region during spring diatom blooms of 2010 and
2011. The TEP levels were highest in April (171 pg Xanthan gum equivalent L™), and
generally decreased from April to June. From the summary of the TEP levels in the
world’s oceans, it comprehended that the variability of the TEP levels was very high (0—
14,800 pg Xanthan gum equiv. L), and that generally, the high levels were found in
the semi-closed regions such as estuary, bay and sea ice. Chlorophyll (Chl) a
concentrations in the mixed later during Oyashio spring phytoplankton bloom were
significantly correlated with the TEP levels. Therefore, it was suggested that the TEP
were formed from the TEP precursors excreted by phytoplankton. However, the Chl
a-normalized TEP levels increased from April to June. This might show that the cellular
TEP productivities of the diatoms in the Oyashio spring bloom were relatively low

compare with the other phytoplankton groups appeared in June. On the other hand, the
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dissolved organic carbon (DOC) productivity was investigated as the first study in the
Oyashio region. The DOC productivity changed little during the spring bloom (1.3—4.2
ng C m™ d). Since it is reported that the TEP were mainly formed from the dissolved
acid polysaccharides excreted by phytoplankton, the relationship between the TEP
levels and the DOC productivity in the sea surface was examined. However, no
significant relationship was found between those. It was suggested that the TEP or TEP
precursors produced by phytoplankton in the Oyashio region during the spring bloom
were affected to decomposition by bacteria, and to predation by zooplankton. Hence, to
evaluate the net TEP production by diatom, and to recognize the mechanisms of the
formation from DOC (TEP precursors) excreted by diatom to TEP, I carried out the
laboratory experiment using Thalassiosira nordenskioeldii dominated in the Oyashio
region of spring diatom bloom.

The laboratory experiment was carried out during 40 days in the incubator. The
temperature, salinity and macronutrient concentrations in the culture vessels were
adjusted with those at before of the Oyashio spring bloom. The PAR level and the
light:dark cycle were 100 pmol photons m™ s™' and 12-hours:12-hours, respectively.
The medium was autoclaved twice. The axenic 7. nordenkioeldii were inoculated into
the medium, and this experiment was started. The DOC and TEP concentrations
increased with the incubate time. Moreover, the cellular DOC productivity in the
exponential growth phase was significantly correlated with the cellular TEP
productivities. This result suggested that the TEP were formed from the DOC excreted
by T. nordenskioeldii. Again, the TEP were formed from the dissolved acid
polysaccharides among DOC. Nevertheless, the TEP/DOC ratio was more than 1. It was
considered that the DOC excreted by 7. nordenskioeldii once attach on the cell surface.
The results of photosynthetic—irradiance (P—F) curve experiment were showed that the
POC and DOC productivities were higher in the exponential phase than in the stationary
phase. The intensity of PAR also affected to the POC and DOC productivities. In
particular, the strong intensity (>1,000 umol photons m? s™) of PAR increased the
DOC productivity. In addition, the ratio (PER) of the DOC productivity and Total
productivity (DOC + POC productivities) were relatively high in the PAR intensity of
>1,700 pmol photons m? s™'. Those results might show that the DOC concentration
increase, when ocean surface exposed to the strong sunlight. Therefore, the TEP levels

in the sea surface possibly increase.
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5.2 Perspectives

Overall, this doctoral dissertation is divided to the ¥ study in the WSG and the TEP
study in the Oyashio region. To link the stories between Chapters 2 and 3, I connected
the ¥ study with the TEP study by focus on the biological carbon pump in the western
subarctic Pacific. However, those parameters are fundamentally different. In addition,
although those study regions were broadly same in the western subarctic Pacific, it is
also different for the space-time interval. To examine the relation between the ¥ and the
TEP, simultaneous observations of those parameters are necessary.

For the ¥ study, I found that the higher ¥ values in the WSG were obtained in
region where autotrophic flagellates predominated in the phytoplankton assemblages.
However, hitherto, it has been reported that the higher W value related with diatoms. I
am considering that the high ¥ value during the spring bloom in the western subarctic
Pacific contribute with diatoms, whereas, that the higher ¥ values in the WSG during
the summer attribute to autotrophic flagellates. To clarify of the contribution of
autotrophic flagellate, the study focused on the relationship between the W and the
flagellates should conduct in the WSG during summer.

For the TEP study in in-situ, bacteria had to contribute with the decomposition of
the TEP, and a part of the TEP production might cause by bacteria. I could not do those
assessments. Hence, the one of future work is to evaluate the bacterial impact to the
TEP in the Oyashio region during spring bloom. In addition, the key of the TEP study
would be to measure the relationship between the setting POC and the TEP. Therefore,
observation of the TEP corrected in the sediment trap is also needed for the assessment
of the relationship. On the other hand, based on the results of photosynthesis—irradiance
(P-E) curve experiments in the laboratory experiments, I considered that since the
strong sunlight increased the DOC productivity, the TEP formations during the Oyashio
spring diatom blooms would rise in ocean surface. In contrast, the sunlight was reported
to decompose the DOC. Therefore, the study of micro layer in the surface will be
interesting. Further studies of the relationships between the DOC and TEP production
by phytoplankton, and between the DOC and TEP decompositions by the sunlight are

necessary.
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