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ABSTRACT 

   Global warming increases sea temperatures and intensifies stratification of the water column, which 

directly and indirectly affects marine ecosystems and biogeochemistry, for example, less nutrient 

supply due to stratification. It has been suggested that the effects of climate change may emerge 

earlier in the highly productive and ecologically important subpolar and polar regions. In these 

regions, an increase in temperature may benefit some algal primary producers but a reduction in the 

extent of sea ice will limit the habitat of ice-associated biota. Light is also a crucial factor for all 

photosynthetic organisms and its availability can change dramatically when sea ice melts. Iron (Fe) as 

a micro-nutrient plays a key role in algal metabolic processes, including photosynthesis. This study 

thus aimed at clarifying the effects of temperature, light and Fe availability on the photophysiology of 

phytoplankton and ice algae in the changing subpolar and polar oceans.  

The effects of temperature on a spring diatom bloom in the coastal Oyashio (COY) were investigated 

as a representative subpolar coastal spring bloom. The spring diatom blooms in COY waters are 

highly productive in spite of the low sea surface temperature (SST) (−1−2 ºC in early spring). This 

study thus focused on the photophysiology and community composition of phytoplankton in COY 

waters during the pre-bloom and bloom periods from March to April 2015. Next-generation 

sequencing, targeting the 18S rRNA gene, revealed that the diatom genus Thalassiosira generally 

dominated the phytoplankton community. Additionally, the relative contribution of Thalassiosira to 

the total diatom assemblages showed a positive correlation with maximum photosynthetic rates 

(PB
max) throughout this study, suggesting that the genus was the largest contributor to the bloom. A 

short-term on-deck incubation experiment was also conducted to clarify the role of temperature in 

determining the photosynthetic functioning of phytoplankton. Here, rising temperature led to an 

increase in PB
max and transcription levels of the diatom-specific rbcL gene coding the large subunit of 

RuBisCO. It is suggested that the rising temperature upregulated the diatom-specific rbcL gene and 

then triggered the higher PB
max as well as the spring diatom bloom.  

  In summer, Fe availability is a crucial factor for the dynamics of spring diatom blooms in the 

western subarctic Pacific, including the Oyashio region. The western subarctic Pacific is known as 
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one of the largest High Nutrient Low Chlorophyll (HNLC) regions. At present, little is known about 

Fe deficiency in phytoplankton in neritic zones because of the existence of multiple Fe sources and 

strong vertical mixing along the Kuril Islands. This study also examined the effects of Fe on the 

community composition and photophysiology of phytoplankton in the western subarctic Pacific near 

the Kuril Islands and the eastern Kamchatka Peninsula during bloom and post-bloom phases from 

June to July 2014. An HNLC water was observed outside of the shelf slope. High Chl a 

concentrations were observed in the coastal region in early June, whereas spring diatom blooms 

seemed to be terminated in the coastal region near the Kamchatka Peninsula. Detailed scanning 

electron microscopy demonstrated a clear biogeographical difference in plankton community 

composition between the coastal and offshore areas. The diatom Chaetoceros was abundant in the Fe-

rich coastal waters, while the genera Fragilariopsis and Pseudo-nitzschia were dominant in the 

HNLC water outside of the shelf slope. Light availability was also important for primary productivity 

of phytoplankton, we thus conducted on-deck Fe enrichment bottle incubation experiments at stations 

with the second shallowest and the deepest surface mixed layer depths (MLD). Fe addition at the 

second shallowest station did not affect biomass and photochemical efficiency of photosystem II 

(Fv/Fm), whereas Chl a biomass and Fv/Fm were increased at the deepest MLD station. These results 

suggest the Fe-light interaction occurred at the station with the deepest MLD, a result also supported 

by the photophysiological parameters (Ek: light saturation index of photosynthesis versus irradiance 

curve). At the study area, it was found that light availability can significantly affect Fe deficiency in 

the phytoplankton assemblages (i.e., Fe-light co-limitations).  

  Sea-ice algae contribute 10–25% of the annual primary production of polar seas, and seed large-scale 

ice-edge blooms. Large fluctuations in temperature, salinity, light and Fe availability, associated with 

freezing and melting of sea ice, can significantly change the photophysiology of ice algae. Therefore, 

the effects of multiple co-stressors (i.e., freezing temperature and high brine salinity in a freezing 

event; and sudden high light exposure during ice melting as well as Fe starvation) on the 

photophysiology of ice algae were investigated in a series of ice tank experiments with the polar 

diatom Fragilariopsis cylindrus under different light intensities as well as different Fe availability. 

When algal cells were frozen into the ice, the maximum quantum yield of photosystem II (PSII) 
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(Fv/Fm) decreased regardless of the treatments, possibly due to the damage of PSII reaction centers or 

subsequent suppression of photochemistry with the reduced capacity of downstream components of 

PSII due to the high brine salinity stress. Gene expression of the rbcL gene was highly upregulated, 

suggesting a survival strategy for acclimating to the cold ice environment in the ice. The algae within 

the ice showed almost the same levels of Fv/Fm regardless of the treatment. When the ice melted and 

the cells were exposed to high light (800 μmol photons m−2 s−1), Fv/Fm sharply decreased, while non-

photochemical quenching (NPQ) was upregulated to dissipate the excess light energy. Interestingly, 

the psbA gene encoding the D1 protein of PSII was upregulated under high Fe conditions and vice 

versa. These results suggest that Fe repletion accelerated de novo synthesis of the D1 protein, whereas 

Fe starvation inhibited repair of the PSII damaged by the high light. The results imply that Fe-starved 

cells cannot well regulate their photosynthetic plasticity to the environmental changes during ice 

melting, and would little contribute to ice-edge blooms. 
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Chapter 1  

General introduction 

 

1-1. Distribution and biogeochemical roles of microalgae in the ocean 

  Marine primary production accounts for ~45% of global primary production (Field et al., 1997). 

Microalgae, including phytoplankton, are the most abundant primary producers in the ocean (Geider 

et al., 2014). They are ubiquitously distributed from the tropics to the poles and even occur in coral, in 

sea ice and on snow. Microalgae are very diverse (500 reported genera and 4,000 reported species) 

(Sournia et al., 1991) with a wide size range, covering three orders of magnitude (from <1 μm to 1 

mm) (Lalli and Parsons, 1997). Aquatic photosynthesis by microalgae is controlled by light, 

temperature, and nutrients, including micronutrients (e.g., Falkowski and Raven, 2007; de Baar et al., 

1995), as well as biotic factors (e.g., cell size, and species interactions) (e.g., Paul et al., 2009; Yan et 

al., 2017). In addition, marine dissolved organic matter from microalgae as exudates fuels bacteria, 

and the bacteria are fed on by protozoans and subsequently zooplankton through the “microbial loop” 

(Azam, 1988; Ogawa et al., 2001; Jiao et al., 2010). For both cases, microalgae play a central role in 

marine ecosystems. However, their habitats are strictly limited to a thin, sunlit layer, the euphotic 

zone, which is the zone from the surface of the ocean to the depth of 1% of surface irradiance (Morel, 

1988; Kirk, 2011). At this depth microalgal productivity and community respiration are almost in 

balance (Morel et al., 2007). Sarmiento and Gruber (2006) estimated the 1% light level depth was 38 

m on average in the North Atlantic. In addition, microalgae generally only use photosynthetically 

available radiation (PAR), with a wavelength range from 400 nm to 700 nm. PAR approximately 

corresponds to ~45% of the sunlight energy (Kirk, 2011). Although the marine phytoplankton 

biomass is far less (1–2%) than that of terrestrial plants, their total contributions are comparable to 

each other (Falkowski, 1994; Falkowski et al., 2003). This implies a high turnover rate of marine 

phytoplankton. It is known that the ocean is a major sink of anthropogenic carbon dioxide (CO2), 

absorbing about one-third anthropogenic CO2 (Sabine et al., 2004). Since microalgae are the main 

primary producers in the ocean, these organisms play an important role in the conversion of inorganic 

carbon into organic compounds. It is thought that the carbon fixed by microalgal photosynthesis is 
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sequestrated by sinking as microalgae aggregates, fecal pellets of zooplankton and carcass of marine 

organisms from the euphotic zones toward abysses of the oceans (e.g., Riebesell et al., 1993; Sarthou 

et al., 2005; Grossart et al., 2006; Tang and Elliott, 2013). The sinking carbon remains in deep waters 

for thousands of years; the so-called “biological pump” (Smetacek, 1985; 1999). Thus, the tiny algal 

cells have significant impacts on both the marine ecosystem and the ocean biogeochemical dynamics. 

 

1.2.   Primary producers in changing subpolar and polar regions 

  High-latitude oceans contribute significantly to global primary production, as revealed by in situ and 

satellite observations as well as model studies (e.g., Field et al., 1998; Arrigo et al., 2008; Hoegh-

Guldberg and Bruno, 2010). The high primary production in subpolar and polar oceans is mainly due 

to the considerable microalgal build-up in spring-summer, called spring blooms. In subpolar regions, 

the vernal phytoplankton blooms, often composed of diatoms, are induced by adequate light supply 

with increased SST and water-column stratification in spring-summer. At the climax, Chl a biomass 

often increases ~20 mg m−3 in the western subarctic Pacific and the Southern Ocean (e.g., Ryan-

Keogh et al., 2017; Isada et al., 2018). After the blooms, a part of their production is exported 

downward and sequestrated (e.g., Gruber et al., 2002; Honda, 2003; see also Siegel et al., 2016) but 

the remainder stays in the surface layer as dissolved organic carbon (DOC). The remained DOC 

significantly stimulates bacterial growth after the diatom blooms (e.g., Tada et al., 2011, 2017; Gasol 

and Kirchman, 2018). In polar regions, open waters are a rather significant habitats for polar biota. 

Sea ice is the largest biome, occupying from 3% up to 13% of the global ocean surface, covering large 

areas of the surface of both poles (Serreze and Stroeve, 2015; Meier, 2017; Stammerjohn and 

Maksym, 2017). Microalgae proliferate within and at the bottom of sea ice. The sea ice associated 

microalgae are called ’ice algae’ or ‘sympagic microalgae’ (sensu Horner et al., 1992). Sea ice 

environments, however, can be challenging environments for photosynthesis due to low light 

availability, caused by scattering of incident light by sea ice, as well as low temperature. Because of 

the low light availability, photosynthesis is severely restricted beneath the sea ice but ice algae, 

inhabiting microstructures within the ice and at the bottom of the sea ice, are able to actively 

photosynthesize by specifically acclimating to the shade environment (McMinn et al., 2003; Arrigo et 
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al., 2010). Ice algae, mainly composed of diatoms, proliferate in brine channels or at the bottom of the 

sea ice (e.g., Horner, 1985; Hegseth, 1992; Garrison, 1991; Alou-Font et al., 2013). When sea ice is 

present, most primary production is carried out by sea ice algae, equivalent to 9–25% of the annual 

primary production in the Southern Ocean (Arrigo et al., 1997), 25–30% in Antarctic coastal regions 

(Legendre et al., 1992; Grose and McMinn, 2003), 15–20% in Arctic waters (Sakshaug 2004; Arrigo 

et al., 2008a), and 4% in Antarctic waters (Arrigo et al., 2008b), whereas contributing >50% of the 

total primary production in perennial ice-covered zones (Satoh et al., 1989; Legendre et al., 1992; 

Gosselin et al., 1997; McMinn et al., 2010; Fernandez-Mendez et al., 2015). Ice algal biomass greatly 

increases in late spring (160 and 975 mg Chl a m−3 on average in Arctic and Antarctic sea ice, 

respectively; see Arrigo, 2017). Ice algae are thus the main food source for polar zooplankton 

(Werner, 1997; Lizotte, 2001; Bluhm et al., 2010), krill (Kohlbach et al., 2017), fish larvae (Moteki et 

al., 2017), and benthic organisms (Boetius et al., 2015) during winter. In addition, within the ice, ice 

algae form aggregates within brine channels and at the base of the sea ice (Melnikov & Bondarchuk 

1987; Assmy et al., 2013; Boetius et al., 2013; Katlein et al., 2014). They are released into the water 

column when ice melts in spring. Some released ice algae stay in the euphotic zone (Haecky et al. 

1998, Mangoni et al. 2009) and seed extensive ice-edge blooms (Smith and Nelson, 1986; Arrigo et 

al., 2003). Released aggregates, however, sink rapidly to the seafloor (Taguchi et al., 1997; Ratkova 

& Wassmann 2005; Fernandez-Mendez et al., 2014; Katlein et al., 2014), implying that the sinking 

aggregates potentially sequester much of the fixed carbon (Ambrose et al. 2005; Boetius et al., 2013; 

2015; Arrigo, 2014), forming an efficient biological carbon pump (Smetacek, 1985). 

  These subpolar and polar oceans, however, are particularly sensitive to climate change (Sarmiento et 

al., 1998; Vaughan et al., 2003; Stroeve et al., 2007; Hoegh-Guldberg and Bruno, 2010). There have 

thus been many studies on the effects of global climate change, including ocean acidification, on the 

physical and chemical properties of these high-latitude oceans, including changes in sea ice related 

environments (e.g., Ohshima and Nihashi, 2005; Yamamoto-Kawai et al., 2009; Arrigo and van 

Oijken, 2015). The physical and chemical changes on photosynthesis due to the climate change seem 

to be amplified in subpolar and polar oceans because the limiting factors for microalgal 

photosynthesis in these oceans (i.e., light, temperature and the micronutrient iron) are tightly coupled 
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with global warming and ocean acidification. However, changes in biological processes associated 

with the climate change under these co-stresses remain little understood in high-latitude oceans. 

 

1.3.   Photosynthesis mechanisms 

1.3.1.   Light reaction processes 

 Photosynthesis is the process of converting light energy into chemical energy and eventually organic 

compounds. The processes from light absorption to production of chemical energy are called the light 

reaction. This process starts from light absorption by light harvesting complexes (LHC), consisting of 

photosynthetic pigments and associated proteins. The absorbed light energy is transferred to a reaction 

centre of photosystem II (PSII) (P680). Charge separation occurs at this special pair of Chlorophyll 

(Chl a) molecules. Oxygen molecules are produced as a by-product via a reaction in the manganese 

cluster of PSII. An electron is emitted from a reaction centre when an excited reaction centre of PSII 

(P680*) returns to the ground state. The emitted electron travels along the electron transport chain of 

photosynthesis; quinones (i.e,. QA and QB), the plastoquinone (PQ) pool and the cytochrome b6/f 

complex. At another reaction centre in PSI, light energy, captured by the LHC, re-boosts the electron. 

The electron is then delivered to the ferredoxin protein. The electron transportation produces 

reduction power, NADPH, and chemical energy, ATP, as end-products. These compounds are further 

utilized for metabolic processes, such as carbon fixation and nutrient assimilation.  

 

1.3.2.   Carbon fixation and reduction processes 

  The NADPH and ATP produced by the light reaction play central roles in carbon fixation and 

reduction processes. NADPH and ATP are transferred to the stroma side of plastids. There are 3 steps: 

carbon fixation, reduction, and regeneration of ribulose. The first step is carbon fixation by the 

enzyme Ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO), consisting of its large and 

small subunits (RbcL and RbcS). The enzyme fixes CO2 to produce a 6 carbon atom-containing 

compound by combining one CO2 molecule to a 5-carbon ribulose-1, 5-bisphosphate (RuBP). The 6-

carbon compound is subsequently broken down into two 3-carbon compounds, 3-phosphoglyceric 

acids (3PG), using 6 ATPs. The 3PGs are then reduced to glyceraldehyde 3-phosphates (G3P) using 6 
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NADPH. One trio of carbon atoms becomes an organic compound, while the other trio goes on the 

cycle further (i.e., recycled) for RuBP regeneration (see also Falkowski and Raven, 2013). In the 

Calvin cycle, the first step (i.e., carbon fixation by RuBisCO) is rate-limiting because of its slow 

carboxylation rate (Ellis, 2010). As the name suggests, RuBisCO has two capabilities: carboxylation 

and oxygenation. The current oxic world is challenging for the enzyme because the concentration of 

CO2 is much lower than the saturation level for RuBisCO, whereas the oxygenation rate in oxic 

conditions is kinetically comparable (i.e., photorespiration) (Eckart, 2005). In addition, because 

RuBisCO is highly temperature-sensitive, its enzymatic activity of carboxylation decreases 

exponentially with decreasing temperature (Young et al., 2015) (also discussed in subsection 1.4.1). 

This can be a critical issue for phytoplankton and ice algae in cold, subpolar and polar environments. 

Microalgae have thus needed to acquire carbon-concentrating mechanisms to optimize their 

intracellular CO2 concentration (e.g., Rost et al., 2003).  

 

1.4.   Environmental controls on aquatic photosynthesis in subpolar and polar regions 

1.4.1.   Temperature 

  In the cold and freezing subpolar and polar worlds, the low temperature is often a limiting factor of 

photosynthetic rates. It has long been documented that low temperatures inhibit the growth and 

photosynthesis of microalgae (e.g., Eppley, 1972; Verity, 1981; Geider et al., 1997) because the 

enzymatic activity of RuBisCO is temperature-dependent, the same as almost every enzyme. Its 

activity is highly variable compared with other processes (Li et al., 1984; Descolas-Gros and De Billy, 

1987; Raven and Geider, 1998) and even at 50 ºC, the activity of extracted RuBisCO still increases 

(Crafts-Brandner and Salvucci, 2000). Young et al. (2015) demonstrated that the carboxylation rate of 

RuBisCO was critically slowed down by the low temperatures in the Southern Ocean, although the 

RuBisCO in psychrophilic species was adapted to the low temperature by the mechanical 

modification of its structure. Therefore, temperature can be often a limiting factor for photosynthesis. 

1.4.2.   Iron 

1.4.2.1. Fe in photosynthesis 
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  Iron (Fe) is a crucial element for photosynthesis in microalgae, as it is required for pigment and 

cytochrome synthesis, nitrate reduction as well as detoxification of reactive oxygen species (ROS) 

(Sunda and Huntsman, 1995; Twining and Baines, 2013; Behrenfeld and Milligan, 2014, and see 

review by Geider and LaRoche, 1994). These compounds are required for light absorption, linear 

electron transfer, nitrogen metabolism and photoprotection, respectively. Fe affects both apparent 

growth rates and potential photosynthetic performance. It has long been known that Fe stimulates 

microalgal growth rates in the laboratory (Harvey, 1933; Timmermans et al., 2004). Moreover, 

microalgal cells reduce their cellular Fe requirement under Fe-limited conditions. Sunda and 

Huntsman (1995) reported that oceanic algae reduced their cell size and/or cellular Fe uptake to adapt 

to Fe-limited conditions. For instance, diatoms are more sensitive to Fe availability due to their large 

size (de Baar et al., 2005; Boyd et al., 2007; Hattori-Saito et al., 2010). Greene et al. (1991; 1992) 

attempted to investigate the underlying mechanisms of the physiological responses of microalgae to 

Fe availability with laboratory-based Fe-controlled incubations. They demonstrated that maximum 

photosynthesis rates, cellular Chl a, and the Chl a: carbon ratio were all lowered under Fe-limited 

conditions. In addition, cellular concentrations of all photosynthetic apparatus elements (PSII, 

cytochrome b6/f, and PSI) also decreased (see also Geider and LaRoche, 1994) but PSII:PSI and 

cytochrome b6/f:PSI ratios increased (Greene et al., 1992). This probably occurred to minimize the 

cellular Fe requirement because PSI needs 12 atoms of Fe whereas only 2-3 atoms of Fe are required 

for PSII and 5 atoms for the cytochrome b6/f complex. 

 

1.4.2.2. Fe limitation 

  It has been an enigma of modern oceanography that in up to one third of the ocean, nutrients 

remained unused even after the growth of spring and summer phytoplankton blooms. These regions 

have been called High Nutrient, Low Chlorophyll (HNLC) regions. Major HNLC regions are located 

in subpolar and polar regions, i.e., in the Southern Ocean and the subarctic Pacific, as well as the 

eastern equatorial Pacific. Martin and Fitzwater (1988) first addressed this conundrum in the subarctic 

Pacific by using clean sampling techniques and showed that Fe limited microalgal growth and 

photosynthesis in situ. Due to the low solubility of Fe(III) (a more abundant inorganic Fe species in 



22 

 

seawater than Fe(II)), Fe concentration in seawater is very low (Kuma et al., 1996; Stumm and 

Morgan, 1996). After this important observation, many in situ Fe fertilization experiments were 

subsequently conducted and further demonstrated that Fe was the limiting micronutrient in HNLC 

regions (where TFe < 0.1 nM; e.g., Morel and Price, 2003) (e.g., Martin et al., 1990; 1994; Tsuda et 

al., 2003; 2007 and see review by Boyd et al.,2007), although responses of phytoplankton were 

slightly different among ocean provinces due to e.g., light availability and microzooplankton grazing 

(see Sarmiento and Gruber, 2006). 

  In subpolar and polar HNLC regions, sea ice plays a central role in Fe supply to seawater. Lannuzel 

(2007; 2008; 2015) reported higher Fe concentrations in sea ice than in seawater and suggested that 

sea ice is the major source of bioavailable Fe to seawater in the Southern Ocean. Wang et al. (2014) 

found support for this notion in their model simulation, demonstrating that sea ice is a major reservoir 

of Fe and fertilizes the Southern Ocean in spring/summer. Kanna et al. (2014; 2018) also found that 

sea ice was the major source of Fe. When sea ice melted, sea ice enriched Fe the seawater with Fe in 

spring, leading to phytoplankton growth in the Sea of Okhotsk. Sea ice also supplies Fe indirectly via 

brine rejection from sea ice in coastal polynyas that form dense shelf water (e.g., Honjo et al., 1988; 

Schauer,1995; Nakatsuka et al., 2002); this water then transports terrestrial Fe to the open ocean 

(Moore and Braucher, 2008; Nishioka et al., 2007; 2013; 2014; Nishioka and Obata, 2017). It is 

important to note that dissolved Fe is mostly bound to organic compounds (>99%) which keep Fe 

dissolved by chelation (e.g., van den Berg, 1995). These ligands control Fe bioavailability and 

biogeochemistry (Gredhill and Buck, 2012; Shaked and Lis, 2012). The ligands mainly originated 

from microbial extracellular substances, EPS (Rue and Bruland, 1995): siderophores from bacteria 

(e.g., Kustka et al., 2015) and uronic acids and polysaccharides from microalgae (Nichols et al, 2005; 

Hasslaer and Schoemann, 2009; Hassler et al., 2015). The Fe-ligand complexation is thus a crucial 

controlling factor of Fe bioavailability and microalgal growth, the chemical structure and dynamics of 

these organic ligands, however, remains to be determined (Misumi et al., 2014). 

  Kolber et al. (1994) and Suzuki et al. (2002) showed that Fe availability was related to 

photosynthetic activity (i.e., maximum quantum yield of PSII; Fv/Fm). Functional absorption cross 

section of PSII (σPSII) increased under Fe-limited conditions whereas Fv/Fm decreased. This was 
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possibly due to the inactivation of reaction centres in PSII or chlorolysis (Geider and LaRoche et al., 

1994; Suggett et al., 2009b). As described above, ferredoxin delivers an electron from PSI to NADP+ 

to produce a reductant, NADPH, but ferredoxin requires a substantial amount of Fe because it has a 

Fe-S cluster at its core. Under Fe-limited conditions, ferredoxin is sometimes replaced by flavodoxin, 

which does not require this cluster, although this response to Fe availability is species-specific (e.g., 

Pankowski and McMinn, 2009). The physiological role of flavodoxin is the same as that of ferredoxin 

and their catalytic activity is almost equal (Smillie, 1965; Medina and Gómez-Moreno, 2004) but the 

molecular weight of flavodoxin is double that of ferredoxin. Ferredoxin/flavodoxin have been thus 

used to assess Fe limitation, both in the lab and in the field (e.g., LaRoche et al., 1995; McKay et al., 

1999; Pankowski and McMinn, 2008a, 2008b, 2009; Hattori-Saito et al., 2010). From the insights of 

molecular biology, Cohen et al. (2017) investigated the effects of Fe on gene expression using a 

metatranscriptomic approach and hypothesized that chronically Fe-limited oceanic diatoms upregulate 

carbon fixation and assimilation genes because cells are ATP-limited due to long-term Fe starvation. 

Mock et al. (2017) fully sequenced the genome of the polar diatom Fragilariopsis cylindrus and 

reported the gene expression of photosynthesis and metabolism using the expressed sequence tag 

(EST) analysis in combination with shotgun sequencing (Mock et al., 2015). The EST library showed 

that this polar diatom evolved genes and the genome to adapt to large environmental changes in polar 

regions, including Fe limitation, by diversifying and differentiating alleles. As described above, Fe 

limitation has negative effects on the growth and photosynthesis of microalgae, but it is expected that 

they have evolved strategies to overcome this environmental challenge. 

 

1.4.2.3. Fe in sea ice 

  While most phytoplankton in the water column of HNLC regions suffer from Fe limitation, 

Pankowski and McMinn (2008b) were the first to report Fe limitation in ice algae (Pankowski and 

McMinn, 2009). Using an immunoassay for Fe-regulated proteins, Pankowski and McMinn (2008b) 

identified a large quantity of flavodoxin at the bottom of sea ice but not in the middle or top of the ice. 

Because bottom ice algae were most impacted because they are in contact with low Fe under-ice 

seawater, they found that ice algal photosynthesis could be Fe-limited (Pankowski and McMinn, 
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2008a; 2008b; McMinn, 2017), although brine communities within brine channels were relatively 

unaffected by Fe limitation due to the high concentration of Fe in the brine (McMinn, 2017). 

Although these studies clearly demonstrated the possibility of Fe starvation in sea ice, 

photophysiological responses of ice algae to Fe availability has not been well documented. Light 

conditions in sea ice are very variable compared to those of the open ocean. Before the formation of 

sea ice, algal cells are planktonic, but once the cells are incorporated into the ice, the algal cells must 

acclimate to the low-light environment (Arrigo et al., 2010). When ice melts, they are subsequently 

exposed to sudden and intense light. The light exposure can cause serious photodamage (e.g., Melis, 

1999). Dark acclimation at the bottom of sea ice requires Fe for photosynthetic pigment synthesis. 

Some studies have reported that ice algae at the bottom of sea ice were highly pigmented, although 

their photoacclimation strategy under Fe-limited conditions is still unknown. As described above, Fe 

is essential to synthesize photosynthetic components (e.g., photosystems), but it is also required to 

repair the damaged photosystems. Furthermore, physical and chemical stress associated with freezing 

and melting sea ice affects the physiology of ice algal photosynthesis (e.g., Ralph et al., 2007; Martin 

et al., 2012). How the dramatic changes in sea ice associated with formation and melting remain 

unknown (McMinn et al., 2017). With the exception of the pilot work by Pankowski and McMinn 

(2008a, 2008b, 2009), the effects of Fe availability on sea ice algae remain largely uninvestigated. 

However, several studies have been conducted on the distribution and chemical properties of Fe in sea 

ice (e.g., summarized in special issues on Elementa). Fast ice generally has higher Fe concentrations 

than pack ice (Lannuzel et al., 2016), probably due to the proximity to the land. Some studies have 

reported that the highest Fe concentrations (in the forms of dissolved and particulate; DFe and PFe, 

respectively) were found at the bottom of sea ice and these values were higher than those of seawater 

(e.g., Lannuzel et al., 2008; Tovar-Sanchez et al., 2010; van der Merwe et al., 2011). Some of the 

studies observed high Fe concentrations in the upper parts of the ice, presumably due to rafting and 

flooding on ice surface (Sturm and Masson, 2010; Lannuzel et al., 2015). The highest Fe 

concentrations corresponded to the high concentrations of Chl a in the ice (van der Merwe et al., 

2011; Lannuzel et al., 2015). Sea ice algae EPS may help retain Fe in the sea ice (Lannuzel et al., 

2015). In addition, Boyé et al. (2001) reported a >99% organic complexation of Fe in Antarctic sea 
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ice as well as in seawater (described in 2-2). Significantly high concentrations of EPS (e.g., 

polysaccharides) were detected in the Chl a-rich bottom layer (Ugalde et al., 2014; Underwood et al., 

2010; Krembs et al., 2011; Lannuzel et al., 2015). Diatoms are abundant in ice algal assemblages, and 

diatom exudates are mainly composed of saccharides (e.g., Thornton, 2002). Algal-derived EPS such 

as polysaccharides loosely complex Fe compared to bacterial EPS (e.g., Hassler et al., 2011; 2015; 

Kustka et al., 2015) and enhance Fe uptake and growth of ice algae because Fe chelated by algal EPS 

may be bioavailable to microalgae (e.g., Hutchins et al., 1999b; Norman et al., 2015). Lannuzel et al. 

(2015) clearly demonstrated that sea ice had higher concentrations of Fe and ligands at the bottom of 

the ice by performing adsorptive cathodic stripping voltammetry. The Fe-ligand complexation 

stability, on the other hand, showed vertical heterogeneity. In seawater, the importance of colloidal Fe 

was emphasized by Boyé et al. (2011), but no comparable study has been conducted in sea ice. The 

bottom layer is highly biologically active, with high bacterial abundance and production (e.g., Martin 

et al., 2012; Ugalde et al., 2014, and see review by Bowman, 2015). Bacteria also produce EPS and 

their EPS is able to tightly capture Fe (e.g., Maldonado and Price, 1999) and consequently 

competition for Fe mediated by EPS can occur (Hutchins et al., 1999b) between ice algae and bacteria 

(Lannuzel et al., 2016). 

 

1.4.3.   Light 

1.4.3.1. Light: essential but dangerous 

  Light is an essential element of photosynthesis. Light is not only requisite but also detrimental for 

photosynthesis because over-excitation of PSII reaction centres leads to the production of reactive 

oxygen species (ROS). High light stress leads to excess charge separation events, reducing the 

capability of the photosynthetic electron transport (over-reduction) and causing the formation of 

triplet excited chlorophylls and the special pair of Chl a; P680 reaction centre of PSII. The triplets 

finally reduce molecular oxygen to reactive singlet oxygen 1O2 (Krieger-Liszkay et al., 2016), the 

major ROS in photosynthesis that damages photosynthetic components (Triantaphylidès et al., 2008). 

The core protein of PSII, D1 protein, is, however, highly vulnerable to light stress (Prášil et al., 1992; 

Aro et al., 1993). The turnover rate of the D1 protein is thus high (Edelman and Mattoo, 2008), and 
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antioxidant pigments (e.g., carotenes and xanthophylls) are produced to maintain PSII by capturing 

ROS to avoid additional damage on further components (e.g., PSI), costing highly energy to repair. 

 

1.4.3.2. Light-Fe interactions 

  Light and Fe availability are tightly coupled because Fe is an essential trace metal for pigment 

synthesis. Microalgae are known to synthesize more chlorophyll and carotenoid pigments under low 

light to maximize the efficiency of light utilization (e.g., Falkowski and Owen, 1980; Morel and 

Bricaud, 1981; Bricaud et al., 1995), causing the package effect (e.g., Berner et al., 1989). Because 

this de novo pigment synthesis further requires Fe, light limitation exacerbates Fe availability, such as 

in a deeply mixed water column and at the bottom of sea ice. This is the so-called Fe-light co-

limitation (Sunda and Huntsman, 1997). This antagonistic Fe-light co-limitation has been observed 

both in the lab (Sunda and Huntsman, 1997; Timmermans et al., 2001) and in the field (Maldonado et 

al., 1999; Hopkinson and Babeau, 2008). Strzepek et al. (2012), however, first demonstrated that Fe-

light co-limitation was not significant in Southern Ocean phytoplankton. In fact, some studies have 

reported that Fe-light co-limitation does not occur in Southern Ocean species (Moore et al., 2007). 

Traditionally, it had been thought that phytoplankton increases their photosynthetic apparatus (i.e., the 

number of photosynthetic components for electron transport chain) under low light conditions (e.g., 

Falkowski et al., 1992), which requires Fe for the synthesis of photosynthetic apparatus, such as for 

PSI in particular. Strzepek et al. (2012), however, proposed another acclimation strategy to overcome 

low Fe and low light availability: increasing the size of photosynthetic antennae relative to the number 

of reaction centres. This leads to an increase in σPSII to capture light efficiently for charge separation at 

reaction centres. This strategy does not require Fe. Strzepek et al. (2012) thus concluded that 

phytoplankton in the Southern Ocean did not undergo Fe-light co-limitation because they employed 

this strategy. Although phytoplankton can sustain photosynthesis in vertically, well-mixed waters in 

the Southern Ocean, there is a concern about abrupt changes in light supply with shoaling of the 

mixed layer depth and/or sea ice treat in summer. Regardless of strategies to acclimate to low-Fe and 

low-light conditions, cellular chlorophyll and accessory pigment contents are reduced under Fe-

limited conditions and the reduced package effect. These reductions lead to photodamage and the 
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production of ROS because the Fe-limited cells cannot deal with the absorbed photons that exceed the 

reduced electron transport capacity due to Fe limitation under high-light conditions (van Oijen et al., 

2007). Behrenfeld et al. (2008) observed a decrease in PSII when microalgal photosynthesis is 

photoinhibited under high irradiance. However, little attention has been paid to the relationship 

between photoinhibitory and photoacclimation strategies and the fact that Fe availability is tightly 

coupled with photoinhibition under abrupt changes in light condition which occurs in the Southern 

Ocean in summer. 

 

1.5.   Photosynthesis versus irradiance (P-E) relationship 

  A central focus of biological oceanography is to quantify the primary production in marine 

environments. Satellite remote sensing is a powerful tool to estimate instantaneous Chl a biomass 

from space with high spatial and temporal resolutions. However, biomass often mismatches primary 

productivity because photosynthetic physiology is the underlying mechanisms to drive primary 

production (see also Bannister, 1974). In addition, the responses of microalgae to environmental 

fluctuations cannot be assessed from biomass alone. The biomass is no more than an average 

production with multiple loss factors (i.e., sinking, grazing, and cell death). It is thus necessary to 

understand the photophysiology of marine phytoplankton and ice algae in order to investigate their 

responses in the changing world. To assess the whole processes of phytoplankton photosynthesis, 

light absorption by photosynthetic pigments and following electron transportation to the production of 

organic carbon also needs to be considered. Therefore, It is important to understand the relationships 

between light and photosynthesis. One way to clarify this relationship is to measure primary 

productivity and surrounding incident light. To elucidate the physiological responses of 

phytoplankton photosynthesis to the light, photosynthesis vs. irradiance curves (P-E curve) have been 

used since the 1950s with the 14C method in which carbon-based photosynthetic rates were estimated 

from uptake rates of the radioisotope 14C (Steeman-Nielsen, 1952; Steeman-Niesen and Jørgensen, 

1968; Jørgensen, 1968). The P-E curves are obtained by plotting photosynthetic rates under various 

irradiance levels and provide relationships between light and photosynthesis at a given time. The 

results obtained indicate their physiological states and light acclimation strategies. Photophysiological 
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properties can thus represent how phytoplankton is affected by environmental factors. It enables the 

understanding of the spatiotemporal variability of phytoplankton distribution and primary production, 

especially in regions with high variability of primary production (Sakshaug et al., 1997; Furuya et al., 

1998). In addition, many models of P-E relationships help quantify the physiological properties of 

phytoplankton and ice algal photosynthesis (Webb et al., 1974; Jassby and Platt, 1976; Platt et al., 

1980). The resultant photosynthetic parameters after fittings provide powerful insights into 

photophysiological responses of phytoplankton to environmental variables (Harrison and Platt, 1985; 

Platt et al., 1992; Sakshaug et al., 1997; MacIntyre et al., 2002).  

 

1.6.   Active Chlorophyll a fluorescence 

  In 1931, Kautsky and Hilsch found a phenomenon of fluorescence induction and decay of 

chlorophyll a when exposed to light, so-called the Kautsky effect (Kautsky and Hirsch, 1931; 

Govindjee, 1995). When the pigments absorb the light, not all photon energy is utilized for the 

photochemical reaction, i.e. primary charge separation. Basically, there are three pathways of the 

photon energy absorbed by photosynthetic organisms such as plants and algae: photochemistry, 

thermal dissipation, and fluorescence as the following equation: 

 kT = kF + kP + kD + kQ (1.1) 

where kT, kF, kP, kD and kQ are reaction rate constants of fluorescence, photochemistry, thermal 

dissipation and other ways, such as transport between pigments. It is thought that the sum of the 4 

pathways is unity (Cosgrove and Borowitzka, 2011), suggesting that changes in utilization of the 

absorbed photon energy occur among the complementary pathways. It indicates how much of the 

absorbed light is used for each pathway. Based on this theory, there have been many attempts to 

estimate the quantum yield of photochemistry using pulse amplitude modulation (PAM) (Genty et al., 

1989; Schreiber et al., 1995), pump-and-probe (P&P) (Kolber and Falkowski, 1993), or fast repetition 

rate (FRR) fluorometry (Kolber et al., 1998). Pump-and probe and FRR fluorometry measure the 

fluorescence of chlorophyll a by applying the single-turnover flash protocol, whereas PAM 

fluorometry applies the multiple-turnover flash protocol to Chl a. The commonality in these methods 
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is that they each provide two types of light; a very weak light and a very short intense flash to induce 

one or more charge separation events and to emit the fluorescence to assess a potential maximum 

quantum yield of the photochemistry of PSII. The fundamental difference between single- and 

multiple-turnover flash protocols is the length of the short intense flashes; the single-turnover protocol 

applies flash or flashlets in an order of tens to hundred microseconds, whereas multiple turnover 

flashes are for an order of hundreds of milliseconds to one second (Cosgrove and Borowitzka, 2011). 

The shorter single-turnover flash oxidizes a reaction centre of PSII (i.e., charge separation) only once 

(Kolber and Falkowski, 1993; Falkowski and Raven, 2007), while the longer multiple turnover flashes 

are long enough to oxidize reaction centres of PSII repeatedly (i.e., multiple successive charge 

separation of reaction centres and subsequent reduction of quinones and the PQ pool) (Babin, 2008; 

Huot and Babin, 2011). The advantages and limitations of both protocols are discussed in the review 

by Kromkamp and Foster (2003): (a) inadequate amount of light of single-turnover flashes; too weak 

flashes to induce charge separation for all reaction centres in PSII, and (b) non-photochemical 

quenching build up (e.g., increases in the fraction of thermal dissipation) with multiple-turnover 

flashes; too long flashes over-inducing charge separation (Schreiber et al., 1995).  

  The fluorescence under the weak light (F0) represents original and minimum fluorescence, which is 

emitted from Chlorophyll a acting as accessory pigments (Krause and Weis, 1984). The other 

fluorescence under an intense pulse cause a maximum fluorescence of Chlorophyll a (Fm) but with no 

photochemical process because of the very short period for light exposure. Subtracting F0 from Fm 

(Fm–F0, so-called the variable Chlorophyll a fluorescence; Fv), it can be an indicator for the fraction 

of photochemistry. By dividing Fv by Fm, and assuming that the thermal dissipation is constant or its 

variation is negligible enough compared with others, this provides an Fv/Fm value which can represent 

a potential maximum quantum yield of the photochemistry of PSII using the reaction rate constants 

shown as follows: 

 φF = kF / (kF + kP + kD + kQ) (1.2) 

where φF is a yield of fluorescence, and when a maximum value of photochemistry is observed, i.e., at 

maximal P (Pmax), a fraction of fluorescence kF must be near to zero and the yield of photochemical 

reaction (φPmax) can be expressed following equation (1.2): 
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 φPmax = kPmax / (kF + kPmax + kD + kQ) (1.3) 

and then, that at Fm, a maximal value of F, we can ignore the fraction of photochemistry (P). With 

these assumptions, we can derive an Fv/Fm value (Appendix A): 

𝐹v

𝐹m
=

𝐹m − 𝐹0

𝐹m
=

(
𝑘F

𝑘F + 𝑘D + 𝑘Q
) − (

𝑘F
𝑘F + 𝑘Pmax +  𝑘D + 𝑘Q

)

(
𝑘F

𝑘F + 𝑘D + 𝑘T
)

                  

= 1 − (
𝑘F +  𝑘D + 𝑘T

𝑘F + 𝑘Pmax +  𝑘D + 𝑘Q
) 

                                            =  
𝑘Pmax

𝑘F + 𝑘Pmax +  𝑘D + 𝑘Q
 

 = 𝜑Pmax          (1.4) 

 The resultant Fv/Fm value has maximum values of ~0.65 or 0.6−0.8 with the single-turnover and 

multiple-turnover protocols, respectively (Kolber and Falkowski, 1993; Büchel and Wilhelm, 1993; 

Koblížek et al., 2001). The variable Chl a fluorescence, Fv/Fm, has been widely used as a proxy for 

the activity of light reactions because it can be repeatedly measured instantaneously, without the need 

for incubations and non-destructively. Furthermore, Fv/Fm has also been used for predicting the 

physiological states of algal cells under certain environmental factors (Kolber et al., 1994; Suzuki et 

al., 2002). P-E curves, namely rapid light curve (RLC), can also be generated from variable Chl a 

fluorescence using F’q/F’m. Multiplication of F’q/F’m and actinic light intensity provides a relative 

photosynthetic rate through PSII (Appendix A); rETR. Some fluorometers with a high sampling pitch 

(e.g., FRR fluorometer) quantify functional absorption cross section of PSII (σPSII) as an index of 

photosynthetic antennae size of PSII:  

 σPSII = α / n (1.5) 

where α is a light utilization index calculated from a P-E relationship and n is the number of 

functional PSII. This measurement (σPSII) shows how much absorbed light is transferred to one active 

reaction centre (Appendix A). These Chl a fluorescence parameters, have been used to attempt to 

estimate the primary productivity from the Chlorophyll a fluorescence (see a review by Suggett et al., 

2011).  

  At room temperature, almost all Chl a fluorescence is from PSII, but PSI emits fluorescence at 77 K 
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(i.e., −196.15 ºC) (e.g., Prášil et al., 2009; Hill et al., 2012). The 77 K fluorescence analysis enables 

quantification of PSII:PSI ratio and assessment of the state of photosynthetic antennae. Plant cells 

modify the ratio of PSII:PSI to increase PSI under high light stress to alleviate over-reduction of the 

electron transport chain (i.e., state transition). Suggett et al. (2009a) and D’Haene et al. (2015) 

suggested that the 77 K analysis identifies fluorescence emission from the core protein CP47. The 

CP47 protein is a bridge from light harvesting complexes (LHCs) to reaction centres of PSII, the 

emission is an indicator of (un)coupling of LHCs and PSII reaction centres.   

 

1.7. Problems 

1.7.1. Accessibility and missing pieces 

  The subpolar and polar oceans are still under explored because of the difficulty in conducting field 

work in winter due to the extreme and severe ocean conditions. Although it is possible to use research 

ships in subpolar seas in winter, there is still relatively little information from these regions on the 

photophysiology of phytoplankton. Subpolar diatom blooms are a significant driver of carbon cycles. 

Although plausible conceptual models have been proposed (e.g., critical depth hypothesis, Riley, 

1946; Sverdrup, 1953; dilution-recoupling model, Behrenfeld, 2010), it is still enigmatic how 

phytoplankton modifies their photosynthetic physiology to enable them to form extensive blooms. In 

addition, these regions have the two largest HNLC regions (i.e., western subarctic and subantarctic 

waters). Fe limitation in these regions has been well-documented by in situ Fe-fertilization 

experiments (see the review of Boyd et al., 2007) but these studies have mainly focused on changes in 

biomass after the experiments. It has been argued that other factors have greater control on biomass 

during the experiments (e.g., grazing, Banse, 1990, 1995; light limitation, Tranter, 1982). It is thus 

more useful to the understand photophysiological responses of subpolar phytoplankton to Fe 

availability to better quantify how Fe controls phytoplankton photosynthesis and biomass. 

  In polar regions, sea ice sampling is particularly time-consuming and spatiotemporal resolution is 

consequentially limited. The major obstacle to understanding the life and fate of ice algae is the 

inability to examine incorporation and release of ice algae. Because satellite observations of ice algae 

are impossible, all measurements rely on the availability of ice breakers. These difficulties in 
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accessing to the polar regions, frustrate the acquisition of continuous or time-series sampling, 

especially for pack ice.  

 

1.7.2. Challenges for satellite and modelling 

  Satellite remote sensing has been used to estimate surface Chl a concentration and primary 

production (PP) (Behrenfeld and Falkowski, 1997; Sathyendranath et al., 2007; Behrenfeld et al., 

2017) as well as the size distribution and taxonomic class of phytoplankton (Claustre et al., 2005; 

Hirata et al., 2011; Hirata and Suzuki, 2017). This method is now a powerful tool for acquiring high 

resolution and frequent observation. However, estimation of phytoplankton PP has been highly 

underestimated using the most common VGPM model (Behrenfeld and Falkowski, 1997) in subpolar 

and polar regions because a seventh-order polynomial function between photosynthetic rate and 

temperature was assumed. This model cannot reproduce PP of cold-adapted phytoplankton in 

subpolar and polar waters, although other methods using phytoplankton absorption properties have 

been applied to reproduce realistically PP of subpolar and polar phytoplankton (e.g., Marra et al., 

2007; Hirawake et al., 2011; 2012). Because satellite data are unavailable for measuring ice algae due 

to the strong scattering of light by sea ice (Miller et al., 2014), spatiotemporal resolution of sea ice 

data depends on the frequency of in situ and manual observations. It is still difficult to model ice algal 

PP due to the problems described above (Vancoppenole et al., 2013; Steiner et al., 2016; van Leeuwe 

et al., 2018), although Arrigo and Sullivan (1994) attempted to estimate ice algal PP with the use of 

numerical modelling. Steiner et al. (2016) and van Leeuwe et al. (2018) nicely summarized the 

challenges and perspectives for better sea ice biogeochemical modelling. They suggested that 

investigating the mechanisms of incorporation and release of sea ice biota is an urgent issue. 

 

1.8. Goals of this study 

  My PhD work has tried to understand how subpolar spring diatom blooms and ice algal production 

will change with a changing climate. Climate change affects fundamental processes of photosynthesis. 

However, the problems discussed above in section 1.7 have hindered understanding of subpolar 
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diatom blooms and ice algal production in these productive oceans. This study thus focuses on the 

effects of temperature, light and Fe availability, all crucial factors in subpolar and polar oceans, 

affecting the photophysiology of phytoplankton and ice algae. In chapter 2, I tried to clarify how 

phytoplankton assemblages in the western subarctic Pacific optimize their photophysiology during a 

spring diatom bloom, with a special focus on the effect of temperature on carbon fixation processes in 

cold waters. Chapter 3 focused on the effects of light and Fe availability on the photophysiology of 

phytoplankton in HNLC and neritic waters in the western subarctic Pacific near the Kuril Islands. In 

this chapter, light-Fe interactions are one of the central interests. Chapter 4 focused on how freezing 

and melting events, as well as prolonged exposure to frozen environments, affects the 

photophysiology of ice algae. In this chapter, I used ice tank incubation techniques to incubate a 

model ice algae species Fragilariopsis cylindrus within artificial sea ice in the lab. Chapter 5 aimed to 

quantify the effects of Fe availability on ice algal photophysiology and its temporal changes 

associated with sea ice dynamics as well as light-Fe interactions at the bottom of the sea ice. I used a 

newly developed low-Fe ice tank to incubate F. cylindrus under different Fe concentrations as well as 

light availability. In addition, light exposure experiments were also conducted to provide insights into 

whether released ice algae can survive in open waters under high light there and contribute to 

extensive ice-edge blooms. Finally, Chapter 6 overviewed the previous chapters and summarized 

them as general conclusions.  
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CHAPTER 2 

Community composition and photophysiology of phytoplankton assemblages in coastal Oyashio 

waters of the western North Pacific during early spring 

 

2.1.   Introduction 

  Photosynthetic marine phytoplankton are responsible for about half of the global primary 

production (Field et al., 1998; Behrenfeld et al., 2001) and are one of the principal drivers for 

the global carbon cycle (e.g., Sarmiento and Siegenthaler, 1992; Falkowski, 1994; Smetacek, 1999). 

The western subarctic Pacific has one of the highest transport efficiencies of particulate organic 

carbon (POC) in the water column (Honda, 2003; Kawakami et al., 2004, 2015) and the largest 

biological effect on seasonal changes in surface pCO2 drawdown in the world ocean (Takahashi et al., 

2002). These remarkable biogeochemical features are partly caused by large to vast 

spring diatom blooms observed in Oyashio (OY) and coastal Oyashio (COY) waters (Chiba et al., 

2004; Hattori-Saito et al., 2010; Yoshie et al., 2010; Suzuki et al., 2011), which are biologically 

highly productive during spring (Isoda and Kishi, 2003; Isada et al., 2010). The OY is the 

westernmost current of the Western Subarctic Gyre (WSG) and is influenced by both the Eastern 

Kamchatka current and the Okhotsk Mode water (Yasuda, 2003; Oguma et al., 2008). The COY, on 

the other hand, is also derived from sea ice meltwater within the Sea of Okhotsk (Sugiura, 

1956; Ohtani, 1971; Ogasawara, 1990) flowing along the southeastern coast of Hokkaido in spring 

(Kono, 1997; Kono et al., 2004; Oguma et al., 2008; Kusaka et al., 2013). Consequently, COY waters 

can generally be distinguished from the OY by their lower salinity (<33) and lower temperature (– 1.8 

to 2 °C) as the result of the sea ice meltwater in spring (Ohtani, 1971). 

  A number of studies have addressed the bloom dynamics in the OY region. For example, Suzuki et 

al. (2011) studied the community composition and bloom dynamics in OY waters and revealed that 

the annual spring bloom was often dominated by large, including chain-forming diatoms such 

as Thalassiosira, Chaetoceros and Fragilariopsis species. It was pointed out that development of steep 

density gradients in the water column (i.e., stratification) in spring can be associated with the 

initiation of the spring blooms in OY waters following the high nutrient supply into the surface mixed 
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layer by winter deep mixing (Yoshimori et al., 1995; Kasai et al., 1997). Yoshie et al. (2003) noted 

that the deep mixing can significantly affect the amplitude of the spring OY bloom not only by the 

supply of nutrients but also by the dilution of predators, which drastically reduces grazing 

pressure (see Behrenfeld, 2010). Indeed, macrozooplankton grazing has a great impact on 

phytoplankton abundance, influencing the dynamics of the spring blooms in OY waters (Kasai et al., 

1997; Saito et al., 2002; Kono and Sato, 2010). Saito et al. (2002) and Saito and Tsuda (2003) also 

proposed that light and silicate limitations could control the bloom dynamics in the OY region, 

particularly the initiation and termination of the spring diatom blooms. The spring diatom blooms in 

the OY waters can effectively foster the high productivity of higher trophic levels in this region 

(Taniguchi, 1999; Sakurai, 2007; Ikeda et al., 2008). 

  In contrast, fewer studies have been conducted in COY waters (Yoshimori et al., 1995; Kasai et al., 

1997), even though the spring diatom blooms in COY waters have generally greater magnitude than 

those in OY waters (Isada et al., 2010; Okamoto et al., 2010) and contributes considerably 

to fisheries and aquaculture in this region (Nishimura et al., 2002; Isoda and Kishi, 2003). Like in OY 

waters, water column stratification may be highly relevant to the initiation of the bloom in COY 

waters (Kasai et al., 1997). Yoshimori et al. (1995) noted that the blooms in COY waters can exist for 

a longer time than those in OY waters due to continuous nutrient supply with its weaker vertical 

stability. The phytoplankton bloom in COY waters would significantly affect primary production in 

surrounding waters including the OY by physical processes such as advection and eddy 

diffusion (Shinada et al., 1999; Okamoto et al., 2010). These pilot studies on the spring blooms in 

COY waters investigated relationships among physical and biological parameters for estimating the 

bloom dynamics, but no study has been conducted to investigate the photophysiology and community 

composition of phytoplankton in COY waters. Low temperatures observed in COY waters can 

decrease growth rates and the photosynthesis of phytoplankton (Eppley, 1972; Raven and Geider, 

1988). In addition, low temperatures in COY waters could be far below the thermal optimum for 

the carbon fixing enzyme of the Calvin cycle, Ribulose 1, 5- bisphosphate 

carboxylase/oxygenase (RuBisCO) (Descolas-Gros and de Billy, 1987; Young et al., 2015). In spite of 

low temperatures, however, intense and extensive diatom blooms are observed in COY waters every 
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spring. Corresponding to the different origins of COY and OY waters, it can be expected that the 

composition of diatoms may also be distinct between these two water masses. 

Regarding zooplankton community, significant differences in community composition were reported 

at the species level between these water masses (Yamaguchi et al., 2003; Abe et al., 2014), however, 

information about possible differences in phytoplankton community composition are still missing. 

  From the aforementioned results, we hypothesized that (i) phytoplankton community composition in 

COY waters is distinctly different from offshore regions, and (ii) low temperatures in COY waters 

inhibit phytoplankton photosynthesis, specifically carbon fixation processes. In regards to the latter, 

we expect the subsequent warming of the water column during spring enhances photosynthetic 

activity. In this study, phytoplankton community composition in COY waters during spring was 

assessed with both phytoplankton pigment signatures and DNA-based next-

generation sequencing (NGS) technology. Pigment analysis using the Suzuki et al. (2015) method of 

ultra-high performance liquid chromatography (UHPLC) allowed us to estimate the community 

composition of phytoplankton assemblages at the class level, whereas the relative contributions of 

each diatom genus to the total biomass of diatoms were quantified with the NGS method. In addition, 

the photophysiology of phytoplankton in COY waters during the pre-bloom and bloom periods were 

investigated using the following: a) active Chlorophyll fluorescence techniques, e.g., pulse amplitude 

modulated (PAM) and fast repetition rate (FRR) fluorometry; b) the transcription activity of the 

diatom-specific rbcL gene, which encodes the large subunit of RuBisCO; c) carbon-based 

photosynthesis-irradiance (P-E) curve experiments; and d) 77 K emission spectroscopy. The active 

Chlorophyll fluorescence techniques enabled us to measure photosynthetic activities (i.e., the 

maximum quantum yield of photochemistry) in photosystem II (hereafter PSII). On the other hand, 

transcription levels of the diatom-specific rbcL gene determined by reverse transcribed quantitative 

PCR can be used as an indicator for the activity of the light independent reactions of photosynthesis 

because RuBisCO encoded by the rbcL gene is the rate-determining enzyme of the process (John et 

al., 2007). Moreover, carbon-based P-E curves provide powerful insights into photophysiological 

states such as photoacclimation and nutrient stress (Sakshaug et al., 1997; MacIntyre et al., 2002) 

through the whole photosynthetic processes from light absorption to carbon fixation. Emission 
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spectroscopy also provided semiquantitative information about the presence of major taxonomic 

groups and the physiological status of phytoplankton. The combination of these techniques provides 

us with holistic information on the photosynthetic processes of phytoplankton in COY waters. To 

elucidate the photophysiological responses of phytoplankton to temperature, we also performed, for 

the first time ever, temperature-controlled bottle incubation experiments in COY waters. 

 

2.2.   Materials and methods 

2.2.1.   Water sampling and optical observation 

  Surface (5 m) seawater samples were collected from the western subarctic Pacific off the 

southeastern Hokkaido (Japan) coast as part of the R/V Hakuho Maru KH-15-1 expedition during 6–

26 March 2015 and the TR/V Misago Maru field study (hereafter AK15 expedition) during 16–17 

April (Fig. 1). Prior to water sampling during the KH-15-1 expedition, vertical profiles of 

photosynthetically available radiation (PAR) spanning 400–700 nm, Ed(PAR) and spectral 

downward irradiance, Ed(λ), were obtained with the Compact-Optical Profiling System (C-OPS) co-

developed by Biospherical Instruments Inc. and NASA (Hooker et al., 2013). Vertical attenuation 

coefficients of downward PAR, Kd (PAR) were determined as the slopes of a least-squares regression 

of the natural-log transformed Ed(PAR) profiles using Processing of Radiometric Observation of 

Seawater using Information Technologies (PROSIT) software (Hooker, 2014). Based on the 

derived Kd (PAR) value, euphotic zone depth (Zeu) was calculated as the depth with 1% of the 

surface PAR remaining (Kirk, 2010). The incident PAR above the sea surface (E0) was measured 

on-deck continuously with an LI-190SB air quantum PAR sensor and recorded by a LI-1400 data 

logger (LI-COR, Inc.) every 5–10 min. Surface (∼5 m depth) seawater samples were obtained using 

a CTD carousel multi-sampler system (CTD-CMS) with acid-cleaned Niskin bottles. Upon 

collection, seawater was poured into a 9 L polycarbonate (PC) carboy, four 300 mL PC bottles for 

the measurements of primary productivity, and two polystyrene tubes for nutrient analyses. 

Concentrations of nutrients (nitrate + nitrite, ammonia, phosphate, and silicate) were determined 

with a BRAN-LUEBEE autoanalyzer (QuAAtro). Mixed layer depths (MLD) at all stations were 
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calculated as the depth at which the potential density anomaly (Δσθ) of the water column increased by 

0.125 kg m−3 relative to the layer at 10 m (Monterey and Levitus, 1997). 

 

2.2.2.   Phytoplankton pigment composition 

  Seawater collected was dispensed into two 1 L PC bottles and these subsamples were filtered onto 

GF/F filters using a gentle vacuum (<0.013 MPa). Filters were then blotted dry between filter papers, 

placed into cryovials, and immediately frozen in liquid nitrogen. Frozen filters were stored at −80 °C 

until further analysis. Pigments were extracted with the N, N-dimethylformamide (DMF) sonication 

method of Suzuki et al. (2002). Pigment concentrations were then determined by high-performance 

liquid chromatography (HPLC) or UHPLC following Van Heukelem and Thomas (2001) with a few 

modifications and Suzuki et al. (2015), respectively. To estimate phytoplankton community 

composition at the class level, multiple linear regression analyses based on major diagnostic pigment 

signatures and Chlorophyll a (Chl a) were performed following Suzuki et al. (1997) and Obayashi et 

al. (2001), wherein fucoxanthin (Fuco) and peridinin (Peri) are representative algal marker pigment 

for diatoms and dinoflagellates, respectively. Although Fuco can also be observed in other 

phytoplankton taxa, e.g., chrysophytes, haptophytes and some dinoflagellates, we assumed Fuco was 

solely derived from diatoms in this study. This assumption can be justified with the results of Suzuki 

et al. (2011) who found a significant relationship between Fuco and diatom carbon during a 

spring bloom study in the study area. The following multiple linear regression of pigment markers 

was used: 

 [Chl a] = A[Fuco] + B[Peri] + C, (2.1) 

wherein [Chl a], [Fuco], and [Peri] are the concentrations of each pigment; A and B are 

partial regression coefficients for each concentration of the pigment marker; and C is a constant term 

of the multiple linear regression. The product of a marker pigment and its partial regression 

coefficient indicates an estimated Chl a concentration derived from a phytoplankton group, diatoms or 

dinoflagellates. The multiple linear regression analysis, and its validation with a t-test for each 

coefficient plus F-test, were performed with SigmaPlot software program ver. 11.0 (System 
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Software). After this procedure, the contributions of each phytoplankton taxon to the total Chl a level 

were calculated by dividing a product of each concentration of pigment and its coefficient value by 

[Chl a] for each station. 

 

2.2.3.   Size-fractioned Chl a concentration 

  Seawater samples were filtered onto a 47 mm nylon mesh (20 μm pore size), a 47 mm Nuclepore 

membrane (10 or 2 μm pore size) and a 25 mm Whatman GF/F filter (nominal pore size 0.7 μm) using 

a gentle vacuum (<0.013 MPa). After filtration, filters were placed in cryovials, immediately flash 

frozen in liquid nitrogen, and stored at −80 °C until further analysis. After thawing, the filters were 

transferred into glass cuvettes and soaked in 6 mL DMF at −20 °C for at least 24 h to extract 

phytoplankton pigments (Suzuki and Ishimaru, 1990). Chl a concentrations were determined with a 

Turner Designs 10-AU fluorometer using the non-acidification method of Welschmeyer (1994). The 

three size classes were defined as microphytoplankton (>20 μm), nanophytoplankton (2–20 μm), 

and picophytoplankton (0.7–2 μm). 

 

2.2.4.   Ion Torrent next-generation sequencing (NGS) 

  Seawater samples for DNA analysis were collected sequentially on 25 mm polycarbonate Isopore 

filters (Millipore, 2 μm pore size) with a gentle vacuum (<0.013 MPa) and then stored at −80 °C until 

further analysis. DNA samples were extracted using the method of Endo et al. (2013). Extracted DNA 

samples were purified using a NucleoSpin® gDNA Clean-up (Macherey-Nagel) following the 

manufacturer's protocols. The extracted DNA was sequenced with an Ion Torrent Personal Genome 

Machine (PGM) targeting the diatom-specific 18S rRNA gene V4 region. NGS libraries of DNA were 

constructed for each sample obtained from all stations and from the temperature-controlled incubation 

experiments. Gene fragments of the diatom-specific 18S rRNA V4 region sequences were amplified 

with the Takara Ex Taq Hot Start Version (Takara) and diatom-specific fusion primer pairs with 12 

barcodes: 

Forward primer: 5′-AGCCGCGGTAATTCCA-3′ 

Reverse primer: 5′-GACTACGATGGTATCTRATCAT-3′ 
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The forward primer included the A-adapter sequence (5′-CCATCTCATCCCTGCGTGTCTCCGAC-

3′), the key sequence (5′-TCAG-3′), the barcode sequences set by the manufacturer (Thermo Fisher 

Scientific) and a barcode adapter sequence (5′-GAT-3′) upstream of the forward primer. The reverse 

primer included the truncated Pi-adapter (trP1: 5′-CCTCTCTATGGGCAGTCGGTGAT-3′) sequence 

upstream of the reverse primer. PCR mixtures consisted of 1 × Ex Taq Buffer, 0.2 mM dNTP, 0.4 μM 

of the fusion primers, 0.625 unit of Taq polymerase, and 2 μL DNA template for a 25 μL total 

volume. PCR cycles within a thermal cycler were performed using the following conditions: 94 °C for 

60 s, 30 cycles under 98 °C for 10 s, 56 °C for 30 s, and 72 °C for 60 s. After the final cycle, the 

temperature was held at 72 °C for 10 min to complete the PCR reactions. PCR products were purified 

with an Agencourt AMPure XP Kit (Beckman Coulter) and 70% ethanol following the manufacturer's 

protocols. The concentration of the purified amplicons was determined with an Agilent 2100 

Bioanalyzer (Agilent Technologies) using an Agilent 1000 Assay Kit according to the manufacturer's 

protocol. Based on the results of the Bioanalyzer, the purified amplicons were diluted to a 

concentration of 13 pM. Once NGS libraries were constructed, emulsion PCR was conducted with an 

Ion One Touch 2 system and an Ion PGM Template OT2 400 kit (Thermo Fisher Scientific). The 

resultant emulsion PCR products were then enriched with Ion One Touch ES (Thermo Fisher 

Scientific) according to the manufacturer's protocols. The enriched templates were loaded onto an Ion 

318 v2 chip (Thermo Fisher Scientific) and amplicon libraries were sequenced with an Ion Torrent 

PGM system using the Ion PGM sequencing 400 kit v2 (Thermo Fisher Scientific) following the 

manufacturer's protocols. 

  To remove sequences with low quality and polyclonal sequences which did not match the A-adapter, 

quality filtering was initially performed with the Torrent Suite™ Software (Thermo Fisher Scientific). 

Additionally, inapplicable sequencing reads which unmatched the trP1 adapter sequence and the 

reverse primer sequence were removed with the FASTX-Toolkit 

(http://hannonlab.cshl.edu/fastx_toolkit/). After removal of forward and reverse primers, reads 

between 18 and 270 bp were extracted as 18S rRNA V4 regions. In addition, reads with a quality 

score of less than 23 were also excluded from the analysis. The obtained sequences were exported as 

FASTQ files and then converted to FASTA files with the mothur v. 1.25.0 (Schloss et al., 2009) 
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software. 

  Using the FASTA files obtained for taxonomic classification based on the diatom-specific 18S 

rRNA V4 region, representative 10,000 reads were deposited to the SILVAngs web interface 

(https://www.arb-silva.de). The reads were classified with >93% classification similarity to SILVA 

SSU Ref dataset 123.1. Data which did not match diatoms were excluded from the classification 

results. For full details of the sequencing methods, see Endo et al. (2016). 

 

2.2.5.   Variable Chl a fluorescence by PAM and FRR fluoremetry 

  Seawater was dispensed in a 30 mL amber bottle and stored in the dark at ambient temperature for 

30 min for dark acclimation to ensure fully open PSII reaction centers. After acclimation, samples 

were transferred to a quartz cuvette (15 mm pathlength) in a dark environment and placed inside a 

pulse amplitude modulation (PAM) fluorometer (Walz, Germany) and a fast repetition rate (FRR) 

fluorometer (FastOcean, Chelsea Technologies Group, West Mosley, UK; excitation at the 

wavelength 440 nm) to determine the maximum quantum yield of photochemistry in PSII defined 

as Fv/FmPAM and Fv/FmFRRf for measurements made with the PAM and FRR fluorometers, respectively. 

In addition to Fv/FmFRRf, the FRRf also provided measurements of the effective absorption cross 

sections of PSII, σPSII, and the concentration of functional PSII reaction centers, [RCII]. PAM and 

FRR fluorometry measurements were conducted on multiple subsamples from each sample (i.e., 

pseudo-replication) following Liu et al. (2009) for PAM fluorometry, and Kolber et al. 

(1998) and Oxborough et al. (2012) for FRRf fluorometry. 

 

2.2.6.   Light absorption coefficient of phytoplankton 

  Seawater was filtered onto Whatman GF/F filters using a gentle vacuum (<0.013 MPa). After 

filtration, filters were carefully wrapped in aluminum foil to avoid any creases and then stored at 

−80 °C until further analysis. Following Kishino et al. (1985), the optical density of particles 

and detritus on the filters (ODfp and ODfd, respectively) was measured with a multipurpose 

scanning spectrophotometer (MPS-2450, Shimadzu) equipped with an end-on type photomultiplier 

tube in 1 nm steps from 350 to 800 nm before and after soaking filters in methanol for 15 min to 
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remove phytoplankton pigments. Measurements before methanol extraction corresponded to the total 

absorption, those after methanol extraction to ODfd and the difference between the two to ODfp. All 

spectra were scatter corrected by subtracting the average value from 730 nm to 750 nm across the 

visible range (Babin and Stramski, 2002). Both ODfp and ODfd were converted to absorption 

coefficients, ap(λ) and ad(λ), respectively, using an appropriate path length amplification factor 

(Cleveland and Weidemann, 1993). The resultant ap(λ) values were then averaged from 400 to 700 nm 

and weighted to the spectral irradiance of the incubator lamp, EPARinc(λ) used 

for photosynthesis versus irradiance measurements to give mean absorption coefficients of 

phytoplankton (āph) and mean Chl a-specific absorption coefficient of 

phytoplankton, ā*ph following Isada et al. (2013). 

 

2.2.7.   Photosynthesis vs. irradiance (P-E) curve and photosynthetic parameters 

  For each curve, surface seawater samples and incubation experiment samples (see section 2.2.9) 

were dispensed into twelve 275 mL polystyrene bottles and inoculated with ca. 0.1 mg of 

NaH13CO3 (99 atom% 13C purity, Cambridge Isotope Laboratories, Inc.). Two bottles at time zero 

remained without any isotope. Samples were then incubated in a temperature-controlled incubator 

under 10 different light intensities between 1.44 and 1800 μmol photons m−2 s−1 for 2 h under both, 

ambient or an altered temperature (see details below under point 2.9). After incubation, samples were 

filtered onto pre-combusted 25 mm GF/F glass fiber filters (Whatman), which were stored at −80 °C 

until further analysis. Photosynthetic rates were calculated from 13C uptake rates measured with an 

on-line element analyzer (FlashEA1112, Thermo Finnigan)/isotope ratio mass spectrometer (Delta-V, 

Thermo Finnigan) (EA/IRMS) following Hama et al. (1983), normalized to Chl a and plotted versus 

irradiance. The resultant PB-E curves were fitted to the model of Platt et al. (1980). Detailed 

descriptions of P-E curve parameters were shown in Table 4. 

 

 2.2.8.   Primary productivity 

  Seawater was dispensed into four acid-cleaned 300 mL PC bottles, inoculated with ∼0.1 mg of 

NaH13CO3 and incubated for 24 h in an on-deck incubator at ambient temperature, either at ambient 
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irradiance (3 replicate samples) or in darkness (1 sample). After incubation, samples were filtered 

onto pre-combusted 25 mm GF/F glass fiber filters (Whatman) and stored at −80 °C until further 

analysis as described above. Primary productivity, PPin the units of mg C m−3 day−1 for each sample 

was then calculated following Hama et al. (1983). 

 

2.2.9.   Temperature-controlled incubation experiments 

  To assess the effects of temperature on phytoplankton assemblages in COY waters, on-deck 

temperature-controlled bottle incubation experiments were conducted using surface seawater collected 

from ca. 5 m depth, and dispensed into three 9 L PC carboys at stations Bio-6, Bio-7, Bio-10, and Bio-

13 (Fig. 1). One of the three carboys was used for time zero samples, the remaining two were used to 

test for the effect of temperature, with ambient temperature being the control and +7 °C being the high 

temperature treatment. The +7 °C-increased temperatures were almost comparable to those at the peak 

of blooms in the studied area (e.g., Isada et al., 2018) and after the warm-core eddy intrusions which 

frequently occur in the area (Okamoto et al., 2010). To avoid any interference from possible light 

effects, bottles were covered with black foil during the entire 24 h incubation. After incubation 

subsamples were collected to determine diatom community composition by NGS (Section 2.4) and to 

measure photosynthetic physiology by variable fluorescence and P-E experiments 

(Sections 2.2.5 and 2.2.7) combined with analyses of the transcription level of the diatom-

specific rbcL gene by qRT-PCR(see following). 

 

2.2.10. Transcriptional level of diatom-specific rbcL with the qRT-PCR method 

  Sampling and extraction of DNA were performed as described above (Section 2.2.4). Seawater 

for RNA samples was filtered onto 25 mm polycarbonate Isopore filters (Millipore, 2 μm pore size) 

with a gentle vacuum (<0.013 MPa). Filters for RNA analysis were placed in cryotubes containing 

0.2 g of pre-combusted 0.1 mm glass beads and 600 μL RLT buffer (Qiagen), to which 10 μL β-

mercaptoethanol (Sigma-Aldrich) were added. After filtration, RNA samples were immediately 

frozen in liquid nitrogen and stored at −80 °C until further analysis. RNA retained on the filters were 

extracted following Endo et al. (2015). The extracted RNA was then reverse transcribed into cDNA 
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with the PrimeScriptTM RT Master Mix (RR036, Takara) according to the manufacturer's 

specifications. Copy numbers of the diatom-specific rbcL gene in extracted DNA and transcribed 

cDNA samples were quantified by quantitative PCR (qPCR) with standards of the diatom-

specific rbcL gene, which were produced from the diatom Thalassiosira weissflogii (CCMP1336) in 

accordance with Endo et al. (2015). 

 

2.2.11. Low temperature (77 K) emission spectra 

  The emission spectra at 77 K were measured on board using a custom-built portable 

emission spectrometer (Prášil et al., 2009) and measuring procedures described in Hill et al. 

(2012) with the following exceptions: the volume of seawater filtered on the 25 mm Whatman GF/F 

filters was 1.2 L. For each sample, six emission spectra were collected, using LEDs with different 

excitation wavelengths (390, 455, 470, 505, 530 and 590 nm). From each spectrum, a blank spectrum 

(measured using filter soaked in distilled water) was subtracted. 

 

2.2.12. Statistical analyses 

  Statistical analyses were conducted using the SigmaPlot software program ver. 11.0 (SystStat 

Software, Inc.) except for the cluster analysis evaluating diatom community composition, which was 

carried out in the statistical software R (http://www.r-project.org). Spearman's correlation analysis 

was used to assess relationships between variables. Multiple linear regression analysis was conducted 

to determine the contributions of each diatom group to total Chl a. Cluster analysis was performed to 

investigate differences in community composition of diatoms using Bray-Curtis dissimilarity and an 

average clustering method. Statistically significant differences between clusters were assessed with 

a multivariate analysis of variance (MANOVA) test and the Wilks' lambda discriminant analysis. 

 

2.3. Results 

 

2.3.1. Hydrographic conditions 

  Sea surface temperatures (SST) observed during the KH-15-1 expedition were generally low ranging 
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from 0.0 to 1.6 °C whereas higher SST between 2.4 and 3.8 °C were observed during the AK15 cruise 

(Table 1). Values of sea surface salinity (SSS) were lower than 33 throughout both expeditions with 

the lowest SSS value of 32.1 being observed at Station AK15-1 (Table 1). Nutrients in surface waters 

were generally abundant during the KH-15-1 expedition. The deepest mixed layer depth (MLD) of 

28.6 m was found at Station Bio-10 whereas the shallowest MLD of 15.8 m was found at Station Bio-

6 (Table 1 and Fig. 1). During the KH-15-1 expedition, the depth (z) of the euphotic zone (Zeu) was 

generally shallower than the MLD with Station Bio-6 being an exception (Table 1). Stations on the 

shelf (z ≤ 100 m) were classified as shelf COY, whereas those in rather oceanic regions (z > 100 m) 

were defined as offshore COY (Fig. 1 and Table 1). Warm water masses with a relatively high 

temperature of ∼4 °C intruded into offshore COY waters from the western part of the coast between 

the isopycnal surfaces (σθ = 26.7–26.8; Appendix B). Thus, we refer to these stations as “Tokachi” to 

distinguish them from the other offshore and shelf sites (stations Bio-4 and Bio-13). 

 

2.3.2.   Phytoplankton pigments 

  Concentrations of Chl a were generally <1 mg m−3 except at stations Bio-14, AK15-1 and AK15-2 

(hereafter bloom stations) (Fig. 2a). Chl a concentrations were positively correlated with SST, but 

negatively with SSS (Table 2). Fuco, Peri, and diadinoxanthin (DD) were the 

predominant carotenoids (Appendix C) and were used in the following multiple regression to derive 

total Chl a according to: 

 [Chl a] = 2.00 [Fuco] + 1.78 [Peri] + 0.107, (2.2) 

wherein n = 21, r2 = 0.994, t-value for Fuco = 56.0 (p < 0.001), t-value for Peri = 2.85 (p < 0.05), t-

value for the constant = 2.12 (p < 0.05), and F = 367 (p < 0.001). Diatoms were predominant at all 

sampling stations contributing between 54 and 96% of total Chl a and >90% at the bloom stations 

(Fig. 3a). 

 

2.3.3.   Size-fractioned Chl a concentration 

  Nanophytoplankton dominated the phytoplankton community during the KH-15-1 expedition with 
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the exception of the bloom stations and Station Bio-7, where microphytoplankton (>20 μm) 

dominated the phytoplankton assemblages. The lowest contribution (8.36% of total Chl a) of 

microphytoplankton was found at the farthest offshore Station Bio-10 (Fig. 3b). 

 

2.3.4.   Diatom community composition 

  The genera Thalassiosira, Minidiscus, Skeletonema, Fragilariopsis, and Pseudo-nitzschia dominated 

the diatom assemblages (Fig. 4) with minor contributions of diatoms belonging to the subdivision of 

Coscinodiscophytina. The genus Thalassiosira contributed >40% to the total Chl a at the bloom 

stations (Bio-14, AK15-1 and AK15-2) and stations Bio-6 and Bio-7 (Fig. 4). Thus, the composition 

of the diatom community at these shelf COY stations was significantly different from that at other 

stations (p < 0.01, One-way MANOVA, Wilk's lambda; Fig. 5). At the offshore COY and Tokachi 

stations, diatom communities were characterized by the dominance of Thalassiosira, Minidiscus and 

Fragilariopsis. 

 

2.3.5.   Variable Chl a fluorescence 

  Fv/Fm PAM values determined with the PAM fluorometer varied between 0.17 and 0.55 (Fig. 2b), 

giving an average of 0.35 ± 0.11 across all sites. The highest and lowest Fv/Fm PAM values were 

observed at Stations AK15-1 and Bio-10, respectively. Also, Fv/Fm PAM was significantly correlated 

with Chl a, PB
max, ΦCmax, and PP, (p < 0.01, <0.01 < 0.05, and <0.001, respectively; Spearman-Rank 

correlation, Table 3). During the KH-15-1 expedition, Fv/Fm measured by FRR fluorometry (Fv/Fm 

FRRf) (Appendix D) showed a similar spatiotemporal variations as Fv/Fm 

PAM (ρ = 0.483, n = 20, p < 0.05, Spearman-Rank correlation), although a large difference 

between Fv/Fm FRRf and Fv/Fm PAM was observed at Station Bio-1. Values of the functional absorption 

cross-section for PSII (σPSII) varied between 2.43 and 3.78 nm2 PSII−1. The lowest and highest values 

were observed at Stations Bio-14 and Bio-2, respectively, which deviated from values at the other 

stations. A much larger variability, however, was observed in the concentration of functional PS 

II centers [RCII], which varied between 0.49 × 10−9 and 5.57 × 10−9 mol m−3 at Station Bio-1 and Bio-

14, respectively (Appendix D). The latter was also the site with the highest Chl a concentration. 
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2.3.6.   Light absorption coefficient of phytoplankton 

  The Chl a-normalized light absorption coefficient for phytoplankton (ā*ph) at the bloom stations as 

well as at Station Bio-6 were relatively low compared to the other sites of this study (Fig. 2c). In 

particular, values of ā*ph obtained during the AK15 cruise were one order of magnitude smaller than 

those during the KH-15-1 expedition. 

 

2.3.7.   Low temperature (77 K) emission spectra 

  We have observed significant variability among the 77 K emission spectra collected at each station. 

The variability can be linked to species composition and the physiological state of phytoplankton. An 

example of emission spectra in the 660–700 nm region is given in Appendix E, panels A and B. The 

phytoplankton emission in this spectral region is composed of several overlapping bands: the major 

band peaks at 685 nm and originates from PSII reaction centers, the band at 695 nm originates from 

active PSII containing CP47 (Suggett et al., 2009a; D'Haene et al., 2015) and in some cases less 

intense bands at 675 and 680 nm were observed. In eukaryotic phytoplankton, the 680 nm band 

originates from loosely coupled antenna pigments with less efficient energy transfer to the PSII 

reaction center. The 675 nm band (Appendix E, panel B) is specific for emission from Peri containing 

peripheral peridinin-Chlorophyll a-protein (PCP) antenna proteins in dinoflagellates and is excited 

only by the 500–600 nm wavelengths absorbed by PCP (Hill et al., 2012). Using simple analysis of 

the emission spectra based on the measured emission intensities at given wavelength, we have 

observed correlation (r2 = 0.598) between the relative content of Peri (determined by UHPLC) and the 

increase of emission at 675 nm (Appendix E, panel C) or between the functional cross-section of PSII 

measured by FRR fluorometry and the intensity of the emission in the 675–680 nm region (r2 = 0.732, 

see Appendix E, panel D). The increased emission band around 695 nm, indicating phytoplankton 

with active PSII (Suggett et al., 2009a), was observed only at station Bio-14 (Appendix E, panel B). 

 

2.3.8.   P-E curves and their photosynthetic parameters in situ 

  Values of αB varied between 0.00949 and 0.0383 (mg C mg Chl a−1 h−1) (μmol photons 
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m−2 s−1)−1 (Fig. 2d), and the βB values ranged between 0.000628 and 0.00912 (mg C mg Chl a−1 h−1) 

(μmol photons m−2 s−1)−1(Fig. 2e). PB
max values, however, were relatively constant and ranged between 

1 and 2 mg C mg Chl a−1 h−1 except at the bloom stations (Fig. 2f). The Ek values varied from 83.2 to 

235.0 μmol photons m−2 s−1 giving an average value with a standard deviation of 131.8 ± 53.2 μmol 

photons m−2s−1 (Fig. 2g). Values of ΦCmax were rather constant (0.0068–0.0275) except at the bloom 

stations (Fig. 2h). The PB
max and Ek showed negative correlations with respect to SSS (Table 2). 

 

2.3.9.   Primary productivity 

  Primary productivity (PP) at all sampling stations ranged between 3.56 and 255.40 mg C 

m−3 d−1 (Fig. 2i) being highest at the bloom stations. Lowest PP was observed at Station Bio-1, which 

also had the lowest SST values (Fig. 2i, Table 1). Also note that PP was significantly correlated with 

SST and Chl a (p < 0.05 and < 0.001, respectively, Spearman-Rank correlation, Table 2, Table 3). 

 

2.3.10. On-deck temperature-controlled bottle incubation experiments 

  Phytoplankton pigment signatures revealed that algal community composition calculated from 

Eq. (2.2) changed relatively little (<5%) during our incubations, except at Station Bio-6 where the 

contribution of dinoflagellates increased from 39.7% to 47.7% in the 7 °C treatment (Fig. 6). 

Similarly, little changes in the composition of diatoms occurred throughout all experiments except at 

Station Bio-13 (Tokachi waters) where growth of Minidiscus was stimulated in the 7 °C treatment 

(Fig. 7). 

  At the end of the incubation, the P-E curve parameters varied differently between incubations at 

different stations (Fig. 8). Values of αB increased by ca. three-fold in the 7 °C treatment during the 

Bio-7 experiment, while changes at the other sites were much less pronounced (Fig. 8a). 

The PB
maxvalues increased in both treatments at most sites. The exception was Station Bio-10, 

where PB
max showed a slight decrease in both the control and 7 °C treatment (Fig. 8c). Changes 

in Ek were variable increasing after incubation at 7 °C during experiments at stations Bio-6 and Bio10, 

but decreasing at Station Bio-7 (Fig. 8d). ΦCmax was highest in the +7 °C treatment at Stations Bio-7 

and Bio-13 (Fig. 8f). At the shelf COY (Bio-6 and Bio-7) and Tokachi (Bio-13) stations where the 
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water was <100 m deep, values of the diatom-specific rbcL gene expression for the +7 °C treatments 

were higher than those of the controls (Fig. 8g). Values of ā*phand Fv/FmPAM varied little among 

treatments at all stations (Fig. 8e, h). 

 

2.4. Discussion 

2.4.1. Hydrography 

  Cold, low-salinity waters extended completely across our sampling sites throughout the observation 

period i.e., early spring (Table 1). Following the water mass definitions in this study area proposed 

by Ohtani (1971), OY waters were not detected. The results were similar to observations of Kasai et 

al. (1997) who demonstrated that COY waters extended from the coast off Hokkaido to the offshore 

station at 42° 40′ N, 144° 55′ E in March 1990, 1991, and 1992. 

 

2.4.2. Abundance and community composition of spring phytoplankton in the COY 

  The temporal variation in Chl a concentration suggests that the sampling period covered both, the 

pre-bloom and bloom phase (Fig. 2a), with the former being characterized by low 

Chl a concentrations (<1 mg m−3). The subsequent increase in Chl a concentration during the AK15 

expedition represented the spring bloom at the shelf COY stations (Fig. 2a), which matches the 

observations of Kasai et al. (1997) who also reported peaks in Chl a in COY waters in April. Kasai et 

al. (1997) also proposed that shoaling of the MLD due to water-column stratification may be an 

important factor for bloom initiation. In this study, however, there was no significant relationship 

between any of the photosynthetic parameters (including Chl a) and MLD (Table 2). 

  The substantial increases in Chl a and Fuco at the bloom stations indicated that the blooms on the 

COY shelf were dominated by diatoms (Fig. 3a and Appendix C). The large increase in the relative 

contribution of microphytoplankton to the total phytoplankton also supports this notion (Fig. 3b). 

Interestingly, our DNA sequencing analysis showed that the composition of the diatom assemblages 

in most of the shelf COY stations differed from those of other water masses (Fig. 4, Fig. 5). Because 

the shelf COY stations were located in relatively shallow waters, resuspension of benthic diatoms 

from shelf sediments might affect either or both community composition and bloom formation 
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(e.g., McQuoid and Godhe, 2004), although no information on the composition of the benthic algal 

community is available for our study area. The discrimination between the shelf COY and other 

waters masses was based mainly on the presence and dominance of Thalassiosira (Fig. 4). Shinada et 

al. (1999) observed Thalassiosira blooms in Funka Bay when COY waters intruded into the bay in 

early spring. In this study, the genus Thalassiosira was the bloom-forming species in the shelf COY 

waters indicated by the contribution of Thalassiosira becoming high at the bloom stations (Fig. 4). 

The genera Fragilariopsis and Minidiscus were relatively abundant in offshore COY and Tokachi 

waters (Fig. 4). Suzuki et al. (2011) reported that the genus Fragilariopsis was abundant in OY 

waters. The substantial abundance of Minidiscus, however, has not been reported in both COY and 

OY waters likely because the genus Minidiscus can be overlooked with conventional light 

microscopy due to its small size, i.e., nanophytoplankton (Hasle and Syvertsen, 1996). Although 

blooms of the genus Chaetoceros are commonly and annually observed during the bloom period 

(Mochizuki et al., 2002; Hattori-Saito et al., 2010; Suzuki et al., 2011), the contributions 

of Chaetoceros to the diatom assemblages (as determined with the next-generation sequencing 

method) were generally low and negligible (<4%) (Fig. 4). Hattori-Saito et al. (2010) also observed 

the predominance of Thalassiosira at the pre-bloom station at COY and OY regions, 

whereas Cheatoceros outcompeted other taxa at the OY bloom station. Both pigment analysis 

(presence of peridinin, Appendix C) and 77 K emission spectroscopy (Appendix E, panel C) indicated 

the increased presence of dinoflagellates at near-coast stations Bio-6, 7 and 4. 

 

2.4.3. Photosynthetic physiology of spring phytoplankton in the COY 

  At the bloom stations with high Chl a concentrations (i.e., stations Bio-14, AK15-1, and AK15-2), 

we also observed high PB
max, ΦCmax, and PP values (Fig. 2a, f, h, and i), suggesting that the 

photophysiological states of phytoplankton had improved from the pre-bloom period. In 

addition, PB
max showed a significant correlation with other photosynthetic parameters, i.e., Fv/FmPAM, 

ΦCmax, and PP (Table 3). In turn, it should be noted that the Fv/FmPAM values correlated with PP and 

Chl a concentration as well (Table 3). Consequently, light reaction processes in PSII are important for 

the underlying mechanisms such as coupling of antenna pigments to PSII reaction centers (discussed 
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below) to control PPand phytoplankton biomass during the observation period. Indeed, the increase in 

[RCII] (i.e., the concentration of PSII reaction centers) at Station Bio-14 indicated the significance of 

light reaction processes in the bloom development (Appendix D). We also observed, for the first time, 

correlations between the effective absorption cross-section of PSII (σPSII) and the relative intensity of 

the emission band at 680 nm that forms a low-wavelength shoulder of the main emission band 

assigned to PSII (see Appendix E, panels A and D). We assign this band to emission from 

antenna Chlorophylls that are not tightly coupled to PSII reaction centers. We note that phytoplankton 

with high σPSII also shows a higher proportion of loosely coupled antenna pigments. Interestingly, at 

the high-Chlorophyll station Bio-14 we detected both, low values of σPSII, a low proportion of 

uncoupled antenna and a significant increase in active PSII (see emission at 695 nm, Appendix E, 

panels A and B). This enhanced coupling of antenna pigments at Station Bio-14 could lead the 

high Fv/Fm, PB
max and PP values (Fig. 2b, f, and i), which might be associated with bloom 

development in COY waters. Interestingly, the SSS showed significant negative correlations with the 

photosynthetic parameters including PB
maxvalues and Chl a concentration (Table 2), which implies the 

surface phytoplankton assemblages in low saline shelf COY waters had relatively higher carbon 

fixation rates. Co-variations of the PB
max and αB values were not found in this study (Table 3), 

indicating Ek-dependent variability (Behrenfeld et al., 2004) in photosynthesis. According 

to Behrenfeld et al. (2004), the physiological mechanisms responsible for Ek-dependent variability 

generally involve acclimation strategies aimed at maximizing growth under variable light conditions. 

On the other hand, in the OY region, Ek-independent variability, which is the result of co-variation 

in PB
max and αB, was observed from March to May by Isada et al. (2009) and in the post-bloom phase 

by Yoshie et al. (2010). Additionally, Yoshie et al. (2010) pointed out that water temperature 

and ammonium levels significantly affected the Ek-independent variability. In this study, water 

temperatures of COY remained relatively low (<4 °C; Table 1) and ammonia did not influence any 

photosynthetic parameters (Table 2). The SST values, however, showed significant positive 

correlations with Chl a and PP, suggesting that temperature was a significant driver for biomass 

and primary production. The contribution of microphytoplankton to total Chl a correlated positively 

with the photosynthetic parameters including Chl a, Fv/FmPAM, PB
max, and PP (Table 2), indicating that 
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microphytoplankton contributed considerably to bloom formation in this area. The contributions of 

diatoms to Chl a concentrations, however, did not show any significant correlation with these 

photosynthetic parameters (Table 2). The results imply that some specific diatoms had different 

photosynthetic strategies and formed the bloom in April. In fact, the contributions of Thalassiosira to 

the total diatoms showed a positive relationship with PB
max among the diatom groups (Table 2), which 

suggests the genus Thalassiosira bloomed in COY waters. 

 

2.4.4. Physiological response of phytoplankton to temperature in COY waters 

  In the temperature-controlled experiments, the phytoplankton assemblages showed different 

responses among stations. Changes in the PB
max values with the increase in temperature were 

prominent for the phytoplankton assemblages in the shelf COY (Stations Bio-6 and -7) and the 

Tokachi (Station Bio-13) waters, whereas no increase in PB
max was observed for those in the offshore 

COY at Station Bio-10 (Fig. 8c). Similarly, the diatom-specific rbcL cDNA copies normalized by 

their DNA copies for the shelf COY and Tokachi assemblages also notably increased after the 

temperature change (Fig. 8g), suggesting that the transcriptional levels of the diatom-

specific rbcL gene could be upregulated by the increase in temperature at these stations. Interestingly, 

the offshore COY assemblages showed little change in the transcription level of diatom-

specific rbcL as well as PBmax (Fig. 8c, g). These concomitant increases indicate that the 

enhancement of the PB
max for the shelf COY and Tokachi assemblages could be caused by the 

increases in the transcription level of the large subunit of RuBisCO with temperature. This hypothesis 

is supported by the fact that PB
max values are controlled by the activity of RuBisCO (Li et al., 

1984; Descolas-Gros and de Billy, 1987; Raven and Geider, 1988). In general, the optimal 

temperature of RuBisCO (40–50 °C) (Descolas-Gros and de Billy, 1987; Young et al., 2015) was far 

above the in situ SST (0–4 °C) observed in this study, and, thus, its activity would increase 

exponentially with temperature up to a certain point (Descolas-Gros and de Billy, 1987; Crafts-

Brandner and Salvucci, 2000). The temperature increase, therefore, enhanced both the expression of 

the rbcL gene and the catalytic efficiency of RuBisCO, which eventually led to high carbon fixation 

rates. The genus Thalassiosira became the bloom-forming group in the shelf COY (Fig. 4), so the 
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genus Thalassiosira might be capable of responding rapidly to environmental changes such as an 

increase in temperature. Their rapid growth, however, was not observed in the short-term incubation 

experiments. On the other hand, relative contributions of the genus Minidiscus to the diatom 

assemblages increased at the Tokachi station (Bio-13) after the temperature increase (Fig. 7). Because 

the physiological and phylogenic information on Minidiscus were limited, further studies on this 

group are needed to understand their rapid increase. 

  Among the other photosynthetic parameters from P-E curve analyses, αBwas considered to have little 

variation with temperature because αB is an index for the capability of carbon fixation in light-limited 

environments and, thus, reflects mainly the light-dependent reactions of photosynthesis (Platt and 

Jassby, 1976; Kiefer and Reynolds, 1992; Kolber and Falkowski, 1993). In the incubation 

experiments at Stations Bio-7 and Bio-13, however, increases in αB values were observed with 

temperature (Fig. 8a). Although similar results were also observed in the previous studies 

(e.g., Verity, 1981; Palmisano et al., 1987), the mechanisms are still unclear. As estimated from the 

small variations in Fv/FmPAM (Fig. 8h), temperature negligibly affected the maximum quantum yield of 

PSII for the phytoplankton assemblages at all stations in this study, but the light-harvesting property 

of PSII could be affected by temperature. Because αBvalues relate to σPSII and the number of 

photosynthetic antennae (n) with varying non-photochemical quenching (e.g., Sakshaug et al., 1997), 

temperature might affect the light harvesting property of PSII i.e., n and σPSII (e.g., Mock and Hoch, 

2005; Ralph et al., 2005). 

 

2.5. Conclusions 

  This study demonstrated how phytoplankton assemblages changed their photophysiological properties 

in the COY regions in the early spring 2015 by combining the results of in situ measurements and on 

deck temperature-controlled incubation experiments. The SST and SSS were relatively low at the 

surface throughout the observation (< 4 ºC and < 33, respectively) and Chl a concentrations were 

generally near or far less than 1 mg m–3, but the high Chl a concentrations exceeding 1 mg m–3 were 

observed at the end of the KH-15-1 expedition and during the AK15 observation in the shelf COY water. 
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It indicated that this study successfully captured the development of the spring blooms in the shelf COY 

waters. The outstanding increase in the microphytoplankton and concentrations of fucoxanthin 

demonstrated that diatoms formed the bloom in the COY water. The NGS sequencing clarified that the 

genus Thalassiosira mainly formed the blooms, and the community composition of diatoms in shelf 

COY waters was substantially different from other waters. The significant positive correlation between 

Thalassiosira abundance PB
max as well as Fv/Fm supported the Thalassiosira bloom. Among 

physicochemical parameters, SST significantly correlated with the Chl a concentration and PP, 

suggesting temperature controlled phytoplankton biomass and carbon fixation. The temperature-

controlled experiments showed that increases in temperature enhanced PB
max of phytoplankton 

assemblages in shelf COY and Tokachi waters, whereas it was not the case for the offshore COY 

assemblage. Transcription levels of the diatom-specific rbcL gene showed a similar trend with PB
max 

for the shelf COY and the Tokachi assemblages with upregulations under the increased temperatures. 

This study, therefore, clarified that phytoplankton assemblages in the shelf COY and Tokachi waters 

enhanced the transcription activity of large subunits of RuBisCO (i.e., potential synthetic rates of 

RuBisCO) with the increase in temperature. A temperature increase itself enhances the enzymatic 

activity of RuBisCO. The increase in SST has a dual positive effect enhancing carbon fixation processes. 

Moreover, the 77K analysis clearly demonstrated that more photosynthetic antennae were coupled 

during the bloom than pre-bloom with a concomitant decrease in σPSII. This study applied multiple 

methods (i.e., active and 77K Chlorophyll a fluorescence, the qRT-PCR and the NGS sequencing) to 

quantify the activity of each photosynthetic process individually and comprehensively. This holistic 

approach successfully provided the temperature control on carbon fixation of phytoplankton and 

photosynthetic optimization when subpolar diatom blooms occur. 
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Chapter 3 

Effects of iron and light availability on the photophysiology and community composition of 

phytoplankton in the western subarctic Pacific near the Kuril Islands 

 

3.1. Introduction 

  Iron (Fe) is a crucial micronutrient for algal photosynthetic processes such as pigment synthesis, 

linear electron transfer, nitrate reduction, and detoxification of reactive oxygen (Sunda and Huntsman, 

1995; Twining and Baines, 2013; Behrenfeld and Milligan, 2013). Indeed, a number of in situ 

mesoscale Fe fertilization experiments have revealed that Fe input enhances phytoplankton biomass 

and primary productivity in High Nutrient, Low Chlorophyll (HNLC) waters (e.g., Boyd et al., 2007). 

The western subarctic Pacific is a known HNLC region in summer (e.g., Tsuda et al., 2003; Suzuki et 

al., 2009; Hattori-Saito et al., 2010; Fujiki et al., 2014). This region is, on the other hand, the largest 

CO2 sink by biological activity (Takahashi et al., 2002) and has high transport efficiency of particulate 

organic carbon in spring (Honda, 2003; Kawakami et al., 2004; 2015). These distinctive 

characteristics can be attributed to the active photosynthesis during the spring diatom bloom in the 

Oyashio region off the Kuril Islands (Isada et al., 2010; Yoshie et al., 2010; Suzuki et al., 2011). Fe 

deficiency for large (> 20 μm) diatoms, on the other hand, occurs in the Oyashio region during the 

bloom phase (Hattori-Saito et al., 2010) and in the straits between the Kuril Islands (Yoshimura et al., 

2010; Sugie et al., 2013; Suzuki et al., 2014). 

  Nishioka et al. (2007; 2013; 2014) and Nishioka and Obata (2017) suggested that the North Pacific 

Intermediate Water (NPIW) supplies terrestrial Fe from the Amur River via the Sea of Okhotsk and 

the Kuril straits to the Pacific. Nishioka et al. (2011) also pointed out that the Fe supply by upward 

flux was much larger than that of aeolian dust, and the temporal variation of Fe concentration in 

seawater reflected the vertical flux of Fe rather than the flux of dust deposition.  

  As described above, distribution and dynamics of Fe in the western subarctic Pacific, in particular 

near the Kuril Islands, are highly heterogeneous and complex, it is thus crucial to unravel Fe-related 

biogeochemical processes such as phytoplankton photosynthesis in the western subarctic Pacific. At 

present, little is known about Fe deficiency in phytoplankton in the neritic zone and its boundary 
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regions. There are two obstructions to address the Fe availability for phytoplankton in the western 

subarctic Pacific near the Kuril Islands: a) little attention to physiological response of phytoplankton 

to Fe availability to date; and b) sparse available information on the upstream of the Oyashio around 

the eastern Kamchatka Peninsula regarding the biological, physical, and chemical properties.  

  This study, therefore, aims to reveal the effects of Fe on the photophysiology of phytoplankton in the 

western subarctic Pacific near the Kuril Islands and the eastern Kamchatka Peninsula. Effects of Fe 

availability on phytoplankton were assessed from in situ observations and on-deck bottle incubation 

experiments. The photophysiology of phytoplankton was estimated by photosynthesis-irradiance (P-

E) curves, providing powerful insights into physiological states of phytoplankton such as light-dark 

adaptation and nutrient availability (Sakshaug et al., 1997; MacIntyre et al., 2002). Spatial patterns of 

photophysiology were also investigated with physicochemical parameters. Furthermore, 

phytoplankton community composition was investigated with scanning electron microscopy (SEM), 

enabling the identification and quantification of armored cells such as diatoms and dinoflagellates 

(e.g., Sugie and Suzuki, 2017). 

 

3.2. Materials and methods 

3.2.1. Water samplings and optical observations 

  Seawater sampling was conducted in the western subarctic Pacific along the Kuril Islands and off the 

eastern Kamchatka Peninsula on board the R/V Professor Multanovskiy from 2 June to 8 July 2014 

(Fig. 9). Optical observations were conducted to acquire in situ vertical profiles of photosynthetically 

available radiation (PAR, 400-700 nm), Ed(PAR), and the spectra of downward irradiance, Ed(λ) with 

a Compact-Optical Profiling System (C-OPS, Biospherical Instruments Inc., Hooker et al., 2013). 

Diffuse attenuation coefficients of PAR (Kd(PAR)) were calculated with the software PROSIT 

(NASA) with the reference of the incident PAR (E0(PAR)) above the sea surface. Additionally, a LI-

190SB air quantum sensor and a LI-1400 data logger (LI-COR, Inc.) were used for the continuous 

measurement of E0(PAR). Based on the results of Kd(PAR), euphotic zone depth (Zeu) was calculated 

as a 1% light depth compared to the surface PAR (Kirk, 2010). Surface seawater samples were 
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obtained from ca. 5 m layer around noon using a CTD carousel multisampler system (CTD-CMS) 

with acid-cleaned Niskin bottles washed with trace-metal-clean techniques (Obata et al., 1993; 

Takeda and Obata, 1995; Nishioka et al., 2001). At each station, seawater was collected into a 9 L 

polycarbonate (PC) bottle which was also acid-cleaned and trace-metal-free. In addition, seawater was 

dispensed into four 300 mL PC bottles and two polystyrene tubes as primary productivity and nutrient 

samples, respectively. Concentrations of major nutrients (nitrate + nitrite, ammonium, phosphate, and 

silicate) were determined with a BRAN-LUEBEE autoanalyser (QuAAtro). Mixed layer depths 

(MLD) were calculated as the depth at which the potential density anomaly (Δσθ) of the water column 

increased by 0.125 kg m–3 relative to the sea surface at 10 m (Monterey and Levitus, 1997). 

 

3.2.2. Fe analysis  

  Dissolved Fe (DFe) samples were collected from each station, and pre-filtered with 0.22 μm 

Millipore Durapore filters (Millipak-100), followed by the addition of ultrapure HCl following 

Nishioka et al. (2001). Seawater for total dissolvable Fe (TFe) samples was collected during the bottle 

incubation experiments described below and dispensed into an acid-cleaned 125 mL LDPE bottle. 

Samples were then acidified with 20% ultrapure HCl (Tamapure AA-10, Tamapure Co., Ltd.) to 

solubilize all labile Fe in seawater (Obata et al., 1997). Samples were buffered with 10 M formic acid 

and 2.4 M ammonium formate buffer to adjust pH to 3.2 just before measurements on board the ship 

or on land. Concentrations of TFe and DFe were determined with an automatic Fe (III) flow injection 

analytical system (Kimoto Electric, Ltd.) that uses pre-concentration with a chelating resin following 

the chemiluminescence method (Obata et al., 1993; 1997).  

 

3.2.3. Size-fractioned Chlorophyll a concentration 

See section 2.2.3. 

 

3.2.4. Microscopy 

  Seawater was fixed with a buffered neutral formaldehyde solution (final concentration 2%). Fixed 

samples were stored at 4 °C until analysis. A subsample of the fixed sample was filtered onto a 25 
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mm, 0.4 μm Nuclepore membrane filter set on a glass funnel under gentle vacuum (< 0.013 MPa). 

The filter was rinsed with deionized water to desalt and then naturally dried. The dried filter was 

secured with conductive carbon tape on a microscope stage, and the surface of the filter on the stage 

was coated with Pt-Pb alloy by vapor deposition using a MSP-1S magnetron spatter device (Vacuum 

device Inc.). Armored phytoplankton cells were counted with a scanning electron microscope (VE-

8800, Keyence Co., Ltd.) with a magnification of >1000× according to Nosaka et al. (2014; 2017). 

Species identification was based on Tomas (1997), Round et al. (2007), Konno et al. (2007), and 

Medvedeva and Nikulina et al. (2014). For identification of Chaetoceros species, the number of 

plastids in a cell was enumerated under a bright field microscopy (Keyence BZ-9000). The 

redundancy analysis (RDA) was performed to evaluate relationships between physicochemical 

properties and community composition of diatoms at the level of genus following Endo et al. (2018) 

(see also section 3.2.10). Size of diatoms (i.e., apical length or valve diameter of diatoms) was 

measured if >20 cells of a given diatom could be observed using the software ImageJ (National 

Institutes of Health).  

 

3.2.5. Variable Chlorophyll a fluorescence 

  To assess the photochemical efficiency of photosystem II (PSII), variable Chl a fluorescence was 

measured with Pulse Amplitude Modulation (PAM) fluorometry and Fluorescence Induction and 

Relaxation (FIRe) fluorometry for the samples at 5 m and 5% optical depths at each station and the 

bottle incubation experiments (section 3.2.9). Seawater was dispensed into a 30 mL shading 

polyethylene bottle and stored in an incubator at in situ temperature for 30 minutes for dark 

acclimation to open the reaction centers of algal PSII. After incubation, maximum quantum yields of 

PSII photochemistry (Fv/Fm) for phytoplankton were measured with a Water-PAM (Walz) following 

Liu et al. (2009). The use of a FIRe fluorometer (Satlantic Inc.) allowed measurements of functional 

absorption cross-section of PSII (σPSII; nm2 quanta−1) for phytoplankton. A single turnover excitation 

protocol was applied to the dark-acclimated cells with a blue (450 nm) light emitting diode (LED) 

equipped with a FIRe fluorometer. The single turnover flash was illuminated for 80 μs and iterated 10 

times with 1000 ms intervals between each flash. The obtained induction curves were averaged and 
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fitted to the model proposed by Kolber et al. (1998) using the MATLAB-based program fireworx 

developed by Audrey Barnett (Dalhousie University). The difference in σPSII values between samples 

from the surface and the depth of the 5% light level was defined as ΔσPSII. Fv/Fm data from PAM 

fluorometry were used for further discussion as representative values in this study. 

 

3.2.6. Light absorption coefficient of phytoplankton 

  See section 2.2.6. 

  

3.2.7. Photosynthesis vs. Irradiance (P-E) curve experiment and photosynthetic parameters 

  See section 2.2.7.  

 

3.2.8. Primary productivity 

  See section 2.2.8. 

 

3.2.9. Fe-enrichment bottle incubation experiments 

  Seawater was collected at stations C5 and A5 (Fig. 9) into 9 L bottles for Fe-enrichment 

experiments. At both stations, seawater was dispensed into six 9 L bottles previously washed with 

clean washing techniques (Obata et al., 1993; Takeda and Obata, 1995; Nishioka et al., 2001). Two 

out of the six bottles were Fe-enriched by adding FeCl3 solution (final Fe concentration of 10 nM; 

hereafter +Fe treatments). For the other two bottles, the Fe chelator deferoxamine B was amended 

(final concentration to be 1 μM, hereafter +DFB treatments) to reduce Fe availability for 

phytoplankton (e.g., Wells, 1999; Hutchins et al., 1999a; Kondo et al., 2013). The other two bottles 

were set up as a control treatment without any addition (Control, hereafter). These six bottles were 

incubated in a temperature-controlled on-deck incubator under in situ temperature and natural light 

environment (100% surface light) for 3 to 5 days at both stations. 

 

3.2.10. Statistical analyses 

  Statistical analyses were performed using the SigmaPlot software program ver. 11.0 (SysStat 
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Software, Inc.). Spearman’s correlation analysis was used to investigate relationships between 

variables by assuming heteroscedasticity. For Fe-enrichment incubation experiments, one-way 

ANOVA in combination with Tukey test was adopted to assess responses of biological parameters to 

Fe and DFB addition. The validity of RDA analysis was confirmed that the lengths of gradients of the 

physicochemical parameters were sufficiently small (<3 standard deviations) assessed using the 

detrended correspondence analysis (DCA). The Hellinger transformation (Legendre and Gallagher, 

2001) was performed for the normalization of diatom community composition data. Ordinations of 

physicochemical parameters and diatom genera were plotted onto the RDA coordinate plane. 

 

3.3. Results 

3.3.1. Hydrography 

  Sea surface temperature and salinity (SST and SSS, respectively) were generally low ranged 

between 2.7–9.2 ºC and 32.3–32.9, respectively (Table 5). Relatively low temperatures were observed 

near the Kuril straits (e.g., stations A2 and OP3). At all sampling stations, the MLD were shallower 

than Zeu. The deepest MLD was observed at station C5, while the shallowest was found at PS5. 

Stations with relatively shallow Zeu were observed near the Bussol’ Strait (i.e., stations D9 and A2) 

and the Kamchatka Peninsula (i.e., stations PS1, and PS5) (Table 5). Nutrients were low at stations 

PS1 and PS5 near the Kamchatka Peninsula. Relatively low nitrate concentrations (< 5 µM) were 

observed at some coastal stations (i.e., stations D9, B5, and B6).  

 

3.3.2. Dissolved Fe (DFe) distribution 

  High values of DFe were observed around straits and the Kamchatka Peninsula (Table 5). The 

highest DFe value (0.71 nM) was observed at station D9 in the Sea of Okhotsk. Low values (< 0.1 

nM) were found in offshore regions. Stations A2 and OP3, however, had a relatively low value (0.13 

nM) in the Bussol’ Strait even being close to the islands (Table 5).  

 

3.3.3. Size-fractioned Chl a concentration 

  Nanophytoplankton and picophytoplankton were dominant at sampling stations except at stations 
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PS1, PS5, and B5 (Fig. 10) wherein the phytoplankton assemblages were dominated by 

microphytoplankton (ca. 60%). Total Chl a concentration, obtained by summing all fractions, were 

was generally low (~1 mg m–3), except higher values were observed at the three exceptional stations 

D9, A2, and B5 (Fig. 11).  

 

3.3.4. Microscopy  

  Under SEM, 52 centric diatoms, 17 pennate diatoms, 4 coccolithophores, 10 parmales, and 13 

flagellates including dinoflagellates were identified (Tables 6a and 6b, plus Appendices A and B). 

Among them, the centric diatom Chaetoceros species were dominant, in particular, Ch. debilis, Ch. 

diadema, Ch. furcellatus. For pennate diatoms, Fragilariopsis spp., Neodenticula seminae, Nitzschia 

spp., and Pseudo-nitzschia spp. were often abundant (Table 6a). Generally, Chaetoceros species were 

abundant at coastal stations (e.g., D9, A2, PS5, B5, and B6 in Fig. 9 and Table 6a), whereas, at 

offshore stations (e.g., stations C3 and A6), Fragilariopsis and Pseudo-nitzschia species were 

abundant, although the small Thalassiosira oceanica was also predominant at station B3. At station 

C5, parmales were highly abundant and diverse, although they were not observed much at the other 

stations. Coccolithophores were only abundant at station C5 (Table 6a). It was difficult to conduct 

species identification for the sample obtained at station PS1, but it was filled with intertwined and 

coagulated setae of Corethron pennatum and Chaetoceros species including Ch. atlanticus. Resting 

spores of Chaeroceros spp. were also detected at the sampling stations except for stations C5 and A6. 

The RDA showed that the first component was explained by the predominance of Chaetoceros and 

Fragilariopsis. The two environmental variables, DFe and NH4, had negative vectors for the first 

component. The contribution of Fragilariopsis had almost an opposite vector to that of DFe. The 

vector of Cylindrotheca was in virtually the same direction as that of NH4. Only two environmental 

variables (i.e., DFe and MLD) were positive for the second component, while the predominance of 

Neodenticula and Nitzschia also had positive scores (Fig. 12). 

 

3.3.5. Variable Chlorophyll a fluorescence by PAM fluorometry 

 Average Fv/Fm value at the surface was 0.37 ± 0.11 throughout the expedition, ranging from 0.15 to 
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0.51 (Fig. 13a). High Fv/Fm values were found at coastal stations (e.g., A2 and B6), whereas some 

offshore stations had relatively low Fv/Fm (e.g., at C3, B3, and A5). A clear gradient of Fv/Fm was 

observed from offshore to the coastal region in the B stations transect, whereas relatively high values 

were sometimes found in the offshore regions (e.g., station A6). 

 

3.3.6. P-E curves and photosynthetic parameters 

  Values of the initial slope αB were generally low (~0.02 [(mg C mg Chl a–1 h–1) (µmol photons m–2 s–

1)–1]) except at stations PS1, PS5, and OP3 (Fig. 13b). On the other hand, βB values at stations PS1 

and PS5 were relatively high, and the value at station A6 was conspicuously high (Fig. 13c). The 

maximum photosynthetic rate PB
max values were relatively high at stations PS1 and PS5 (10.3 and 

6.66 mg C mg Chl a–1 h–1, respectively) compared to other stations. The average value of the other 

stations was 2.18 mg C mg Chl a–1 h–1 ranging from 1.20 to 3.70 mg C mg Chl a–1 h–1 (Fig. 13d). The 

average value of light saturation indices, Ek, was 112 µmol photons m–2 s–1 with the highest at station 

A5 and the distinctly low value at station OP3 located in the strait (Fig. 13e). The ā*ph values were 

highly variable, but relatively high values were observed offshore stations at B3 and A6 as well as 

station OP3 in the strait (Fig. 13f). Maximum quantum yields of carbon fixation, ΦCmax, showed high 

values near the Kamchatka Peninsula except at stations D9, A2, and C3 (Fig. 13g). The αB and βB 

were positively correlated with Fv/Fm (p<0.01, Table 7). Except for these significant correlations, no 

other distinct and strong correlation between photosynthetic parameters was found, but the parameters 

were correlated with some physicochemical parameters (Table 8). A significant negative correlation 

was observed between αB and MLD (p<0.05, Table 8). A positive correlation was observed between 

PB
max and SST (p<0.01, Table 8). Ek had significant positive relationships with NH4 and Zeu (p<0.05, 

0.01, respectively, Table 8). Nutrients were all negatively correlated with ΦCmax (p<0.05, Table 8), and 

ΦCmax was negatively correlated with SST and SSS as well as with Zeu (p<0.05, Table 8).  

 

3.3.7. Primary productivity  

  Values of PP were also highly variable. Station D9, only located in the Sea of Okhotsk, had a 

remarkably high PP value (326 mg C m–3 d–1) (Fig. 13h). In the Pacific Ocean, station B5 showed the 
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highest PP followed by stations A2, PS5, and PS1 (88.5−211 mg C m–3 d–1). Other stations, however, 

had relatively low values of ~20 mg C m–3 d–1, although station A5 showed a relatively high value 

among these stations (Fig. 13h). Significant relationships were found with other photosynthetic 

parameters: positive relationships with Chl a, ā*ph, and ΦCmax (p<0.05, Table 7); a negative 

relationship with Ek (p<0.05, Table 7). Physico-chemical parameters were also correlated with PP: 

negative correlations with Zeu and nutrients except for NO2 and SiO2 (p<0.05, Table 8). 

 

3.3.8. Fe-enrichment bottle incubation experiments 

  During the Fe-enrichment bottle incubations at the two stations C5 and A5, incident PAR intensities 

for all treatments were almost stable, varying <5 % (data not shown). Changes over time in TFe 

concentrations showed a similar pattern at the two stations; the largest was derived from the Fe-added 

bottles, followed by the initial (i.e., time-zero) and control treatments (Appendix I). Unfortunately, 

one of the +DFB bottles were contaminated with external Fe due to the immersion of waters into 

bottles (see below), the results were thus excluded from further discussion. At station C5, a significant 

increase in Chl a after Fe addition was observed compared to the control treatment (p<0.01, Fig. 14). 

The +DFB bottles had the lowest value at station C5, although no significant difference was found as 

compared to the initial and control bottles (p>0.05, Fig. 14). At station A5, concentrations of Chl a in 

the control and +Fe bottles were comparable (p>0.05, Fig. 14). The concentration of Chl a in the DFB 

bottle was placed in the second lowest following the initial value (Fig. 14). For the C5 incubations, 

the abundance of coccolithophores and parmales decreased in the course of incubations. Chaetoceros 

species, on the other hand, maintained their dominance both in the control and +Fe bottles, although 

the highest abundance was observed for the control treatment (Table 6b). Pseudo-nitzschia spp. was 

the only species showing a great increase after +Fe addition. Under +DFB treatment, Cheatoceros 

species were, however, replaced by large and robust diatoms (e.g., Corethron pennatum, Neodenticula 

seminae, and Thalassionema nitzschioides) with an increase in Fragilariopsis species and armored 

ciliates (Appendix G). For station A5, the abundance of Chaetoceros species, which was originally 

dominant, was also the highest in the control bottles followed by +Fe bottles as at station C5. Pseudo-

nitzschia spp. also increased both in the control and +Fe bottles, and Cylindrotheca closterium greatly 
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increased under +Fe condition. As well as at station C5, large and robust species outcompeted in 

+DFB bottles, replacing Chaetoceros species with two exceptional Chaeroceros species (i.e., 

increases in abundance of large and robust Ch. concavcornis and Ch. convolutus) (Table 6b). Length 

of chains of Neodenticula seminae were often long (>5 up to 23 cells in chain) in the +DFB bottles at 

both stations although solitary cells or short chains of the species were generally observed at the other 

stations and in the other bottles (Fig. 15). The Fv/Fm values behaved differently after the Fe 

amendment between stations C5 and A5 (Fig. 16). After Fe addition at station C5, the Fv/Fm values 

increased significantly as compared with the control treatment (p<0.01, Fig. 16). No significant 

increase in Fv/Fm, was, on the other hand, observed between control and +Fe treatments at station A5 

(p>0.05, Fig. 16). The Fv/Fm values for +DFB treatments at both stations were almost same or lower 

than the initial values except for the contaminated +DFB bottle showing high Fv/Fm (0.57±0.01) 

(described above). FIRe fluorometry provided σPSII values at the surface and 5% light depths at both 

stations. Little variation was found at station C5 between samples collected from the surface and 5% 

light depth (i.e., ΔσPSII=~0), whereas the ΔσPSII at station A5 was large: 71% higher value at 5% depth 

than that from the surface (Appendix J). 

 

3.4. Discussion 

3.4.1. Abundance and community composition of diatoms along the Kuril Islands and the eastern 

Kamchatka Peninsula 

  HNLC water extended to oceanic stations as shown in Fig. 9 (HNLC stations, hereafter; denoted as 

blue closed circles) as estimated from DFe<0.1 nM, NO3>2 μM, and Chl a<1 mg m–3 (Table 5 and 

Fig. 11). Other stations, not in the HNLC water, were restricted in the coastal area along the Kuril 

Islands. At the HNLC stations, nanophytoplankton and picophytoplankton were predominant (Fig. 

10). The predominance of smaller phytoplankton in the HNLC water was probably due to the 

allometry of cells that smaller species have advantages in nutrient uptake because they have a higher 

surface-to-volume ratio than large cells (Taguchi, 1976; de Baar et al., 1995; Sunda and Huntsman, 

1997). The]. Stations not belonging to the HNLC water were defined as northern and southern coastal 

waters (denoted as green and red closed circles in Fig. 9, respectively). These stations were on the 
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shelf slope, whereas the HNLC stations discussed above were outside the slope (Fig. 9). Some of the 

northern coastal stations (i.e., stations PS1, PS5, and B5) near the Kamchatka Peninsula, on the other 

hand, had high contributions of microphytoplankton (Fig. 10). Although the most offshore station 

showed a high nitrate concentration possibly due to the diffusive supply from outside of the shelf 

slope, the northern coastal stations had relatively low nitrate and low Chl a concentrations (Table 5; 

Fig. 11), suggesting that the spring phytoplankton blooms were terminated due to nutrient depletion 

(Table 5) and grazing effects by zooplankton (also discussed in section 4.2). On the contrary to the 

northern coastal stations, the southern stations near the Bussol’ Strait during the first half (i.e., stations 

D9 and A2) had relatively high Chl a biomass (6−8 mg m−3) and moderate to high DFe concentration 

(>0.1 nM) (Table 5; Fig. 11), indicating bloom development in early June (Table 5 and Fig. 11). It, 

therefore, appears that the field sampling described herein was conducted between the bloom and 

post-bloom phases. The other southern coastal stations (i.e., stations OP3 and A5) showed the HNLC-

like properties (i.e., relatively low DFe and Chl a with excessive NO3; Table 5 and Fig. 11) in the last 

half of the expedition. It suggested that the blooms around the Bussol’ Strait might be potentially 

limited by Fe unless this trace element was supplied from the Sea of Okhotsk. Hoever, grazing by 

zooplankton might also be significant (discussed below). During the field campaign, diatoms 

accounted for more than half of the phytoplankton assemblages in terms of Chl a biomass as 

estimated from pigment signatures (K. Suzuki, personal communication). With SEM observation, 

Chaetoceros and Fragilariopsis species were the most abundant diatom species (Table 6a). 

Interestingly, Chaetoceros spp. was abundant at the coastal stations, whereas Fragilariopsis spp. was 

abundant in the HNLC water (Table 6a), suggesting that the biogeography of these species was 

probably determined by DFe concentration. This biogeographical species shift regarding Fe 

availability was well supported by the results of RDA (Fig. 12), showing the clear ecological 

compartmentalization with the opposite vectors for the first component of the RDA plane between 

these genera. Timmermans et al. (2001) indicated that Chaetoceros can outcompete other diatom 

genera under Fe-replete conditions. This notion was also supported by other field studies (Hutchins et 

al., 1998; Tsuda et al., 2003; Marchetti et al., 2006). Fragilariopsis, on the other hand, is often 

observed in Fe-limited waters in the Southern Ocean (de Salas et al., 2011; Eriksen et al., 2018) and 
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has the ability to survive in Fe-limited waters (Mock et al., 2017), although the ability may change 

among species (Wright et al., 2010). The good agreement between the vectors of Cylindrotheca and 

NH4 (Fig. 12) was likely because of the growth of Cylindrotheca which can be enhanced with high 

availability of ammonium (Grant et al., 1967; Underwood and Provot, 2000). The RDA possibly 

suggested a coupling between DFe and Neodenticula seminae (Fig. 12), indicating that Fe addition 

could enhance growth of the heavily silicified species, followed by considerable sinking flux of this 

species in the western subarctic Pacific (e.g., Katsuki and Takahashi, 2005; Onodera et al., 2005), 

although the physiology of this species has not been well documented thus far. The large 

dinoflagellates (e.g., Ceratium longipes and Gonyalux spp.) found at station PS5 might be mixotrophy 

(e.g., Stoecker, 1999) as well as ciliates and choanoflagellates (Table 6a). The dominance of 

microphytoplankton in the northern coastal stations (Fig. 10) might be caused by preferential grazing 

on small phytoplankton cells by these small grazers. The considerable number of resting spores of 

Chaeroceros spp. at stations PS5 and C3 (Table 6a) might also indicate the termination of the bloom 

(i.e., post-bloom). It was also the case for the HNLC-like station OP3. Sugie and Kuma [2008] 

reported that Thalassiosira nordenskioeldii forms resting spores under Fe-limited condition. 

 

3.4.2. Photophysiological state of phytoplankton 

  Photosynthetic parameters did not show a significant relationship with DFe concentrations (Table 5). 

It is difficult to simply discuss the relationship between Fe availability and photosynthesis, because of 

the algal assimilations of, for example, organically-complexed Fe and particulate Fe (Hutchins et al., 

1999b; Maldonado and Price, 1999; Sugie et al., 2013). At the northern coastal stations where the 

bloom seemed to be terminated, αB, and PB
max were overwhelmingly high at stations PS1 and PS5 

(Figs. 5b; d), and a slightly high PB
max was also observed at station B5 with relatively high Fv/Fm 

(Figs. 5a, d). It suggested that the vegetative cells during the bloom and post-bloom period showed the 

high activity of photosynthesis around PSII. Stations PS1 and PS5, however, showed lower Chl a 

concentrations in spite of high PBmax, implying the significant grazing and/or sinking effects on the 

biomass. The photosynthetic parameters showed a parallel change between PB
max and αB (i.e., the 
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positive and significant relationship between these parameters; Table 7), so-called Ek-independent 

variability (Behrenfeld et al., 2004). Although Ek-dependent variability was well studied both in the 

field and in the lab and noted as a light-shade adaptation (e.g., Falkowski and Owens, 1980; Sakshaug 

et al., 1997; MacIntyre et al., 2002), Behrenfeld et al. (2004; 2008) pointed out that Ek-independent 

variability was driven by downstream photochemical electron transport such as the utilization ratio of 

NADPH and ATP. Diatoms possess capabilities of exchange ATP between plastids and mitochondria 

and of changing the NADPH/ATP ratio (Bailleul et al., 2015). The diatom blooms and diatom-

dominated community sometimes showed Ek-independent variability (e.g., Platt et al., 1992; Yoshie et 

al., 2010; Isada et al., 2013; Morán and Scharek, 2015). Other studies also pointed out a relationship 

between Ek-independent variability and phytoplankton community structure in the field (Forbes et al., 

1986; Morán, 2007; Morán and Scharek, 2015) as well as a few laboratory studies with unialgal 

cultures (Prézelin, 1992; Bruyant et al., 2005). SST was significantly positively correlated with PB
max 

(Table 8), so temperature could be an important driver of photosynthesis during the expedition 

because temperature controls the activity of the carbon fixation enzyme, ribulose-1,5-bisphosphate 

carboxylase/oxygenase (RuBisCO) (e.g., Li et al., 1984; Raven and Geider, 1988; Young et al., 2015; 

Yoshida et al., 2018). Interestingly, Ek was significantly and positively correlated with Zeu (Table 8), 

suggesting that phytoplankton well-acclimated to the light environment (i.e., light-shade acclimation). 

The negative relationship between αB and MLD (Table 8) supported the light-shade acclimation 

because a smaller ratio of Zeu/MLD (i.e., shallower light penetration) led a lower Ek and a higher αB, 

indicating low-light acclimation and vice versa. Light environments in the water-columns thus 

influenced the photophysiology as well as PP during the expedition (Table 8).  

 

3.4.3. Community and physiological responses of phytoplankton in the Fe enrichment experiments 

  The initial community structure of both assemblages at stations C5 and A5 were relatively similar 

comparing to those of the other stations (Fig. 10), although their responses were different from each 

other. The significant increase in Chl a compared to that of the control treatment at station C5 after 

the addition of Fe (Fig. 14) suggested that Fe limitation occurred at the station. The significant 
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increase in Fv/Fm values after Fe addition (Fig. 16) supported the Fe limitation at the station. The Fe 

addition to the algal assemblages at station A5 did not show any significant variation in Chl a (Fig. 

14) between the control and +Fe bottles. The Fv/Fm values with Fe addition was invariant compared 

with the value of the control bottle (Fig. 16), indicating that Fe in the control bottle was replete for the 

phytoplankton assemblages at station A5. These results can be contradictive that station A5 was not 

Fe-limited in spite of the relatively low DFe concentration (DFe=0.05 nM). It was possibly due to the 

presence of alternative forms of bioavailable Fe such as particulate Fe (e.g., Sugie et al., 2013) as 

discussed in section 3.4.2. It was possible that phytoplankton at station A5 had access to more 

particulate Fe because strong vertical mixing in the Bussol’ Strait might enhance the upward supply of 

suspended particulate Fe from the Fe-rich intermediate waters (e.g., Nishioka et al., 2007) via strong 

intense vertical mixing in the strait (Yagi and Yasuda, 2012) as suggested by Sugie et al. (2013). One 

of the major differences in physical and biological properties between the stations were MLD and Ek. 

Station C5 had the deepest MLD and the second smallest Ek (Table 5 and Fig. 13e), whereas station 

A5 had the second shallowest MLD and the highest Ek. As discussed in section 3.4.2, phytoplankton 

in the study area well-acclimated to light environments, that is, the phytoplankton assemblage at 

station C5 could be low light-acclimated, whereas that at station A5 could be high light-acclimated. 

Inherent photophysiological status of the phytoplankton assemblages (e.g., pigmentation and cellular 

Fe requirement) might be different between the two stations. The difference in the degree of light 

acclimation between phytoplankton at stations C5 and A5 was supported by the results from FIRe 

fluorometry (Appendix H). The small ΔσPSII value at station C5 suggested the water-column was well 

mixed, and phytoplankton experienced lower average light intensity in the water-column, and then 

acclimated to lower light conditions (i.e., the low Ek) and vice versa (Fig. 13e and Appendix J). The 

large ΔσPSII value at station A5 suggested phytoplankton were well acclimated to the light intensity at 

each depth specifically due to the shallow MLD (Table 5 and Appendix J). The phytoplankton 

assemblages at station C5 were thus dark-adapted, and Fe-light co-limitation likely occurred as 

suggested by Suzuki et al. (2014) in the well mixed water-columns in the western subarctic Pacific 

near the Kuril Islands. The phytoplankton assemblages at station A5 could employ other strategies to 

overcome Fe limitation. Greene et al. (1992), Geider and LaRoche (1994), and McKay et al. (1997) 
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discussed that phytoplankton decrease the ratio of more Fe-requiring PSI/cytochrome b6/f complex to 

less Fe-requiring PSII. In addition, Strzepek et al. (2012) demonstrated that phytoplankton increases 

photosynthetic antenna size rather than the number of antennae although their work was conducted for 

Southern Ocean species. These strategies might not change in Chl a concentration, but could 

effectively cope with the Fe-limited condition. At both stations, DFB inhibited the growth of 

phytoplankton (Fig. 14), which suggested that Fe controlled the responses of algal biomass during 

incubation. Incidentally, Chl a in the DFB-added bottles at station A5 also significantly increased than 

the initial condition (Fig. 14) in spite of the Fe chelation. Maldonado and Price (1999) clarified that Fe 

bound to DFB could be utilized via Fe reduction by large phytoplankton (> 3 µm) in their study such 

as diatoms. From the microscopic observations, shifts in community composition at the genus level 

were little observed after Fe addition at both stations (Table 6b). The genus Chaetoceros was 

dominated in each bottle and might have the capability to outcompete under Fe-replete conditions as 

observed in other on board Fe-enrichment incubations (Timmermans et al., 2001) and in situ Fe 

fertilization experiments (Tsuda et al., 2003). This study demonstrated, at the species level, that the 

species which were most stimulated by Fe addition (e.g., Pseudo-nitzschia spp. and Cylindrotheca 

closterium at stations C5 and A5, respectively) were different from the originally dominated species 

(i.e., Chaetoceros spp.) (Table 6b). Their smaller cell size could benefit the efficiency of their nutrient 

uptake than Chaetoceros species, because of allometry of the cells described above. The Chaetoceros 

spp., except the larger Ch. concavicornis, were not abundant in the +DFB bottles and were replaced 

by much larger diatoms such as Thalassionema nitzschioides, Neodenticula seminae, Corethron 

pennatum, and Asteromphalus spp. (Table 6b). The larger cells could store surplus Fe in their larger 

vacuoles which can play an important intracellular Fe source and support their growth for a while 

even under Fe-deficient conditions (Sugie et al., 2011). Larger diatoms could thus outcompete in the 

+DFB bottles and sustain their growth under short-term Fe depletion. This study first reported the 

elongation of Neodenticula seminae chains with +DFB treatment (Fig. 15). In the western subarctic 

Pacific, a considerable amount of scales of the species were often observed in sediment traps (Katsuki 

et al., 2003; Katsuki and Takahashi, 2005; Onodera et al., 2005). The species Neodenticula seminae 

might have a strategy to sink rapidly under Fe-limited conditions by their chain elongation. These 
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community shifts in the +DFB bottles might be an explanation for high biological pump efficiency in 

the western subarctic Pacific because the post-bloom Fe depletion can alter the algal community to 

larger diatom-dominated assemblages. 

 

3.5. Conclusions 

  This study conducted in the western subarctic Pacific in summer covered bloom and post-bloom 

periods dominated by diatoms. The SEM demonstrated that clear biogeography of diatom community 

composition with Fe availability between coastal and offshore waters near the Kuril Islands and the 

Kamchatka Peninsula in the western subarctic Pacific. In the Fe-replete coastal waters, the genus 

Chaetoceros was dominant, whereas Fragilariopsis was abundant in the HNLC waters (Table 6a), as 

supported by the RDA results (Fig. 12). The active Chl a fluorescence results (i.e., Fv/Fm) somewhat 

supported the biogeographical difference that coastal phytoplankton tended to have higher 

photochemical efficiency of PSII than those of phytoplankton at the HNLC stations. 

Photophysiological properties of phytoplankton assessed with P-E relationships clarified that light 

availability associated with Zeu and MLD evidently controlled photosynthetic light-shade acclimation. 

The on board Fe enrichment incubation experiments indicated that Fe limitation occurred for the dark-

acclimated phytoplankton assemblages with the low Ek at station C5 with the deep MLD (Table 5 and 

Figs. 13e and 14), suggesting the light-Fe interaction was significant (i.e., Fe-light co-limitation) 

proposed by Suzuki et al. (2014) in the studied area. The SEM found that Fe addition stimulated the 

growth of Chaetoceros, but the addition of the Fe inhibitor DFB led the shift in the diatom 

communities to heavily-silicified species (Table 6b). Tréguer et al. (2017) suggested that large and 

heavily-silicified species have more potentials contributing to carbon sink via the biological carbon 

pump. Their work indicated that (i) the high contributions of Chaetoceros in the coastal waters can 

lead to steep gradients in carbon sinking and carbon sequestration from the shelf to open ocean 

regions (e.g., Tsunogai et al., 1999) and (ii) Fe depletion, which can occur in a post-bloom period, 

leads heavily-silicified species and then high carbon sinking flux. This can be a possible explanation 

for the high particulate carbon flux (Honda, 2003; Kawakami et al., 2004, 2015) and significant pCO2 
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drawdown associated with biological activity in the western subarctic Pacific (Takahashi et al., 2002).  
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CHAPTER 4 

Freezing and melting stress on the photophysiology of ice algae: Ex situ incubation of ice algae 

using an ice tank  

 

4.1. Introduction  

  Sea ice algae are a significant primary producer in sea ice zones. They contribute 10−25% of the 

total primary production (PP) in seasonally ice-covered regions (Lizotte, 2001; Legendre et al., 2002; 

Michel et al., 2006; Loose et al., 2011; Arrigo, 2017) and ~50% of the annual PP in perennial ice-

covered regions (Satoh et al., 1989; McMinn et al., 2010; Fernandez-Mendez et al., 2015). Ice algae 

are a main, sometimes exclusive, energy source for sea ice biota such as zooplankton, krill, fish larvae 

and benthos (Lizotte, 2001; Boetius et al., 2013, 2015; Kohlbach et al., 2017; Moteki et al., 2017; 

Bernard et al., 2018). In addition to their ecological importance, they also seed ice-edge 

phytoplankton blooms in marginal sea ice zones during the spring-summer ice melt period (e.g., 

Smith and Nelson, 1986; Syvertsen, 1991; Arrigo, 2003, 2014). The primary production in the 

marginal sea ice zone, which is associated with ice-edge blooms, contributes ~50% of the total PP of 

perennially ice-covered regions of the Southern Ocean (Smith and Nelson, 1986; Sakshaug et al., 

1991), although it is still controversial which, ice algae or phytoplankton actually contributes to the 

blooms (see review of van Leeuwe et al., 2018). When ice algae, which form aggregates within 

microstructures within the sea ice (Melnikov and Bondarchuk 1987; Assmy et al., 2013; Boetius et al., 

2013; Katlein et al., 2014; Fernandez-Mendez et al., 2014; Boetius et al., 2015), are released from the 

sea ice during melting, they rapidly sink and transport carbon down to the abyss. This process can 

contribute to an efficient biological carbon pump (Riebesell et al., 1991; Taguchi et al., 1997; Boetius 

et al., 2013; Katlein et al., 2014). Sea ice environments are subject to large fluctuations in temperature 

(~−20ºC to −1.8ºC; Petrich and Eicken, 2017), salinity (~25 to 170; Arrigo et al., 2010) and light 

availability (~0 to 1000 μmol photons m−2 s−1; Galindo et al., 2017). Within sea ice, these 

environmental factors affect the photosynthesis of the algae in a complex way that is not independent 

(i.e., multiple co-stressors; McMinn et al., 2017). Although a few studies have addressed the multiple 

co-stressors on photophysiology of microalgae with incubation experiments on melted sea ice algae 
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samples (Ralph et al., 2005, 2007; Ryan et al., 2011; Martin et al., 2011; McMinn et al., 2014; see 

review of McMinn, 2017 and references therein), little is known how multiple co-stressors, associated 

with forming and melting sea ice, affect ice algal photosynthesis and production (McMinn, 2017). It is 

has been found to be difficult to directly obtain the photophysiological properties of the underlying 

mechanisms that drive primary production in sea ice despite their significant ecological and 

biogeochemical importance. Kennedy et al. (2012) were the first to undertake ice tank incubation 

techniques, which enabled short-term incubation of ice algae within artificial sea ice in the laboratory. 

The biggest advantage of this technique is that ice algae can be incubated in an environment similar to 

in situ pack ice environments. Although many studies have addressed ice algal photosynthesis and 

production using isolates from sea ice resuspended in a water, it is very difficult to incubate them in 

the laboratory (e.g., in a culturing flask) in realistic environmental conditions, such as sea ice 

temperatures (<−1.8ºC) (McMinn et al., 2017). Using an ice tank, Kennedy et al. (2012), was the first 

to report that a freezing event suppresses the photochemical efficiency of PSII. Although their first 

attempt was successful and revealed the effects of freezing on the photophysiology of ice algae, their 

short-term incubation experiments did not address the mechanism of freezing stress. Understanding 

how ice algae maintain photosynthesis and survive within sea ice is and how high light exposure 

affects the photosynthesis of released ice algal cells when the ice melts, however, is of considerable 

importance. For the experiments reported here, a novel large volume (i.e., 70 L) ice tank, made of 

titanium, was designed and constructed for incubation of ice algae for extended time periods to 

investigate the effects of multiple co-stressors on ice algal photophysiology: (1) freezing stress with 

low temperature and high brine salinity; (2) chronic low light availability under the low temperature 

and high salinity; (3) melting stress with exposure to less saline meltwaters and sudden high light 

(e.g., 1000 μmol photons m−2 s−1 at the surface of ice-edge waters; Galindo et al., 2017). With the new 

ice tank a 20-day ex situ incubation of the ice algal diatom Fragilariopsis cylindrus was conducted 

using high light exposure experiment on melted ice samples to reproduce the environment that 

released ice algae from sea ice experience during melting. This study aims to investigate the effects of 

multiple co-stressors on ice algal photophysiology in sea ice environments from ice formation, during 

frozen, to ice melt using the purpose designed ice tank. It provides insights into whether ice algae are 
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able to tolerate the environmental fluctuations that contribute to the massive ice-edge blooms. In this 

study, active Chlorophyll a fluorescence measurements with fast repetition rate fluorometry (FRRf) 

and pigment analysis was undertaken together with a combination of molecular approaches. The FRR 

technique enables the detailed monitoring of algal photophysiology, whereas pigment signatures 

reveal the photoacclimative and photoprotective responses of algae. To look into apparent 

physiological responses of algae, transcriptional activities of the photosynthesis-related psbA and rbcL 

genes were also monitored. 

 

4.2. Materials and Methods 

4.2.1. Ice tank incubation 

  The polar pennate diatom Fragilariopsis cylindrus, isolated from Antarctic pack ice in 2015 (Davis 

station, East Antarctica) was incubated in a purpose designed ice tank (Island Research, Tasmania). 

The ice tank, which was constructed of titanium to minimize Fe contamination, was placed into a 

freezer (–20ºC), and the ice thickness and temperature gradient controlled by interactions between a 

basal heater and the adjustable ambient freezer temperature (see Kennedy et al., 2012). This enabled 

an ice thickness of approximately 5.5 cm to be maintained during the experiment. F. cylindrus was 

incubated in Aquil media (Price et al. 1989), buffered with ethylenediaminetetraacetic acid (EDTA) 

(final concetration 5.00 μM) at 150 μmol photons m−2 s−1 (PAR), a salinity of 35, and a Fe 

concentration of 400 nM, where the concentration of total inorganic forms of Fe (Fe’) was 1.54 nM, 

this being continuously supplied to the medium and the exact value calculated using the software 

Visual MINTEQ, ver. 3.1 (https://vminteq.lwr.kth.se). Before a freezing cycle started, the seawater 

temperature was maintained at 2.5ºC and a sample was obtained to assess the original physiological 

state of the algae (Day−5, hereafter). After obtaining the sample, the temperature was set at −1.8ºC to 

initiate ice formation in the ice tank. Once ice had formed on day two, the under-ice water was 

partially replaced with ultrapure water to reduce the salinity down to 35; because the salinity had 

increased (to approximately 38) as a result of brine rejection from the ice. After a 2-day acclimation to 

the new salinity, ice samples were obtained every 5 days for 20 days (i.e., Days 0, 5, 10, 15, and 20). 

To minimize the heterogeneity among ice cores, ice samples were randomly collected from the tank 
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chamber with a trace metal-free hand drill (2 cm in diameter) from randomly annotated grids on the 

ice surface, following normal random sampling numbers generated by the software R (https://www.r-

project.org/). To assess the effects of melting and high light exposure, the ice was melted at 2.5ºC for 

2 days. After the ice had completely melted (Melt samples, hereafter), intense light was exposed to the 

melted samples (Light samples, hereafter), which was adjusted to represent the likely summer light 

intensity at the ice surface in ice-edge regions (800 μmol photons m−2 s−1; MODIS/Aqua), Water 

samples were obtained both after the melting and light exposure events.  

 

4.2.2. Fast repetition rate (FRR) fluorometry 

  To monitor the photophysiology of F. cylindrus during the freezing and melting processes, variable 

Chlorophyll a fluorescence (ChlF) measurements were conducted using a bench-top Fast Repetition 

Rate fluorometer (FRRf) (FastOcean Act2Run Systems, Chelsea Technologies) with Act2Run 

software (Chelsea Technologies). Ice samples were directly thawed at 2ºC in the dark for 30 min, and 

the slushily melted ice samples were placed in a quartz tube and their fluorescence (ChlF) was 

measured. A single turnover protocol was applied for the ChlF measurements; 100 flashlets with 1 μs 

duration at a wavelength 450 nm and 2 μs intervals for excitation of reaction centres of PSII and 20 

flahlets with 1 μs duration and 100 μs intervals for relaxation. Eighteen light steps were applied to 

generate a rapid light curve (RLC) from 0 to 1800 μmol photons m−2 s−1, taking <5 min to complete 

one RLC. At each light step (~15 s), at least five induction and relaxation curves were averaged to 

obtain ChlF yields, described in Table 9, after calibrating the ChlF yields with filtered seawater. 

According to the models proposed by Kolber et al. (1998), photosynthetic parameters of Chlorophyll 

a (Chl a) induction curves were calculated based on the ChlF yields as shown in Table 9. Electron 

transport rate through the reaction centres of PSII (RCII) (ETRRCII) was calculated as follows: 

ETRRCII = 𝐸 × 𝜎𝑃𝑆𝐼𝐼 ×
𝐹q

′/𝐹m
′

𝐹v/𝐹m
× ΦRCII × 6.022 × 10−3 

following Suggett et al. (2011) and Schuback et al. (2016), an alternative approach to calculating 

absolute ETRRCII of Kolber et al. (1998), wherein ΦRCII is the quantum yield of RCII assumed as 1, 

and the following number is a conversion factor to mol quanta mol RCII−1 s−1. The calculated ETRRCII 

(4.1) 
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at each light step were fitted to the model of Platt et al. (1980) to obtain photosynthesis−irradiance 

(ETRRCII−E) parameters (Table 9). To assess the heat dissipation of algal cells, non-photochemical 

quenching based on the normalized Stern-Volmer (S-V) kinetic coefficient (NPQNSV) was also 

calculated following McKew et al. (2013): 

NPQNSV = 𝐹o
′/𝐹v

′ 

where Fo’ is minimum ChlF yield after a relaxation sequence calculated following Oxborough and 

Baker (1997), based on the S-V approach (Table 9). 

 

4.2.3. Validation of the ChlF measurement method for ice samples: direct versus buffered melting and 

fast versus slow melting 

Chlorophyll a fluorescence measurements have been widely used for seawater samples (e.g., Suggett 

et al., 2011), while ChlF has not been broadly applied to ice algae research (Miller et al., 2014), 

because ice samples need to be melted, which may greatly change the photophysiology of the algal 

cells (e.g., Garrison and Buck, 1986; Arrigo et al., 2015). Here, multiple comparisons were conducted 

on melt methods of two ice samples from the ice tank. Measurements of ChlF were performed on 

three treatments of ice samples; (1) intact crushed ice, (2) slushily and directly melted ice without 

filtered seawater, (3) slowly (24 h) and directly melted samples. The calibration for Fo measurement 

was conducted with filtered seawater as described in section 4.2.2, however, an empty quartz tube was 

used for the calibration because it was impossible to prepare a blank ice sample. It was thus assumed 

that the ice samples for the treatment had a high enough biomass without Fo calibration. All samples 

were stored or melted in the dark for 30 min for the treatments 1 and 2, whereas the other samples 

(i.e., the treatment 3) were placed directly into a Chlorophyll a fluorometer after the overnight 

melting. The FRRf was used for the ice samples from the ice tank as described above (section 4.2.2). 

 

4.2.4. Cell abundance of ice algae 

  Cell abundance of ice algal and planktonic F. cylindrus was determined with an inverted microscope 

(Axiovert 25, Zeiss) and a Sedwick-Rafter counting chamber (Pyser-SGI Lmd.). At least 500 cells 

(4.2) 
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were enumerated to determine cell abundance (LeGresley and McDermott, 2010). Growth rate was 

calculated following Wood et al. (2005): 

𝜇 =
ln(𝑁𝑡/𝑁0)

𝑡 − 𝑡𝑜
 

 

4.2.5. Pigment composition 

  Pigment concentrations were determined to quantified Chlorophyll, photoprotective carotenoids, and 

Chlorophyll derivatives with an Ultra High Performance Liquid Chromatography (UHPLC) (Suzuki 

et al., 2015). Fast and directly melted ice samples and seawater samples were filtered onto a 25 mm 

GF/F filter (Whatman) with gentle vacuum (<0.013MPa) passing through a 25 mm polypropylene in-

line filter holder (Swinnex, Merck). Rintala et al. (2014) confirmed that fast and direct melting was a 

reliable method for pigment analysis. The filter was flash frozen in liquid nitrogen and stored in a 

deep freezer (−80ºC). After thawing the filter was blotted dry with filter paper, and the pigments were 

extracted using the N, N-dimethylformamide (DMF) bead-beating method (Suzuki et al., 2015). The 

extracted pigments were suspended in DMF and then injected into an UHPLC and measured. The 

ratio of diadinoxanthin (DD) and diatoxanthin (DT) was calculated to assess the xanthophyll 

epoxidation-de-epoxidation cycle and photoprotective strategies of algae upon intense light exposure 

likely occurring during melting (Katayama et al., 2017), assessed as a de-epoxidation state (DES; 

DT/(DD+DT)). Total Chl a (TChl a: sum of Chl a, Chlorophyllide a, Chl a-allomer, and Chl a-

epimer) concentrations were calculated as an indicator of algal biomass. Contributions of 

Chlorophyllide (Chllide a) a to TChl a were also calculated as an index of the breakdown of Chl a. 

Ratio of photoprotective carotenoids (PPC) in diatoms (DD, DT, and β,β-carotene) to photosynthetic 

carotenoids (PSC: only fucoxanthin here) and xanthophyll pool ((DD+DT)/TChl a) were calculated 

for quantifying photoprotective potentials of the diatom F. cylindrus.  

 

4.2.6. Gene expression of photosynthesis-related genes, psbA and rbcL 

  To investigate the mechanisms of freezing and melting stress on cells of F.cylindrus in water and in 

the ice, gene expression of the photosynthesis-related genes, psbA and rbcL was measured. To 

(4.3) 
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stabilize the RNA, RNAlater (Sigma) was immediately added to the ice core after collection. Melted 

ice and seawater samples were filtered onto two 25 mm, 2 μm polycarbonate Isopore membrane filters 

(Millipore) with gentle vacuum (<0.013MPa) passing through a 25 mm polypropylene in-line filter 

holder (Swinnex, Merck) for DNA and RNA samples. The DNA samples were placed in a cryotube 

and flash frozen in liquid nitrogen and stored in a deep freezer (−80ºC). RNA samples were 

suspended in 600 μL RLT buffer (Qiagen) in a cryotube, to which 10 μL of β-mercaptoethanol 

(Sigma-Aldrich) was added. The RNA sample then was flash frozen in liquid nitrogen, and then 

stored in a deep freezer (−80ºC) until further analysis. DNA and RNA were extracted following Endo 

et al. (2013) and Endo et al. (2015), respectively. The extracted RNA was reverse-transcribed to 

complementary DNA (cDNA) with the PrimeScriptTM RT Master Mix (RR036, Takara) reagent 

according to the manufacturer’s specification. DNA and cDNA copy numbers of the psbA, psaA, and 

rbcL genes were quantified by quantitative PCR (qPCR) and quantitative reverse-transcribed PCR 

(qRT-PCR), respectively. The primer sets and PCR conditions are shown in Appendix K.  

 

4.3. Results 

Note: This chapter only focuses on left panels (a and b panels in Figs. 18−24 and 26−30) 

 

4.3.1. Ice physics and ice algal growth  

  Throughout the incubation experiments, ice thickness was stable at 5.5 cm on average with little 

basal ice melting and sublimation of ice from the ice surface. During the experiments, temperature 

within the ice increased from the ice surface (−22.5 ºC) to the ice-water interface (−2.2 ºC) (Fig. 17), 

and seawater temperature beneath was maintained at ca. −1.8ºC throughout the incubations with ice. 

Brine salinity and brine fraction were estimated following Cox and Weeks (1983) and Eicken (2009). 

Brine salinity decreased with depth from 293.7±0.0 to 39.4±0.5. Assuming no gas bubbles were in the 

ice, the brine fraction ranged from 3.7±0.0% to 34±0%, increasing with depth. Nutrient 

concentrations were not depleted during the incubations (data not shown). Cells of F. cylilndrus were 

certainly incorporated into the ice, and cells showed slow but constant positive growth in all 
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treatments within the ice environments (Table 10); there was no significant difference in growth rate 

between the treatments (p>0.05). 

 

4.3.2. Variable Chl a fluorescence 

4.3.2.1. Dark values (Fv/Fm and σPSII) 

  At the beginning of the incubations on day −05, planktonic F.cylindrus showed comparable and 

relatively high Fv/Fm values at both light conditions (HL: 0.47±0.05; LL: 0.45±0.6) (p<0.05) (Fig. 

18). Once algal cells were frozen into the ice on day 00, Fv/Fm sharply dropped down to ~0.2−0.3 

regardless of the light environment (p<0.01) (Fig. 18), while σPSII changed little in the freezing events 

(p>0.05) (Fig. 19). During the frozen periods (i.e., algal cells were within the ice), Fv/Fm values were 

relatively stable until day 20 and showed almost identical values regardless of the light availability. 

The lowest Fv/Fm was found in the middle of the incubations on days 5 or 15 (Fig. 18). The σPSII at 

both light levels was relatively stable throughout the incubations with slight decreases with time (Fig. 

19). Once the ice had melted, Fv/Fm values recovered towards the original values on day−05. These, 

however, were not exactly the same with the Fv/Fm values of the HL treatments 39% lower and those 

of the LL treatment 15% higher than their initial values on day−05 (Fig. 18). The responses of σPSII 

were different from those of Fv/Fm being significantly different from the initial values on day −05 but 

similar to σPSII values on day 20 regardless of the light availability (Fig. 19). Soon after the light 

exposure to the melted sample at 800 μmol photons m−2 s−1, Fv/Fm values significantly dropped in 

both light treatments (decreased 39% and 29% for HL and LL treatments, respectively). In spite of the 

significant and large decreases in Fv/Fm, σPSII showed little variation although that in the HL slightly 

decreased (a 16% decrease) after the light exposure (Figs. 18 and 19).  

 

4.3.2.2. Quenching parameters (NPQNSV and 1-qP) 

  Non-photochemical quenching (NPQNSV) of each treatment was at the same level as at the initial 

stage on day −05 (p<0.05) (Fig. 20). Closed fractions of PSII were ~70% on day −05 for both light 

treatments (Fig. 21). The freezing event greatly enhanced NPQNSV in both treatments. NPQNSV in the 

HL tank had maximum values in the early stages of the incubations (i.e., day 00), while those in the 
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LL showed a gradual increase and reached its maximum on day 05 (Fig. 20). The closed fractions of 

PSII increased slightly but not significantly, with higher 1-qP values, at or after the freezing event, 

although the timing of the increments in 1-qP was not consistent between the treatments (Fig. 21). 

After ice melt, NPQNSV decreased to an identical level as those on day −05 in the LL tank, whereas the 

HL treatment showed a significant increase in NPQNSV. The 1-qP values did not show any consistent 

behaviour upon melting: the HL tank showed a higher value compared to the initial value, while the 

counterpart with LL showed a decreased value. The light exposure after the melting event 

significantly enhanced NPQNSV (almost doubled), whereas the 1-qP upon light exposure showed little 

variation and a significant increase for the HL and LL treatments, respectively (Figs. 20 and 21). 

 

4.3.3.3. Photosynthesis-irradiance (ETRRCII-E) curve 

  Initial values of all treatments were the same as at the beginning of the incubation experiments (Figs. 

22, 23, and 24). The initial slopes of ETRRCII-E curves; α, regarded as light utilization efficiency, 

dropped significantly when the algae were frozen into the ice (p<0.05) (Fig. 22). During frozen, α 

values were stable in both treatments, although a slight increase was observed in the LL tank at the 

end of the incubation (p<0.05). After the ice melted, α values did not show any apparent change but 

had slightly lower α values than the initial values; the α value in the LL tank returned to the initial 

value. After the light exposure, little variation in α were observed in either light treatment (Fig. 22). In 

the case of maximum electron transport rates (ETRmax) (Fig. 23), both treatments showed significant 

decreases in ETRmax during frozen (p<0.05), although the HL treatment showed a gradual decrease 

while the LL counterpart showed a sudden decrease. When the ice melted, ETRmax values in the LL 

treatment recovered to the initial values whereas the HL treatment showed identical values to those 

during frozen (Fig. 23). Light saturation indices, Ek, gradually decreased in the course of the 

incubation experiments without any conspicuous variation during frozen (Fig. 24). The HL tank 

showed higher Ek throughout the incubation. During melting, however, Ek values increased to the 

initial levels before freezing on day −05. When algal cells were exposed to light, Ek significantly 

decreased in both treatments (p<0.05) (Fig. 24). 



81 

 

 

4.3.3. Validation of sample melt methods 

  Active Chlorophyll a fluorescence parameters varied between the different melt methods of the two 

ice samples (Fig. 25). When crushed ice samples were packed directly into a quartz tube, Fv/Fm values 

were lower, followed by those of slushily melted samples for both ice cores. These values were 

almost the same and did not show any significant difference (p>0.05), whereas the slow-direct melt 

samples showed significantly higher values compared to their counterparts (p<0.05). Unlike Fv/Fm 

values, σPSII little varied regardless of the melt methods and did not show any significant enhancement 

or suppression (p>0.05) (Fig. 25).  

 

4.3.4. Pigment composition 

  Initial TChl a concentrations differed slightly between incubations with higher TChl a in the HL ice 

tank (Fig. 26). After the F. cylindrus cells were incorporated into the ice, they maintained a stable 

TChl a biomass in both ice tanks until the ice melted. Contributions of Chllide a to TChl a were 

higher in the HL treatment than in the LL tank throughout the incubations (Fig. 26). Although there 

were slight decreases in the Chllide a contributions once the ice had melted, the relative contribution 

of Chllide a again increased with light exposure. The cellular DD-DT pool size in both the HL and LL 

treatments at the beginning of the incubations was comparable, whereas during the frozen period the 

cellular pool size grew faster in the HL ice tank than those in the LL tank. DES concentrations were 

also high in the HL ice tank (Fig. 27). Although the melted ice samples showed decreases in DES in 

both treatments, light exposure enhanced the DES until light exposure; higher PPC/PSC were present 

in the HL ice tank and there was a decreased contribution of PPCs after ice melt (Fig. 28).  

  

4.3.5. Gene expression of photosynthesis-related genes  

4.3.5.1. rbcL 

  Gene expressions of the rbcL gene at the initial stage of both incubations were at a relatively similar 

level (Fig. 29). Regardless of the light availability, transcriptional activity of the gene was highly 

upregulated when algae were frozen into the ice (Fig. 29). During the freezing process, gene 
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expression levels dropped sharply to a lower level than that of the values from the seawater prior to 

freezing (Fig. 29). The low level was sustained until day 20, when slightly higher gene expressions 

were observed in both treatments. Comparing the results of Melt and Light periods, the rbcL gene 

expression did not show any conspicuous change in either treatment. 

 

4.3.5.2. psbA 

  Unlike the rbcL gene, gene expression of the psbA gene behaved differently with the different light 

availability (Fig. 30). At first, their initial values were different between the HL and LL treatments; 

~2-fold higher under in HL than in LL. In HL, transcription of the psbA was highly upregulated 

during frozen; similar to the response of the rbcL gene. In LL, such upregulation of the gene was not 

evident. Cells in the HL tank showed similar patterns to those observed in the rbcL gene; a sharp 

decrease in the gene expression, followed by a large upregulation and then recovery to their initial 

values when ice melted (Fig. 30). Cells under LL, however, showed constant gene expressions 

throughout the incubation. It became clear that upregulations of the gene were most evident after light 

exposure (i.e., ΔpsbA were positive) in both light treatments (Fig. 30). 

 

4.4. Discussion 

4.4.1. Freezing event 

  The freezing events in the ice tank experiments reported herein suppressed photochemical quantum 

efficiency of PSII (Fig. 18). Kennedy et al. (2012) also reported Fv/Fm drawdown when cells were 

frozen into artificial ice during their ice tank incubation experiments. This is also supported by 

previous studies showing that ice algae had lower Fv/Fm than under-ice phytoplankton in the field 

(McMinn et al., 2008; Yamamoto et al., 2014) as well as in higher plants (Lundmark et al., 1998). The 

high amount of Chllide a produced during frozen was observed throughout the incubations (Fig. 26). 

The large concentration of Chl a break-down products has also reported in ice algae of both landfast 

and pack ice in the Arctic and Antarctic (Horner, 1985; Arrigo, 2014). The Chllide a concentration 

was not negligible and might imply inactivation of PSII reaction centres. The amount of Chllide a, 

however, was maintained at identical levels to the initial concentration of both treatments, indicating 
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the existence of Chllide a had only a little effect on the activity of PSII reaction centres. Suggett et al. 

(2009b) demonstrated that chronic stress decreases Fv/Fm with concomitant enhancement of σPSII 

because the light energy absorbed by light harvesting complexes is transferred to fewer active PSII 

reaction centres (i.e., an apparent increase in σPSII) if some reaction centres are damaged or inactive 

(Falkowski and Raven, 2007; Suggett et al., 2009b, 2011). During frozen, little variation in σPSII was 

observed (Fig. 19). Although the possibility of photoinactivation cannot be excluded, it has been 

suggested that other mechanisms might decrease Fv/Fm when cells are frozen into ice. Freezing stress, 

with low temperatures and high brine salinity, could be the main cause of the reduction in the 

photochemistry of PSII (Ralph et al., 2007; Ensminger et al., 2006). The imposition of multiple co-

stressors does not impact RCII directly, but might affect other components downstream of RCII. Low 

temperatures have little affect light absorption and charge separation in RCII and the following 

electron transportation can be affected by temperature and salinity due to excitation pressure 

imbalance (Ensminger et al., 2006). At the same time, high brine salinity might suppress the reduction 

capability of electron donors around PSII. Ralph et al. (2007) demonstrated that salinity stress 

lowered the reduction capacity of QA and the PQ pool, although QB was stable because the redox state 

of QB was balanced by the redox states of the electron donor and acceptor (i.e., QA and the PQ pool) 

(Huner et al., 1998). Although they suggested low-salinity stress on ice algae was more evident, the 

high brine salinity in this study was also high enough to suppress the downstream components of 

PSII. Urao et al. (2010) found that osmotic stress stimulates the production of osmolytes to protect 

cells from dynamic osmotic stress in higher plants. This stress leads to lower plasmamembrane 

fluidity, which affects photochemical reactions in the electron transport chain. Low temperature also 

reduces membrane viscosity in psychrophilic microalgae, including diatoms (Morgan-Kiss et al., 

2006) as well as higher plants (Huner et al., 1998, 2003). The combined stress has been found to 

stagnate electron transportation down to ferredoxin and cause “electron clogging” (e.g., Lazár et al., 

2005). The resulting’ electron clogging’, lowered Fv/Fm (e.g., Schwarz et al., 2017). This ‘electron 

clogging’ might lead overreduction of the PQ pool (Maxwell et al., 1995; Allen and Nilson, 1997; 

Pfannschmidt et al., 2003), as the redox state of the PQ pool is the most critical factor imbalancing the 

photochemical electron transport chain, ‘photostasis’ (Öquist and Huner, 2003). NPQNSV was thus 
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possibly enhanced for alleviating excess excitation pressure under a high transmembrane pH 

difference (ΔpH) (e.g., Caron et al., 1987; Ting and Owens, 1993; Goss and Jakob, 2010), although of 

1−qP values did not support this over-reduction because of its scattered values (Fig. 21). The pigment 

analysis showed enlargement of the DD-DT pool and the contribution of PPC to PSC in the HL 

treatment during freezing but this was not evident in the LL ice tank (Figs. 27 and 28). These 

responses in the HL treatment were consistent with the results of Kropuenske et al. (2009, 2010), 

Schuback et al. (2016), and Galindo et al. (2017), demonstrating that increased light in bottom ice 

algae increased the contributions of PPCs, possibly for up-front protection to mitigate the production 

of reactive oxygen species under high light (McMinn and Hegseth, 2004; Katayama and Taguchi, 

2013; Kuczynska et al., 2015). After the light exposure, DES was also enhanced (Fig. 27), (Goss and 

Lepetit, 2015) consistent with the activity of the DD-DT xanthophyll cycle, which is the major 

pathway for energy dissipation (Kropuenske et al. 2009, 2010). The lower PPC/PSC and DES in the 

LL ice tank supports the relationship between light availability and photoprotective activity (Figs. 27 

and 28) (Lavaud et al., 2002; Domingues et al., 2012). Photosynthetic performance, assessed with 

ETRRCII−E curves, showed rapid photoacclimation responses during freezing; a greater decrease in 

ETRmax than that of α led to apparent dark acclimation with a lower Ek after freezing (Figs. 22, 23, and 

24). The decrease in ETRmax could be consistent with the suppressed Fv/Fm values (Fig. 18), although 

the concomitant decrease in α is at variance with a classical interpretation of photoacclimative 

strategies (e.g., MacIntyre et al., 2002). Lacour et al. (2018) also reported another type of 

photoacclimation, different from the classic concept of photoacclimation above, that NPQ mainly 

modified α rather than pigmentation. Values of α are represented as a product of σPSII and nPSII, the 

active fraction of PSII to Chl a (e.g., Falkowski and Raven, 2007). As noted above, σPSII values were 

almost identical before and after the freezing event. It is thus suggested that photoinactivation of cells 

occurred when they were frozen into the ice. The freezing event, therefore, suppressed RCII 

photochemistry, both directly and indirectly. The strong upregulation of expression of the psbA gene 

in the HL treatment accelerated repair of damaged PSII under overexcitation pressure at HL and vice 

versa (Fig. 30) (Petrou et al., 2010; Galindo et al., 2017). The carbon fixation process was also 

affected by freezing stress with gene expression of the rbcL gene highly upregulated in both 
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treatments (Fig. 29). This could be a cold acclimation strategy to increase cellular RuBisCO to 

compensate for the low catalytic activity of the temperature-sensitive enzyme by increasing its 

concentration (Devos et al., 1998; Lyon and Mock, 2014; Young et al., 2015), although Mock and 

Hoch (2008) reported downregulation of rbcL transcription under low temperature compared to a 

moderate temperature in F. cylindrus. 

 

4.4.2. During the frozen periods  

  ChlF parameters were relatively stable during frozen. Although several significant variations were 

observed, Fv/Fm, σPSII, and NPQNSV values were stable within the ice (Figs. 18, 19, and 20). These 

results are consistent with previous studies that show sea ice is a stable platform for algal 

photosynthesis (Macchario et al., 2015; Arrigo, 2017). The comparable levels of Fv/Fm, σPSII between 

the HL and LL treatments show that the F. cylindrus cells sustained or optimized their photosynthesis 

within the ice regardless of light availability. This physiological acclimation to ice environments may 

play a central role for the proliferation of ice algae within and at the bottom of sea ice (Kropuenske et 

al., 2010; Lacour et al., 2018). McMinn and Hegseth (2004) suggested that ice algal cells can grow in 

sea ice if Fv/Fm is >0.125, which suggests that the ice algal cells in the ice tank should actively grow 

in the ice. However, the stable light utilization index α, which was also observed, increased and could 

be a dark acclimation strategy, in concordance with the classical concept of photoacclimation 

(MacIntyre et al., 2002). As noted above, σPSII was stable in the LL tank. Cells under LL might have 

increased the proportion of active RCII relative to Chl a to enhance light utilization capability for 

capturing light energy more efficiently, coinciding with the decreasing Ek. Thus, algal cells in the HL 

ice tank did not need to improve their light capturing ability because light supply seemed to have been 

sufficient (Figs. 19 and 24). The Ek values in the HL treatment were thus higher than those of the LL, 

especially at the end of the incubations on days 15 and 20 (Fig. 24). The different photosynthetic 

performance was also reflected in pigment signatures. Only algae in the LL ice tank showed a gradual 

increase in TChl a concentrations, in spite of the same algal growth rate in both ice tanks (Fig. 26); 

this could be further evidence of dark acclimation (e.g., Falkowski and Owens, 1980). The smaller 

contribution of PSC in the LL ice tank also supports this suggestion because the cells might 



86 

 

preferentially synthesize photosynthetic Chlorophylls and carotenoids rather than PPC (Fig. 28). 

However, cells in the HL ice tank, strengthened their photoprotective capability, reflected in higher 

values of PPC/PSC and DES compared to cells in LL (Figs. 27 and 28) (Kropuenske et al., 2009, 

2010). Cells under both light levels increased their DD-DT pool and DES, suggesting again the highly 

reduced PQ pool. Interestingly, NPQNSV levels were comparable between the light treatments but 

NPQNSV in the LL ice tank were mostly higher than those of the HL ice tank regardless of the 

difference in DES. Nymark et al. (2013) suggested that low-light acclimated cells have more Lhcx 

proteins, which enlarges their NPQ capacity (Bailleul et al., 2010). Non-photochemical quenching via 

the DD-DT cycle might work as the primary safety valve against sudden excitation stress (Petrou et 

al., 2016; Lacour et al., 2018). Interestingly, transcriptional activity of the rbcL gene greatly decreased 

after the sharp increase on day 00, suggesting that cells had used the high abundance of RuBisCO that 

was synthesized during frozen. The constant but lower expression of psbA could keep the repair of 

PSII to a ‘business as usual’ rate, whereas the downregulation of the gene after the significant 

upregulation in the HL treatment might be caused to alleviate photochemical imbalance in the 

electron transport chain due to the over upregulation when shocked by freezing stress (e.g., changes in 

PSII to PSI ratio). 

 

4.4.3. Light exposure after ice melt event 

  The light exposure decreased Fv/Fm values due to the high excitation pressure, although the melted 

samples showed improved photochemical activity. Improvement of Fv/Fm after melting was 

consistently evidently with the results of the validation experiments reported in Fig. 25. The degree of 

drawdown in Fv/Fm was comparable regardless of the incubation light intensity prior to the light 

exposure. NPQNSV was downregulated when the ice melted but was enhanced after light exposure. 

This reverse response to light exposure between Fv/Fm and NPQNSV might be evidence for fast 

activation of photoprotection, especially in the HL treatment, with the higher values of DES. Damage 

to PSII, however, was likely because of the considerable increase in the ratio of Chllide a to TChl a 

after light exposure in both ice tanks (Fig. 26). Jeffery and Hallegraeff (1987) observed significant 

increases in the amount of Chllide a per cell when purified water was added for pigment extraction. 
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This was thought to have been caused by the activation of Chlorophyllase. One might suspect that the 

melting process prior to sample filtration caused significant breakdown of Chl a, but a stable level of 

Chllide a to TChl a was observed throughout the incubation period, including after freezing (i.e., 

melted into water samples) and there was a considerable increase in Chllide a in the seawater when 

light was exposed to the melted samples (Fig. 26). It was thus unlikely that the melting process was 

responsible for high Chllide a and other degraded pigments production by osmotic stress. However, 

the excessive light energy might also break down the Chl a because F.cylindrus has a naturally high 

qI (non-photochemical quenching by photoinactivation) (Kropuenske et al., 2010) and a high qI could 

lead to NPQ accumulation (Petrou et al., 2010, 2011; Petrou and Ralph, 2011; van de Poll et al., 

2011). After the ice melted, the contribution of PSC increased concomitantly with improvements in 

Fv/Fm, indicating a re-optimization of photosynthetic performance to a water environment after 

release from freezing stress. Light exposure, however, activated the DD-DT xanthophyll cycle (i.e., 

de-epoxidation), although the size of the DD-DT pool was little changed (Fig. 27). Activation of the 

DD-DT cycle is the fastest photoprotective strategy and occurs at a scale of seconds to minutes (Goss 

and Jakob, 2010), whereas the size of the pool actually changes much slower (i.e. minutes to hours). 

Interestingly, NPQNSV’ in the HL treatment was much higher than that of the LL treatment, with 

differences in their DD-DT pool size suggesting that pigmentation and light history were largely 

responsible for their potential photoprotective ability (Szechyńska- Hebda et al. 2010; Galindo et al. 

2017). It seems unusual that Ek values significantly decreased (i.e., dark acclimation) upon light 

exposure, contrary to the expected response from high-light acclimation (Fig. 24). Transcriptional 

activity of the psbA gene was upregulated in both treatments after light exposure (Fig. 30). It is 

suggested that over-repair or an imbalance between the reaction centres and their downstream 

components under the extreme light environment occurred. The carbon fixation processes might be 

independent or slow to respond to the light exposure event because the gene expression of the rbcL 

gene was invariant before and after light exposure (Fig. 29). 

 

4.5. Conclusions 

  This study demonstrates how the combined effects of ice formation and melting together with light 
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exposure affect the photophysiology of F.cylindrus. This study is also the first attempt to quantify the 

effects of multiple co-stressors in sea ice and to provide insights into the fate of ice algae by 

conducting ex situ incubation of the ice algal F. cylindrus in artificial sea ice. A freezing event, where 

algal cells were incorporated into the ice, suppressed the photochemical process of RCII, even though 

they had been maintained in an optimal light environment prior to the event (Fig. 18). It was 

presumably that damage to RCII directly reduced the capacity of electron delivery (i.e., reduction 

capacity) of quinones and the PQ pools by the stress of the high salinity of brine. As previous studies 

have observed, a significant amount of the breakdown products of Chl a, i.e., Chllide a, was observed 

(Fig. 26) and a part of the Chllide a could have been caused by the melting process for sample 

filtration. However, Chllide a had little effect on ChlF because σPSII was stable throughout the 

incubations with only a slight, gradual decrease. Sea ice should be a stable platform for ice algal 

photosynthesis. Ice algal cells rapidly optimize their photophysiology to the dark environment within 

the ice with decreases in Ek (Figs. 18 and 24). NPQNSV and PPC were sustained at high levels in the 

HL ice tank (Figs. 20 and 28). Ice algae in the LL ice tank showed dark acclimation to a greater extent 

than those in the HL, possibly by increasing active RCII. Although the ice melt event improved algal 

photosynthesis, subsequent light exposure for 2 h caused a decrease of Fv/Fm (Fig. 18). The significant 

accumulation of Chllide a and NPQNSV enhancement after light exposure suggests photoinhibition 

(Figs. 20 and 26), but photoprotection was rapidly activated with high regardless of the amount of 

PPC and their prior light history (Fig. 27). The diatom F. cylindrus was able to cope with the light 

stress better than other algal species reported in the literature; this supports the ecological success of 

the diatom both in sea ice and the water-column when ice-edge blooms occur.  
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CHAPTER 5 

Effects of iron and light availability on the photophysiology of ice algae: Ex situ incubation of 

ice algae using a low-Fe ice tank 

 

5.1.   Introduction 

  Iron (Fe) is a crucial element for photosynthesis in microalgae, as summarized in section 1.4.2. In 

extreme sea ice conditions, light and nutrient availability are the most significant controls on 

photosynthesis in ice algae, although the salinity stress can also be important. Pankowski and 

McMinn (2008a, b, 2009) first reported Fe starvation in Antarctic pack ice and suggested that because 

the open waters in the Southern Ocean are known to be deficient in Fe, areas known as High Nutrient 

Low Chlorophyll (HNLC) regions. Bottom ice algal communities in pack ice would experience low-

Fe conditions. Light and Fe availability are tightly coupled because Fe is an essential trace metal for 

pigment synthesis. Microalgae are known to synthesize more Chlorophyll and carotenoids under low 

light conditions to maximize the efficiency of light utilization (e.g., Falkowski and Owens, 1980; 

Morel and Bricaud, 1981; Bricaud et al., 1995) causing the package effect (e.g., Berner et al., 1989). 

Because this de novo pigment synthesis further requires Fe, light limitation causes less Fe availability 

in subsurface waters, i.e., the so-called the Fe-light co-limitation (sensu Sunda and Huntsman, 1997). 

This antagonistic Fe-light co-limitation can be observed in extremely low-light acclimated ice algae. 

Cellular Chlorophyll and accessory pigment content are reduced under Fe-limited conditions and the 

reduced cellular pigment concentrations may lead to photodamage and the production of reactive 

oxygen species (ROS), because the Fe-limited cells cannot cope with the absorbed photons that 

exceed the reduced electron transport capacity due to Fe limitation under high-light conditions (van 

Oijen et al., 2007). In particular, it is a serious problem when Fe-limited ice algal cells suddenly 

experience high light exposure when ice melts and they are released from the bottom of sea ice to 

open waters (i.e., the environment where ice-edge blooms occur). It is thus ecologically and 

biogeochemically important to investigate how Fe and light control the photosynthetic performance of 

ice algae to further understand sea ice and marginal ice ecosystems. It has been reported that ocean 

acidification (OA), associated with the increasing anthropogenic CO2 input, modifies Fe availability 
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(Millero et al., 2009). OA can suppress Fe availability by stabilizing Fe-ligand complexation (Sunda 

and Huntsman, 2003; Shi et al., 2010) but also extends the oxidation rate of Fe(II), which is believed 

to be the most highly bioavailable source of Fe (Millero, et al., 1987, 2009; Breitbarth et al.,2009). 

Polar ecosystems are more sensitive to OA than those in temperate and tropical regions (Gibson and 

Trull, 1999; Orr et al., 2005; Yamamoto-Kawai et al., 2009; McNeil et al., 2010) and furthermore sea 

ice has greater fluctuations in pH than those in pelagic oceans (Matson et al., 2014; McMinn et al., 

2014). Future predictions of sea ice algal biomass and photosynthesis in the changing polar oceans are 

absent from sea ice biogeochemical models thus far (Vancoppenolle et al., 2013; Constable et al., 

2014; Steiner et al., 2016; van Leeuwe et al., 2018). However, there are considerable limitations to the 

investigation of ice algal photosynthesis: almost all studies so far have worked on ice algal 

photosynthesis in the laboratory, during which ice algae were rinsed out from ice samples and 

resuspended in a water medium. This melting process hinders realistic photophysiological information 

because water media cannot reproduce the temperature in sea ice (<−1.8ºC). Kennedy et al. (2012) 

and Kameyama et al. (submitted) successfully incubated ice algae in artificial sea ice produced in 

their lab-based ice tanks. Ice tank techniques enable ex situ incubation of ice algae within the ice and 

manipulation of the ice environment by maintaining ice thickness stable. Here, we use a newly- 

developed low-Fe ice tank, made of titanium, to control Fe concentration in the ice. This study, 

therefore, aimed to investigate the effects of Fe and light availability on the photophysiology of ice 

algae using the low-Fe ice tank. In this study, the polar diatom Fragilariopsis cylilndrus, as a 

representative ice algal species with a fully sequenced genome, was used (Mock et al., 2017), 

enabling the application of molecular techniques to understand the underlying mechanisms driving 

photophysiology. Photophysiological responses of F. cylindrus were monitored with variable Chl a 

fluorescence and their pigment composition.  

 

5.2.   Materials and methods 

5.2.1. Ice tank incubation and preparation of low-Fe medium  

  The polar pennate diatom Fragilariopsis cylindrus, isolated from Antarctic pack ice in 2015 (Davis 
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station, East Antarctica) was incubated in a purpose-designed ice tank (Island Research, Tasmania). 

The low-Fe ice tank, which was constructed of titanium to minimize Fe contamination, was placed 

into a freezer (–20ºC), and the ice thickness and temperature gradient controlled by interactions 

between a basal heater and the adjustable ambient freezer temperature (see Kennedy et al., 2012). 

This enabled an ice thickness of approximately 5.5 cm to be maintained during the experiment. 

Incubations were conducted in Aquil media (Price et al. 1989) buffered with 

ethylenediaminetetraacetic acid (EDTA) (final concentration 20 μM) at 150 μmol photons m−2 s−1 

(PAR) and a salinity of 35. Total Fe concentrations were set at 400 nM and 20 nM, where the 

concentrations of total inorganic forms of Fe (Fe’) were 1.54 nM and 15.5 pM, respectively. It is 

considered that the EDTA-buffered Fe was maintained in the medium and the exact value was 

calculated using the software Visual MINTEQ, ver. 3.1 (https://vminteq.lwr.kth.se). For the ice tank 

incubation setup, see section 4.2.1. To check whether contamination by external Fe (e.g., aerosol 

deposition on the ice during ice sampling) occurred, concentrations of Fe in under-ice seawater were 

monitored. Fe concentrations in ice were difficult to determine because ice thickness was too thin to 

obtain a brine sample. In addition, the Fe source for the ice algae in the artificial sea ice should have 

been restricted to from the under-ice water. Fe concentrations in the water samples were thus 

determined by the Ferrozine colorimetric method (Stookey, 1970). Fe samples were placed into a 60 

mL low density polyethylene (LDPE), previously cleaned, bottle (Thermo Scientific) following the 

GEOTRACES protocol (Cutter et al., 2010). Briefly, a 50 mL ferrozine cocktail was prepared with 10 

mM Ferrozine (Sigma) and 1.44 M hydroxylamine hydrochloride (ultratrace analysis glade, Wako) 

dissolved in ultrapure water acidified with ultrapure hydrochloric acid (HCl) (Wako). The 0.4 mL of 

ferrozine cocktail was added to a 20 mL sample acidified with suprapure HCl (Merck) at least 2 

months before the measurements (Farid et al., 2018). The sample was heated at 70 ºC for 15 min to 

accelerate reduction Fe(III) to Fe(II) and for detaching Fe (II) from the Fe-EDTA complex. After 

cooling, 0.4 mL of an ammonium acetate (Fe analysis glade, Wako) buffer solution, prepared with a 

trace metal grade ammonia solution (Wako), was added to the sample. The buffered sample was 

incubated at room temperature for 24 h to fully recover Fe in the sample (Farid et al., 2018). Fe 

concentrations were determined with a spectrophotometer at the absorbance of Fe(II)-ferrozine 
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complexes at a wavelength of 562 nm (UV-2450, Shimadzu) with a 50 mm path length glass tube. A 

Fe standard curve was drawn with a series of known Fe concentrations by diluting a Fe standard 

solution (Wako) (r>0.999, n=7). The detection limit of the measurement was 10 nM, which was 

consistent with previous studies (Farid et al., 2018). The quantification limit, defined as 3 SD of a 

standard, was 15 nM. 

 

5.2.2. Fast repetition rate (FRR) fluorometry 

  See section 4.2.2.  

 

2.3. Cell abundance of ice algae 

  See section 4.2.4.  

5.2.4. Pigment composition 

  See section 4.2.5. 

  

5.2.5. Gene expression of photosynthesis-related genes, psbA and rbcL 

  See section 4.2.6. 

 

5.3. Results 

5.3.1. Ice physics and ice algal growth  

  Throughout the incubation experiments, ice thickness was stable at 5.5 cm on average with little 

basal ice melting or sublimation of ice from the ice surface. During the experiments, temperature 

within the ice increased from the ice surface (−22.5 ºC) to the ice-water interface (−2.2 ºC) (Fig. 17), 

and seawater temperature beneath was maintained at ~ −1.8ºC throughout the incubations. when ice 

was present. Brine salinity and its fraction were estimated following Cox and Weeks (1983) and 

Eicken (2009), respectively. Brine salinity decreased with depth from 293.7±0.0 to 39.4±0.5. 

Assuming no gas bubbles were in the ice, the brine fraction ranged from 3.7±0.0% to 34±0%, 
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increasing with depth. Macronutrients were not depleted throughout the incubations (data not shown). 

During the LFe incubations, a trace amount of Fe was inevitably introduced but this contamination 

was considered to be negligible. Fe concentrations ranged from 11 nM to 43 nM in the LFe 

treatments, which were equivalent to 2.2 pM and 8.7 pM of Fe’, respectively. Initial Fe concentrations 

were 23 nM and 20 nM (4.5 pM and 4.0 pM as Fe’ concentrations) for HL and LL ice tanks, 

respectively. Final Fe concentrations in the LFe ice tanks were, 27 nM and 25 nM (5.4 pM and 5.1 

pM) for HL and LL ice tanks, respectively. Concentrations of Fe were stable throughout the 

incubations (Appendix L and see detailed discussion in the table caption therein). No significant 

variation in Fe concentration during the incubations was observed in either ice tank incubation (One-

way ANOVA, p<0.05). Algal cells of F. cylilndrus were certainly incorporated into the ice, and ice 

algal cells showed slow but constant positive growth in all treatments within the ice environments 

(Table 10), showing no significant difference in growth rate between the treatments (p>0.05). 

 

5.3.2. Variable Chl a fluorescence 

5.3.2.1. Dark values (Fv/Fm and σPSII) 

  At the beginning of the incubations on day −05, planktonic F.cylindrus showed relatively high Fv/Fm 

values (HFe+HL: 0.47±0.05; HFe+LL: 0.45±0.6) for HFe treatments and lower values (LFe+HL: 

0.32±0.03; LFe+LL: 0.31±0.01) for LFe treatments (Fig. 18). Once algal cells were frozen into the ice 

on day 00, Fv/Fm sharply dropped down to ~0.2−0.3 regardless of Fe and light environments (p<0.01), 

except for the LFe+LL treatment (Fig. 18), while σPSII was little changed in the freezing events 

(p>0.05) (Fig. 19). During the frozen period (i.e., ice algal cells were within the ice), Fv/Fm values 

were relatively stable until day 20 and showed almost identical values regardless of the Fe or light 

availability. The lowest Fv/Fm was found in the middle of the incubations on days 5 or 15 (Fig. 18). 

The σPSII under the LFe availability, however, gradually increased toward the end of the incubation 

within the ice, although those of the HFe counterparts showed stable values with slight and gradual 

decreases throughout the incubations in the ice (Fig. 19). Once the ice was melted, Fv/Fm values 

recovered to the original values on day −05, although this was not the case for the HFe treatments: 

39% lower and 15% higher values than those on day −05 for HFe+HL and HFe+LL, respectively 
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(Fig. 18). The responses of σPSII were different from those of Fv/Fm. The σPSII values were significantly 

different from the initial value on day −05 but similar to σPSII values on day 20 regardless of the Fe 

and light availability (Fig. 19). Soon after the light exposure to the melted samples at 800 μmol 

photons m−2 s−1, Fv/Fm values significantly dropped in all treatments (decreased 18%−31%) (Fig. 18). 

In spite of the significant and large decreases in Fv/Fm, σPSII showed little variation although that in the 

HFe+HL decreased significantly (a 16% decrease) after the light exposure (Fig. 19).  

 

5.3.2.2. Quenching parameters (NPQNSV and 1-qP) 

  Non-photochemical quenching (NPQNSV) in the HFe treatments was smaller than those of the LFe 

treatments at the initial stage on day −05 (Fig. 20). Closed fractions of PSII were ~50% on day −05 

with slightly higher values in the HFe+LL treatment (70%) (Fig. 21). The freezing event greatly 

enhanced NPQNSV of the HFe treatments, while the LFe algal cells showed only moderate increases. 

NPQNSV in the HFe incubations were at a maximum in the early stages of the incubations (i.e., days 00 

or 05), those in the LFe reached their maxima when the incubations were near their end (i.e., days 15 

or 20). During frozen, NPQNSV was significantly upregulated in both light treatments (p<0.05), 

although the LFe+LL treatment did not also show a significant variation in NPQNSV. The closed 

fraction of PSII slightly increased but not significantly, with higher 1-qP values, at or after freezing, 

although the timing of the increments in 1-qP was not consistent among the treatments. NPQNSV 

values were stable in the middle of the incubations in the HFe treatments, while those in the LFe 

treatments showed gradual increases in NPQNSV during the frozen periods (Figs. 20 and 21). Although 

the behaviour of 1−qP was variable during the frozen periods, higher 1−qP values were found in the 

HL treatments. After the ice melt, NPQNSV decreased to the identical levels observed on day −05, 

whereas 1-qP did not show any consistent behaviour upon melting. The light exposure after the 

melting event significantly enhanced NPQNSV, but the increments in NPQNSV in the LFe tank (HL: 

20.9%; LL: 57.8% increases, respectively) were smaller than the HFe counterparts (HL: 98.3%; LL: 

89.5%) (Fig. 20). All tank except for the HFe+LL tank showed slight decreases in 1-qP upon the light 

exposure. 
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5.3.3.3. Photosynthesis-irradiance (ETRRCII-E) curve 

  The initial slopes of ETRRCII-E curves; α, regarded as light utilization efficiency, dropped 

significantly when algae with HFe were frozen into the ice, while algal cells under LFe did not show 

any change in α values (Fig. 22). During the frozen periods, α values were stable in the HFe 

treatments, although a slight increase was observed at the end of the incubation of HFe+LL. The LFe 

treatments, on the other hand, showed gradual increases in α values under both HL and LL conditions. 

After the ice melted, α values decreased in all treatments, but the HFe cells showed slightly lower α 

than the initial values, while α of the LFe cells returned to their initial levels. After the light exposure, 

little variations in α were observed except in the HFe+HL incubation (Fig. 22). Maximum electron 

transport rates (ETRmax) showed significant decreases in all treatments during the frozen period (Fig. 

23). The ice algal cells under LFe showed higher ETRmax values throughout the incubations. It seemed 

that ETRmax values under HL gradually decreases while those of the LFe incubations dropped more 

sharply and maintained their ETRmax values at lower levels. When the ice melted, ETRmax values 

recovered to their initial values or were slightly higher before freezing, except for the HFe+HL 

treatment (Fig. 23). Values of the light saturation index, Ek, gradually decreased over the course of the 

incubation experiments without any conspicuous variation during the frozen period (Fig. 24). Melting, 

however, increased the Ek values to the initial levels before freezing on day −05. When the algal cells 

were exposed to light, the Ek decreased in all treatments, although their extent of the decreases was 

different among the treatments (Fig. 24). 

 

5.3.3. Pigment composition 

  Initial TChl a concentrations were comparable regardless of light and Fe availability, although that 

of the HFe+LL treatment had a lower value (as discussed in chapter 5). The contribution of Chllide a 

to TChl a gradually increased during the course of the LFe+HL incubation as well as increasing at the 

beginning of the LFe+LL incubation (Fig. 26). Both LFe incubations showed increases in TChl a 

biomass when F. cylindrus cells were trapped in the ice and higher Chl a biomass was observed in the 
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LL ice tank as the HFe+LL ice tank showed higher biomass than the HFe+HL incubation. When cells 

were exposed to light after the ice had melted, there were substantial increases in the Chllide a to 

TChl a ratio in both ice tanks (Fig. 26). The DD-DT pool size in the HL treatment was slightly higher 

than that in the LL treatment at the initial stage on day −05 and also showed a larger pool size during 

the frozen period. Values of DES increased slightly later than the algal cells that had been frozen into 

the ice and remained stable in the HL treatment, whereas the LL treatments showed lower values with 

an exceptional peak on day 15. DES levels decreased when the ice melted and continued to decrease 

after light exposure, unlike in the HFe incubations (Fig. 27). The HL treatment showed a gradual but 

strong increase in PPC/PSC, whereas only a slight increase was observed in the LL ice tank. When the 

ice melted, there was a decrease in the PPC contributions to PSC, down to the level prior to the start 

of the frozen period or at the beginning of the incubations on day −05. The short light exposure of 2 h 

little affected the PPC/PSC ratio (Fig. 28). 

 

5.3.4. Gene expression of photosynthesis-related genes  

5.3.4.1. rbcL 

Gene expressions of the rbcL gene at the initial incubation stage were similar, but showed a slightly 

higher value in the LFe+HL treatment (Fig. 29). Regardless of the Fe and light availability, 

transcriptional activity of the gene was highly upregulated when the algal cells were frozen into the 

ice (Fig. 29). During the frozen periods, however, gene expression levels dropped sharply to a lower 

level than that of the values from the seawater prior to the initiation of freezing (Fig. 29). The low 

level was sustained until day 20, when slightly higher gene expressions were observed in both 

treatments. Comparing the results of Melt and Light conditions, the rbcL gene expression did not 

show any conspicuous changes in either treatments. 

 

5.3.4.2. psbA 

  Unlike the rbcL gene, gene expression of the psbA gene behaved differently with differences in light 

availability (Fig. 30). Initial values of the HFe and LFe treatments were different, between; under HFe 

conditions they were ~2-fold higher than the than those in the LFe counterparts. In the HL conditions, 
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transcription of the psbA gene was highly activated during the frozen period, similar to the response of 

the rbcL gene. In the LL conditions, such upregulations of the gene were not evident under either HFe 

or LFe availability. The algal cells in the HFe tanks showed similar patterns to those observed in the 

rbcL gene; a sharp decreases in the gene expression after the initial upregulation and then a recovery 

to their initial values when the ice melted (Fig. 30). The algal cells under the LFe conditions, 

however, showed constant gene expressions throughout the incubation. It was evident that 

upregulation of the gene was found after light exposure (i.e., ΔpsbA became positive), whereas 

downregulations were observed in the LFe treatments upon the light exposure (i.e., ΔpsbA showed 

negative) (Fig. 30).      

 

5.4.   Discussion 

5.4.1. Freezing event 

  The initial Fv/Fm values in the LFe incubations were significantly lower than those in the HFe 

treatments (Fig. 18). Kolber et al. (1994) and Suzuki et al. (2002) demonstrated that Fe availability 

affects photochemical reaction at RCII because PSII has 2 Fe atoms and a high turnover rate (Greene 

et al., 1992; Geider and LaRoche, 1994; Govindjee, 2010). (Fig. 18). σPSII was stable during the frozen 

period of the HFe treatments, suggesting that the stress associated with the high brine salinity might 

have played a central role in the suppression of photochemical processes around PSII, especially 

reduction capacities of quinones and the PQ pool in the HL treatment (Fig. 19). NPQNSV’ in the HL 

treatment increased, whereas that of the LL counterpart did not show any significant change in the 

NPQNSV’, which was a clear reversal of the response of Fv/Fm to the freezing stress (Figs. 18 and 20). 

Unlike in the HFe incubations, the light utilization index, α, did not respond to the freezing event, 

whereas ETRmax, interestingly, maintained the higher values compared to the HFe treatments (Figs. 22 

and 23). Schuback et al. (2015) also reported relatively high ETRmax values in Fe-limited waters in the 

Southern Ocean. They hypothesized the existence of alternative pathways for electrons to dissipate 

the excess energy, rather than NPQ, were upregulated; these included pseudo-cyclic and cyclic 

electron flow (Prasil et al., 1996; Feikema et al., 2006; Cardol et al., 2011), which would have 

reduced the high transmembrane ΔpH as well as active PTOX (McDonald et al., 2011) under Fe 
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limitation. The resultant Ek value eventually showed the dark-acclimated state (Fig. 24). The 

contribution of Chllide a to TChl a was stable when cells were frozen into the ice, indicating a smaller 

effect of the melting process on pigment breakdown and the production of Chllide a (Fig. 26). The 

size of DD-DT pool was also stable and xanthophyll cycle had not been activated (Fig. 27), 

suggesting that other non-photochemical quenching pathways were responsible for the NPQNSV during 

the frozen period (Fig. 20). Gene expressions of the rbcL gene were upregulated in both light 

treatments as well as that in the HFe treatments (Fig. 29), emphasizing the cold acclimation strategy. 

The contrasting response of the psbA gene, i.e., upregulation in the HL treatment while constant in the 

LL treatment, was also evident in both HFe and LFe treatments (Fig. 30). The upregulation of the 

psbA in the HL treatment could be a strategy to overcome over-excitation associated with HL and 

possibly the freezing stress causing electron clogging. 

 

5.4.2. During the frozen period 

  Sea ice provides a stable platform for photosynthesis of ice algae, which might optimize their 

photophysiology in spite of the low Fe availability. Fv/Fm values in the LFe during the frozen period 

treatments were comparable to those in the HFe treatments, regardless of light availability, suggesting 

that Fe and light availability might not be crucial for ice algal photosynthesis and growth in the sea ice 

environment. Pankowski and McMinn (2008a) reported similar growth rates of F. cylindrus both in 

Fe-replete and Fe-starved culturing media. Although Fv/Fm values were stable, σPSII showed gradual 

increases during the course of the incubation (Fig. 19). Interestingly, during the HFe ice incubation 

the other index of light absorption efficiency, α, increased synchronously with σPSII (Figs. 19 and 22), 

suggesting that the increase in α was due to increasing photosynthetic antennae size (i.e., increase in 

σPSII; ‘σPSII strategy’, hereafter) but not increasing the number of photosynthetic units (nPSII strategy). 

Strzepek et al. (2012) demonstrated that Southern Ocean phytoplankton in Fe-limited waters 

employed the σPSII strategy by conducting culture incubation experiments using representative 

Southern Ocean species. They proposed that the σPSII strategy is used to overcome Fe-light co-

limitation in the Southern Ocean; this study (i.e. herein) is the first to demonstrate that ice algae in the 

Antarctic also employ this strategy. As in the HFe incubations, NPQNSV in the LFe incubations was 
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enhanced when cells were trapped in the ice. Interestingly, NPQNSV seemed to synchronize with DES, 

whereas this was not evident in the HFe incubations (Fig. 20 and 27). That was feasible because DD 

and DT do not possess Fe, although there are some effects of Fe availability on the genetic 

translations including operon regions (e.g., Laudenbach et al., 1988; Geider and LaRoche, 1994; 

Lommer et al., 2012; Georg et al., 2017). The DD-DT xanthophyll cycle was thus responsible for 

photoprotection in the LFe conditions. The pool size of DD plus DT in the HL incubation was larger 

than that of the LL counterpart (Fig. 27), again suggesting more photoprotective capability under HL. 

The higher PPC/PSC ratio in the HL incubation was also supportive evidence of the large range of 

photoprotective capability (Fig. 28). NPQNSV capability (maximum values of NPQNSV) was, however, 

comparable between the HL and LL treatments (Fig. 20). This was possibly due to the effective 

xanthophyll cycles rather than other factors such as the active proton back transport by the PTOX, the 

cyclic electron flow via ferredoxin or flavodoxin (discussed in chapter 4). Ferredoxin and flavodoxin 

are interchangeable, but Fe availability affects the electron sink potential of these two proteins (Geider 

and LaRoche, 1994; LaRoche, 1996) because their molecular weights are considerably different. The 

transmembrane ΔpH was thus alleviated via this electron pathway under the HFe condition, whereas 

cells under the LFe had to exclusively rely on the DD-DT xanthophyll cycle because other electron 

sinks might not be active. This notion, however, is inconsistent with the proposed mechanisms under 

Fe limitation by Schuback et al. (2015). As noted above, under both light intensities α gradually 

increased during the course of the incubations, whereas ETRmax remained constant at relatively high 

values, leading to the gradual decrease in Ek and dark acclimation in the ice (Fig. 22 and 23). It is of 

interest that the cells in the LFe incubations altered their photophysiology for dark acclimation by 

maintaining a high ETRmax and increasing α values, this differs from the behaviour in the HFe ice 

incubation and might maximize their photosynthetic potentials under Fe starvation to maintain their 

photosynthesis. Gene expression of the photosynthesis-related genes behaved similarly in the HFe 

treatments between light treatments. Transcriptional activity of the rbcL gene was sharply 

downregulated and maintained at a low level (Fig. 29), suggesting that algal cells acclimated to their 

ice environment and optimized the balance between photochemical reactions and energy allocation to 

the carbon fixation and reduction processes such as carbon fixation by RuBisCO. The constant gene 
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expression of the psbA gene in the LL ice tank seems reasonable as the constant freezing stress in the 

ice could have damaged the fragile D1 protein in PSII by over-reduction (Fig. 30). Downregulation in 

the transcriptional activity of the gene in HFe, however, was enigmatic because light stress was more 

evident in the HL treatment. The relationship between the psbA gene and the transcript D1 protein is 

not directly inferred by the considerable post-transcriptional regulation (e.g., mRNA splicing and 

RNA editing) (Kettunen et al., 1997). The significant upregulation of the psbA gene, associated with 

the sudden freezing stress, might thus provide excess mRNA to maintain synthesis of the D1 proteins.  

 

5.4.3. Light exposure after the ice melt event 

  The light exposure significantly decreased Fv/Fm values due to both the excess excitation pressure in 

the reaction centres of PSII (Fig. 18) and also photoinhibition (Melis, 1999). NPQNSV’ also responded 

to light exposure to dissipate excess energy (Fig. 20). The NPQNSV’ enhancement in the LFe 

treatments, which were less efficient than those of their HFe counterparts (shown in Fig. 20) indicate 

that Fe starvation suppressed NPQ ability. Moreover, xanthophyll activity, shown as DES, was 

downregulated in spite of the high light stress, whereas cells under the HFe conditions upregulated the 

xanthophyll cycle (Fig. 27). The lower DES in the LFe treatments after the light exposure were 

plausible to explain the less enhancement of NPQNSV’ following the light exposure event. The 

xanthophyll pool and PPC/PSC ratio were, however, relatively stable, because pigment synthesis is 

slower than photoprotective processes (i.e., xanthophyll cycles and D1 protein repair) (Kuczynska et 

al., 2015). At the same time, the significant accumulation of Chllide a after light exposure reflected 

the high level of absorbed energy that subsequently broke down intact Chl a possibly due to the 

presence of ROS (Fig. 26). The stable contribution of Chllide a again implied that production of 

Chllide a was not due to ice melt events. High contributions of Chllide a were, however, observed at 

the surface of the Southern Ocean during ice retreat in spring (Bidigare et al., 1986; Wright et al., 

2010). Light exposure after ice algae are released from ice is more likely the reason for the high 

Chllide a contributions. Interestingly, repair of damaged PSII, as indicated from gene expression of 

the psbA gene, was inactivated after light exposure, whereas Fe-replete cells upregulated psbA gene 

expression (Fig. 30). In addition, the slower repair of damaged PSII at low temperature (Kropuenske 
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et al., 2009; van de Poll et al., 2011; Lacour et al., 2018) could exacerbate the photoinhibition. The 

chronic Fe starvation thus led to the increased vulnerability of photosynthesis to high light stress in 

ice algal cells released from the ice. The contribution of ice algae to ice-edge blooms may thus be 

smaller in changing polar sea ice environments. 

 

5.5. Conclusions  

  Under the low Fe conditions, initial Fv/Fm values were lower than those of their HFe counterparts . 

Although the frozen period negatively affected the photochemistry of PSII (i.e., Fv/Fm), it was not 

evident in the LFe+LL treatment. NPQNSV’activity declined in both light treatments, which supports 

the suggestion that ice algal cells immediately regulated NPQ to protect themselves. During the frozen 

period, Fv/Fm values were stable regardless of the light availability as well as the Fe availability, when 

comparing all four treatments. The stable and comparable Fv/Fm within the ice supports the notion that 

sea ice is a stable platform for ice algal photosynthesis, as discussed in chapter 4. When the ice melted 

and intense light was exposed to the melted samples, too much light commonly suppressed PSII 

photochemistry due to the over-excitation of PSII; this also occurred in the HFe treatments. In spite of 

the stable Fv/Fm values during the frozen period, light history affected potential photosynthetic 

capability, in particular, NPQ capacity. Indeed, NPQ capacity after light exposure in the LL 

treatments was lower than those in the HFe treatments. The lower upregulation of NPQNSV’ and psbA 

gene expression in the LL treatments indicates that the released ice algae in Fe-starved conditions 

became vulnerable to high light stress because they were unable to adequately self-protect and slow 

down the repair of damaged PSII (i.e., D1 protein synthesis). Ice algae maintained and optimized their 

photosynthesis in sea ice during the frozen period, but chronic Fe starvation as well as their light 

history under LL led to less flexibility of photoacclimation. It further suggests that ice algal 

production may be reduced when sea ice decreases, which will remove platforms for ice algal 

production and ice algae will be less able to contribute to ice-edge blooms. 
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CHAPTER 6 

General conclusions and perspectives 

 

6.1. Subpolar diatom blooms in changing subpolar regions 

  Subpolar phytoplankton bloom events can be affected by (a) increasing temperature, (b) 

intensification of surface stratification, and (c) ocean acidification (e.g., Boyd et al., 2014). 

Intensification of stratification enhances light availability to surface phytoplankton but reduces 

nutrient supply to the euphotic zone. In the study area, coastal Oyashio and Oyashio regions, Ono et 

al. (2002) demonstrated that the MLD has gradually shallowed with a decrease in nutrient supply. 

They also suggested that the Chl a inventory is decreasing at the rate of −2.35±1.22 mg m−2 year−1 in 

Oyashio waters. Chapter 2 demonstrated that temperature was a controlling factor of the spring 

diatom bloom in coastal Oyashio waters on the shelf (i.e., shelf COY). In particular, the combined 

analyses of conventional P-E curve experiments and gene expression measurements on the rbcL gene 

revealed that an increase in temperature dually benefited carbon fixation processes and finally led to 

high PB
max. In the shelf COY waters, the genus Thalassiosira formed a spring bloom. Although the 

temperature increase might have benefited the Thalassiosira blooms in the shelf regions, the 

temperature in COY cannot be easily changed because COY originates from sea ice meltwater from 

the Sea of Okhotsk (Sugiura, 1956; Ogasawara 1990). It is thus expected that the increase in 

temperature associated with global warming brings forward the timing of the sea ice melt and reduces 

sea ice production in the Sea of Okhotsk. This leads to the earlier onset and reduced spreading of the 

Thalassiosira blooms in the shelf COY waters. It is well-known that COY is one of the most 

productive fishing grounds and aquacultural area (Nishimura et al., 2002), it is important to 

understand how much bloom-forming Thalassiosira is grazed by zooplankton such as copepods and is 

transferred to higher trophic levels (Taniguchi 1999). In addition to the findings above, ocean 

acidification affects nutrient and CO2 availabilities, which benefit or disadvantage specific 

phytoplankton groups. Using diagnostic pigment analysis, Endo et al. (2016) revealed that compared 

to present and pre-industrial CO2 levels in Oyashio waters diatoms responded negatively to ocean 

acidification (OA). (e.g., Bacillariaceae and Thalassiosiraceae, respectively). Future perspectives 
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regarding Chapter 2; transgenus studies on the effects of temperature on gene expression of the rbcL 

gene are needed because it is important to clarify whether the genetic response of the rbcL gene to 

temperature is universal or restricted to specific diatoms during bloom. This study, however, reported 

sufficient insights on spring diatom blooms because Thalassiosira blooms have a global distribution, 

including subpolar and polar regions such as in the Arctic and Antarctic as well as the Atlantic and the 

North Pacific.  

 Chapter 3 focused on the blooms in the western subarctic Pacific, including Oyashio waters, near the 

Kuril Islands and the eastern Kamchatka Peninsula. This chapter demonstrated that a clear gradient of 

diatom biogeography occurred along the Kuril Islands and the eastern Kamchatka Peninsula. The 

HNLC water was dominated by Fragilariopsis, which spread to offshore regions, whereas Fe-replete 

waters were dominated by Chaetoceros, which were restricted in coastal areas. The shoaling MLD 

reduced upward Fe supply from the intermediate water (Nishioka and Obata, 2017), while the MLD 

shoaling relieved Fe-light co-limitation in the deeply mixed waters. Upward Fe supply to coastal areas 

along the Kuril Islands is mainly driven by diapycnal mixing with the dFe-containing intermediate 

water (i.e., NPIW). This water originates from DSW, which is formed by sea ice brine rejection 

(Nakatsuska et al., 2002). Although it might be suspected that the Fe supply would decrease with 

reduced sea ice production in the Polynya at the estuary of the Amur River, it is not clear how a 

decrease in the NPIW affects surface phytoplankton production because the pathways of DSW to 

NPIW are complex (e.g., water trapping at the Kuril Basin) (Wakatsuchi and Martin, 1991). The 

alleviation from the Fe-light co-limitation might shift the diatom community from Fragilariopsis to 

Cheatoceros domination. In addition, during the post-bloom phase, the Fe-replete Cheatoceros 

community shifted to a community with robust and long-chained diatoms (e.g., Neodenticula 

seminae). It was possibly this was due to active and selected grazing by such as copepods. However, 

little has been reported on zooplankton abundance and community composition in the studies area. 

The shoaling MLD might have had a negative effect on the primary production of the phytoplankton 

by reduced Fe supply to the coastal areas by reduced Fe-replete NPIW production, whereas the 

enhanced light supply would alleviate Fe-light co-limitation. The Fe-light co-limitation could be an 
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overlooked process to aid the understanding of primary productivity in the Oyashio regions. If the Fe-

light co-limitation could be alleviated by a shoaling MLD, it could lead to higher a biological pump 

capacity along the slopes of the Kuril Islands (i.e., via continental shelf pump; sensu Tsunogai et al., 

1999). For Chapter 3, SEM provided many insights into diatom community shifts with Fe availability. 

It is evident that the western subarctic Pacific is the largest biological CO2 sink (Takahashi et al., 

2002) and contributes to a high carbon flux down to deep oceans (Honda, 2003; Kawakami et al., 

2004, 2017). The fact that a great quantity of N. seminae scales has frequently been observed in 

sediment traps (Katsuki et al., 2005; Katsuki and Takahashi, 2005; Onondera et al., 2005), although 

they are rarely found in surface water has long been unexplained. This study, for the first time, 

reported elongation of N. seminae in the Fe-limited bottle with DFB during on board bottle 

incubations. Studies that determine their growth and elongation can disentangle this Neodenticula 

paradox.    

 

6.2. Ice algae in changing polar regions: Sea ice bottom blooms and ice-edge blooms 

  Primary production of sea ice algae has not been well adequately incorporated into biogeochemical 

models of polar regions in spite of many reports of Chl a biomass in sea ice cores (>4000-core data; 

Steiner et al., 2016; Arrigo, 2017; van Leeuwe et al., 2018; Meiners et al., in press). This is possible 

because only biomass data are available for biogeochemical modellers whereas ‘rate’ data (i.e., 

photosynthetic rate, grazing rate, and loss rate from sea ice) have not been documented. In addition, 

some might not accept data measured with conventional incubation methods, because sea ice samples 

are needed to be melted for incubation (Stefel et al., 2012; Roukaerts et al. in press). This study was 

the first attempt to apply FRRf to sea ice algae, enabling non-invasive and instantaneous 

measurements of photosynthetic rates. The non-invasive FRRf approach is totally different from the 

conventional PP measurements with the invasive 13C or 14C methods and can minimize the effects of 

melting processes: the overnight melting greatly modifies photophysiology of ice algae as discussed 

in section 4.2.3. Although the FRRf method can only measure the photochemical efficiency of PSII, 

strenuous efforts have been made for converting photochemical electron transport at PSII to carbon 
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fixation (Lawrenz et al., 2014; Schuback et al., 2015, 2016; Ryan-Keogh et al., 2017), which might 

enable us to quantify of PP from FRRf data near future. The validation experiments on different 

melting methods seemed to successfully identify the best methods for ice samples for FRRf (i.e., fast 

direct melt even with slush ice). Campbell et al. (2019) also reported a stable Fv/Fm for several hours 

after the melting process. They mentioned, on the other hand, that melt procedures affect oxygen 

evolution rates. Further inter-comparisons are needed to discuss which melting procedure can 

realistically reproduce PP in sea ice. Although FRRf can only assess the activity of PSII and its 

downstream components, this study was the first step toward quantification of primary productivity of 

ice algae. Chapter 4 focused on how freezing and melt events affect the photophysiology of ice algae. 

Lower Fv/Fm values were documented in sea ice algae than those of under-ice phytoplankton 

(McMinn et al., 2010). The FRRf and pigment analysis demonstrated that multiple co-stressors could 

affect the activity of downstream of PSII. Ice algae, however, immediately acclimated to this ice 

environment and optimized their photosynthesis by regulating NPQ ability. The flexible 

photoprotection to excess excitation pressure can be a key for the active production of ice algae. 

(Lacour et al., 2018). NPQ plasticity is, however, affected by their light history. Thus when ice algae 

are released from the ice into the sea they experience intense light; NPQ upregulation in the LL 

treatment was lower upon light exposure. This suggests that thinning of sea ice in a warming world, 

especially in the Arctic sea ice zone, will benefit ice algae primary production by enhancing light 

supply (e.g., Galindo et al., 2017), because ice algal cells can modify their potential photosynthetic 

ability with their light history. Global sea ice extent, however, has been contracting, indicating that the 

platforms for ice algal production are being lost. Consequently, more active primary production but in 

more limited areas can be expected. This retraction also implies the reduction in habitats of other key 

sea ice biota such as juvenile krill and fish larvae (Moteki et al., 2017; Bernard et al., 2018). Chapter 5 

demonstrated the effects of Fe availability on the photophysiology of ice algae. The freezing stress 

equally suppressed photochemical processes as the in the LFe and HFe incubations, although the 

decrease in the LFe+LL treatment was not significantly different. Interestingly, Fe and light 

availability did not affect photosynthetic activity at PSII during the frozen period, supporting the 

concept that sea ice is a stable environment with a stable light regime and continuous upward nutrient 
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diffusion into the ice from the under-ice water. However, their potential photosynthetic capability 

changed; σPSII showed dynamic increases in both light treatments possibly to alleviate the Fe-light co-

limitation within the ice (Strzepek et al., 2012). The Fe-light interaction enlarged photosynthetic 

antennae rather than photosynthetic units such as reaction centres and this might be one explanation of 

why Fe-starved cells became vulnerable to high light stress as they absorbed more energy which went 

to fewer reaction centres. The reduced enhancement of NPQ exacerbated the photoinhibition. Indeed, 

DES lowered upon light exposure, which supported the lowered NPQ ability. However, the DD-DT 

cycle seemed not to relate to Fe availability. It was likely that if ATP was in short supply for the 

synthesis of xanthophylls, the DD-DT pool size in the LFe treatments would be comparable to those 

in the HFe counterparts. However, It is unclear what the ecological relevance is if NPQ is 

downregulated with lower DES under Fe limitation. It was also unexpected that psbA gene expression 

would be suppressed under the Fe-limited conditions because the additional synthesis of the D1 

protein is required for more damaged PSII. It is not certain that the psbA gene expression was 

regulated by other factors such as uncovered relationships between operon transcriptional regulations 

and e.g., Fe availability for transcription of the gene as observed around the rbcL gene. These results 

indicated that ice algae became vulnerable to high light stress after chronic Fe starvation in sea ice. It 

suggested and re-emphasized that ice algae can maintain and optimize their photosynthesis even under 

Fe starvation. However, because of ice loss, they would contribute less to ice-edge blooms. As noted 

above, Fe-starved cells are more vulnerable, with large photosynthetic antennae and fewer reaction 

centres, than smaller cells. Consequently, sea ice reduction and chronic Fe starvation in sea ice may 

change the biodiversity and biomass of sea ice biota by causing a mismatching between trophic 

interactions with reduced availability of ice algae for them (Constable et al., 2014; Deppeler and 

Davidson, 2017). It is also possible that Fe starvation affects the amount of extracellular compounds 

such as EPS, leading changes in bacterial activity and viral abundance. These affect, in turn, the loss 

rates of ice algal biomass by bacterial decomposition and viral infection. This study has demonstrated 

that is worth applying ice tank incubation techniques to other ice algal species, such as the haptophyte 

Phaeocystis antarctica, which is abundant in the Southern Ocean, especially before the diatom bloom 
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(Kropuenske et al., 2009; Alderkamp et al., 2012), or to mixed ice algal assemblages to reproduce 

more realistic environments in the ice tank.



 

 
 

 

Figure 1. Seawater sampling stations during the KH-15-1 and AK15 expeditions off the coast of Hokkaido, Japan.  
Stations for the KH-15-1 expedition are denoted as B plus station numbers. 
Stations Bio-6, Bio-7, and Bio-11 overlap as well as stations AK15-1 and AK15-2. Open circles denote shelf COY stations, black closed circles denote offshore COY 
stations, and grey closed circles denote Tokachi stations. Each contour line in the map indicates a 100 m intervals.  

1
0

8
 



 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  

1
0

9
 

C
h
l 

a
 

F
v
/F

m
 

ā
*

p
h
 

α
B
 

β
B
 

P
B

m
ax

 

E
k
 

Φ
C

m
ax

 

P
P

 



 

 
 

  

Figure 2. Photosynthetic parameters obtained from P-E curve experiments at in situ sampling stations. 
Chl a: Chl a concentration [mg m–3]; Fv/FmPAM: Maximum quantum yield of PSII obtained by PAM fluorometry; ā*ph: Chl a-normalized light absorption coefficient 
of phytoplankton [m2 mg Chl a]; αB: Initial slope of P-E curve [mg C mg Chl a–1 h–1 (μmol photons m–2 s–1) –1]; βB: Photoinhibition index [mg C mg Chl a–1 h–1 (μmol 
photons m–2 s–1) –1]; PB

max: Maximum photosynthetic rate [mgC mgChl a–1 h–1]; Ek: Light saturation index [μmol photons m–2 s–1]; ΦCmax: Maximum quantum yield for 
carbon fixation [mol C mol photons–1]; PP: Primary productivity [mg C m–3 day–1]. Error bars are standard deviations, n ≥ 3. 
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Figure 3. Relative contribution of phytoplankton groups to Chl a (a) at the class level class at the different sampling 
stations determined by multiple regression analysis based on diagnostic pigment signatures and (b) at the level of 
size class of phytoplankton determined by size-fractioned Chl a measurement. 

 



 

 
 

 

 

Figure 4. Relative contribution of diatom community composition to the total number of sequences determined by the next-generation sequencing method at in situ sampling 
stations. 
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Figure 5. Dendrogram of the cluster analysis of diatom community composition determined with the next-generation sequencing method. Clustering is based on Bray-Curtis 
dissimilarity and the group average method. The cluster on the right-hand side includes samples from shelf COY water, which had a community composition significantly 
different from the other sites (One- way MANOVA, Wilk’s lambda, p < 0.01). 
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Figure 6. Relative contribution of phytoplankton groups to Chl a at the class level during the temperature-controlled incubation experiments determined by the multiple 
regression analysis based on diagnostic pigments. 
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Figure 7. Relative contribution of diatom community composition to the total number of sequences during the temperature-controlled incubation experiments determined 
with the next-generation sequencing method. 
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Figure 8. Photosynthetic parameters during the temperature-controlled incubation experiments. The open bars 
indicate values of initial bottles, shaded bars indicate values of control treatments, and closed bars show values of the 
+7 ºC treatment. 
(a) αB: Initial slope of P-E curve [mg C mg Chl a–1 h–1 (μmol photons m–2 s–1) –1]; (b) βB: Photoinhibition index [mg C 
mg Chl a–1 h–1 (μmol photons m–2 s–1) –1]; (c) PB

max: Maximum photosynthetic rate [mgC mgChl a–1 h–1]; (d) Ek: Light 
saturation index [μmol photons m–2 s–1]; 
(e) ā*ph: Chl a-normalized light absorption coefficient of phytoplankton [m2 mg Chl a]; (f) ΦCmax: Maximum quantum 
yield for carbon fixation [mol C mol photons–1]; (g) Diatom-specific rbcL: Transcription level of the diatom-specific 
rbcL gene (cDNA copies/DNA copies); (h) Fv/FmPAM: Maximum quantum yield of PSII obtained by PAM fluorometry. 
Error bars are standard deviations, n ≥ 3 116 
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Figure 9. Seawater sampling stations during the Mu14 expedition along the Kuril Islands and off the 
eastern Kamchatka Peninsula.  
The blue, red, and green closed circles in the map denote HNLC, northern coastal, and southern coastal 
stations, respectively. The stations for the Fe enrichment incubation experiments (i.e., stations C5 and 
A5) were underlined on their name labels. Each contour line in the map indicates a 100 m intervals.    
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Figure 10. Relative contribution of phytoplankton groups to total Chl a at the level of size class of 
phytoplankton determined by size-fractioned Chl a measurement with the non-acidification 
fluorometric method of Welshmeyer (1994) at in situ sampling stations. Solid bars under the figure 
indicate HNLC, northern coastal and southern coastal stations, respectively. 
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Figure 11. Concentrations of Chl a determined with non-acidification fluorometric analysis based on 
Welshmeyer (1994) at in situ sampling stations. 
The blue, red, and green bars denote HNLC, northern coastal, and southern coastal stations, respectively 
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Figure 12. The coordinate plane of the redundancy analysis (RDA) on the diatom community 
composition determined with scanning microscopy. 
The validity of the RDA analysis was previously checked with the detrended corresponding analysis 
(DCA) that the lengths of gradients of environmental parameters were sufficiently small for the RDA 
analysis (<3SD) The proportions shown in percent indicate contributions of each RDA axis to the total 
variance (i.e., proportions explaining the total variance).
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Figure 13. Photosynthetic parameters at in situ sampling stations.  
(a) Fv/Fm: Maximum quantum yield of PSII determined with PAM fluorometry; 
(b) αB: Initial slope of a P-E curve [mg C mg Chl a–1 h–1 (μmol photons m–2 s–1)–1]; (c) βB: 
Photoinhibition index [mg C mg Chl a–1 h–1 (μmol photons m–2 s–1)–1]; (d) PB

max: Maximum 

photosynthetic rate [mgC mgChl a–1 h–1]; (e) Ek: Light saturation index [μmol photons m–2 s–1]; (f) ā*ph: Chl a-
normalized light absorption coefficient of phytoplankton [m2 mg 
Chl a–1]; (g) ΦCmax: Maximum quantum yield for carbon fixation [mol C mol photons–1]; (h) PP: Primary 
productivity [mg C m–3 day–1]. Error bars indicate standard deviations, n ≥ 3. The blue, red, and green bars denote 
HNLC, northern coastal, and southern coastal stations, respectively 
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Figure 14. Chl a concentrations [mg m–3] determined with the non-acidification method of 
Welshmeyer (1994) of each treatment of the Fe enrichment incubation experiments. 
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(a) 

(b) 

Figure 15. Electron micrographs of the diatom Neodenticula seminae in elongated chains from 
the +DFB bottles (a) at station C5 and (b) station A5.  
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Figure 16. Maximum quantum yields of PSII (Fv/Fm) determined with PAM fluorometry of each 
treatment of the Fe enrichment incubation experiments. 
Open, shaded, closed, and dotted bars indicate initial, control, +Fe, and +DFB values, 
respectively.+Fe: Fe-added treatment, and +DFB: desferrioxamine B-added treatment. Error 
bars indicate standard deviations, n ≥ 3, although the symbol † indicates single data without 
replication because of the considerable Fe contamination discussed in the text.
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Figure 17. Vertical profiles of ice temperature (Tice; closed circle), brine salinity (Sbr; open 
circle), and fractional brine volume (Vbr; square) in artificial sea ice in the ice tank. 
Tice was determined directly with a thermometer, and then Sbr and Vbr were estimated with the 
empirical equations suggested by Cox and Weeks (1983) and Eicken (2009). 
Error bars indicate 1 standard deviation (n=3).
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Figure 18. Maximum photochemical quantum yield of PSII (Fv/Fm) during the ice tank incubation experiments. 

Left panels indicate data from the HFe treatments, whereas right panels show data from the LFe treatments, while upper panels indicate data from 

the HL treatments, whereas bottom panes show the LL counterparts. Shaded and closed bars indicate values of seawater samples before plus after 

freezing and ice samples, respectively. Alphabets above bars show (in)significant difference with One-way ANOVA with a combination of the 

Tukey test. The D stands ‘day’, while Melt and Light indicate values before and after the light exposure event. Error bars show 1 standard deviation 

(n≥6). 
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Figure 19. Functional absorption cross section of PSII (σPSII) [nm2 PSII−1] during the ice tank incubation experiments. 
See the caption of Fig. 3.2 for bar purpose, statistical methods, and abbreviations.  
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Figure 20. Non-photochemical quenching based on the normalized Stern-Volmer coefficient kinetics (NPQNSV) during the ice tank incubation 
experiments.  
See the caption of Fig. 3.2 for panel and bar purpose, statistical methods, and abbreviations.  
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Figure 21. Fraction of closed of PSII (1−qP) during the ice tank incubation experiments. 
See the caption of Fig. 3.2 for bar purpose, statistical methods, and abbreviations. 
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Figure 22. Light utilization efficiency under dim light (α) shown as initial slopes of the ETRRCII-E curves during the ice tank incubation experiments. 
See the caption of Fig. 3.2 for bar purpose, statistical methods, and abbreviations.  
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Figure 23. Maximum electron transport rate (ETRmax) during the ice tank incubation experiments. 

See the caption of Fig. 3.2 for bar purpose, statistical methods, and abbreviations.  
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Figure 24. Light saturation index (Ek) during the ice tank incubation experiments. 
See the caption of Fig. 3.2 for bar purpose, statistical methods, and abbreviations.  
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Figure 25. Variable Chl a fluorescence parameters with different melting methods. 
(a): Maximum quantum yield of PSII photochemistry, Fv/Fm; (b): functional absorption cross section, σPSII, determined with FRR fluorometry with 
blue excitation light at 440 nm. 
Ice: intact ice placed into the cuvette for ChlF measurement; slush; ice sample partially melted in filtered seawater; Direct slow: melted ice sample 
under the room temperature. Different alphabets indicate significant differences between given values. Error bars indicate 1 standard deviation. n=6. 
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Figure 26. Concentrations of total Chl a [mg m−3] (TChl a=Chl a+Chllide a+Chl a-epimer+Chl a-allomer) quantified with UHPLC (Suzuki et al., 
2015) (bar) and contributions of Chllide a to TChl a (open circle) during the ice tank incubations. 
See the caption of Fig. 3.2 for bar purpose, statistical methods, and abbreviations.  
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Figure 27. Size of DD and DT pool defined as (DD+DT)/Chl a [mol mol−1] (bars) and de-epoxidation state (DES) [mol mol−1] (open circle) during 
the ice tank incubations. 
See the caption of Fig. 3.2 for bar purpose, statistical methods, and abbreviations.  
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Figure 28. Ratio of photoprotective carotenoids (PPC) to photosynthetic carotenoids (PSC) [mol mol−1] during the ice tank incubations. 
See the caption of Fig. 3.2 for bar purpose, statistical methods, and abbreviations.  
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Figure 29. Gene expression of the rbcL gene calculated as ration of cDNA to DNA copies of the gene during the ice tank incubation experiments. 
The gene rbcL encodes the large subunit of the carbon fixation enzyme RuBisCO. See the caption of Fig. 3.2 for bar purpose, statistical methods, 
and abbreviations.  
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Figure 30. Gene expression of the psbA gene calculated as ration of cDNA to DNA copies of the gene during the ice tank incubation experiments. 
The gene psbA encodes the D1 protein of PSI to repair damaged PSII. See the caption of Fig. 3.2 for bar purpose, statistical methods, and 
abbreviations. 
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Table 1. Sampling conditions and hydrographic and optical data during the KH-15-1 and AK15 expeditions. 

Sampling date  Station Water mass Bottom depth SST SSS NO3 NO2 NH4 PO4 SiO2 Kd(PAR) Zeu MLD 

     (m)  (°C)   (µM) (µM) (µM) (µM) (µM) (m–1) (m) (m) 

2015.03.08 Bio-1 Offshore 852 0.03 32.58 21.29 0.18 0.69 1.81 35.50 0.105 44.1 26.6 

2015.03.09 Bio-2 Offshore         564 0.39 32.71 22.20 0.11 0.44 1.93 35.38 0.12 38.5 29.9 

2015.03.13 Bio-4 Tokachi         103 0.42 32.36 18.43 0.23 0.71 1.71 33.73 0.291 15.8 27.3 

2015.03.14 Bio-6 Shelf         100 0.93 32.17 19.77 0.18 1.43 1.54 39.24 0.363 12.7 15.8 

2015.03.15 Bio-7 Shelf          97 0.67 32.55 20.64 0.18 1.02 1.85 36.25 0.145 31.7 20.2 

2015.03.17 Bio-9 Offshore      1477 0.64 32.38 18.13 0.23 0.54 1.76 32.19 0.159 28.9 19.5 

2015.03.18 Bio-10 Offshore      4100 1.60 32.78 24.70 0.17 UD 2.21 43.22 0.087 52.6 28.6 

2015.03.19 Bio-11 Shelf        100 0.85 32.71 23.60 0.16 0.27 2.10 41.01 0.119 38.9 20.1 

2015.03.20 Bio-12 Offshore        529 0.63 32.62 27.21 0.21 0.35 2.45 48.93 0.137 33.9 23.6 

2015.03.21 Bio-13 Tokachi      1084 1.47 32.62 24.53 0.27 0.29 2.30 46.03 0.131 35.0 18.9 

2015.03.22 Bio-14 Shelf        100 0.56 32.52 31.43 0.33 0.27 2.94 59.28 0.143 32.1 19.5 

2015.04.16 AK15-1 Shelf         33 3.84 32.06  0.83 0.05 UD 0.34  4.12 ND ND 27.8 

2015.04.17 AK15-2 Shelf         32 2.41 32.22  2.01 0.08 UD 0.48     1.78 ND ND 21.4 

SST: Sea surface temperature; SSS: Sea surface salinity; NO3, NO2, NH4, PO4, and SiO2: Concentration of nitrate, nitrite, ammonium, phosphate, 
and silicate; Kd(PAR): Vertical attenuation coefficient of downward photosynthetically available radiation (PAR); Zeu: Euphotic layer depth; MLD: 
Mixed layer depth 
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Table 2. Spearman-rank correlation coefficients between photosynthetic, environmental and community composition data. 

Bold values indicate significant relationships with asterisks denoting different significance levels: * = 0.05, ** = 0.01, *** = 0.001, n = 13  
SST: Sea surface temperature; SSS: Sea surface salinity; NO3, NO2, NH4, PO4, and SiO2: Concentration of nitrate, nitrite, ammonium, phosphate, 
and silicate; MLD: Mixed layer depth; rbcL: Diatom-specific rbcL gene expression, Micro: microphytoplankton, Nano: nanophytoplankton, Pico: 
Picophytoplankton, Dino: dinoflagellates, Other: other functional groups than diatoms and dinoflagellates. The % denotes relative contribution of 
given phytoplankton groups. 

  

    Chl a Fv/Fm PAM    αB     βB  PB
MAX    Ek   ā*ph   Φcm    PP 

SST   0.57*   0.52   0.22   0.27   0.35   0.26 –0.14   0.28   0.57* 

SSS –0.66* –0.50 –0.20 –0.83*** –0.76** –0.65*   0.70** –0.55 –0.50 

NO3 –0.29 –0.13   0.12 –0.57* –0.48 –0.60*   0.45 –0.20 –0.17 

NO2   0.08 –0.10 –0.14 –0.03 –0.08   0.07   0.28 –0.32 –0.04 

NH4 –0.36 –0.33 –0.51   0.15 –0.15   0.20   0.19 –0.41 –0.45 

PO4 –0.26 –0.13   0.08 –0.52 –0.33 –0.51   0.56* –0.34 –0.12 

SiO2 –0.12   0.00   0.11 –0.30 –0.25 –0.43   0.39 –0.23 –0.03 

MLD –0.49 –0.32 –0.15 –0.31 –0.24 –0.12 –0.02 –0.09 –0.44 

rbcL   0.41   0.29   0.19   0.15   0.33   0.27   0.00   0.20   0.47 

%Micro   0.57*   0.61*   0.46   0.77**   0.91***   0.44 –0.59*   0.59*   0.66* 

%Nano –0.31 –0.63* –0.33 –0.44 –0.53 –0.23   0.28 –0.35 –0.47 

%Pico –0.69* –0.49 –0.58* –0.60* –0.77** –0.27   0.80** –0.80** –0.61* 

%Diatom   0.61*   0.40   0.53   0.34   0.54   0.17 –0.57*   0.61*   0.64* 

%Dino –0.35 –0.22 –0.52 –0.19 –0.35   0.04   0.52 –0.59* –0.30 

%Thalassiosira   0.70*   0.76**   0.34   0.84***   0.74**   0.48 –0.51   0.47   0.65* 

%Minidiscus –0.80 –0.75** –0.37 –0.67* –0.59* –0.39   0.52 –0.51 –0.66* 

%Skeletonema –0.21 –0.29 –0.45 –0.17 –0.25   0.17   0.60* –0.64* –0.27 

%Fragilariopsis –0.45 –0.65* –0.45 –0.73** –0.77** –0.32   0.65* –0.61* –0.49 

%Pseudo-Nitzschia –0.45 –0.41 –0.18 –0.83*** –0.72** –0.50   0.25 –0.29 –0.47 

%Coscinodiscophytina   0.52   0.53   0.53   0.42   0.69**   0.21 –0.59*   0.58*   0.62* 
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Table 3. Spearman-rank correlation coefficients between P-E curve parameters. 

  Chl a ā*ph Fv/FmPAM αB βB PB
max Ek ΦCmax 

Fv/FmPAM      0.80** –       

ā*ph    –0.62*                     –0.53 –      

αB                0.60*          0.54     –0.55 –     

βB      0.56*          0.58*     –0.40        0.09 –    

PB
max      0.72**          0.72**     –0.48         0.50         0.84*** –   

Ek      0.33          0.28     –0.09      –0.42         0.75**      0.51 –  

ΦCmax      0.69*           0.62**     –0.83***             0.87***         0.34      0.61*     –0.15 – 

PP      0.92***          0.88***     –0.53               0.64*         0.52      0.75**       0.25    0.68** 

Bold numbers indicate significant relationship between given parameters. Significance levels are denoted by numbers of asterisks: * = 0.05, ** = 
0.01, *** = 0.001, n = 13. 
 αB: Initial slope of P-E curve [mg C mg Chl a–1 h–1 (μmol photons m–2 s–1) –1]; βB: Photoinhibition index [mg C mg Chl a–1 h–1 (μmol photons m–2 s–

1) –1]; PB
max: Maximum photosynthetic rate [mgC mgChl a–1 h–1]; Ek: Light saturation index [μmol photons m–2 s–1]; Chl a: Chl a concentration [mg 

m–3]; ā*ph: Chl a-normalized light absorption coefficient of phytoplankton [m2 mg Chl a]; ΦCmax: Maximum quantum yield for carbon fixation [mol 
C mol photons–1]; PP: Primary productivity [mg C m–3 day–1]. 
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Table 4. Summary of terms and abbreviation of photosynthetic parameters used for P-E curves 

Symbol Definition Unit 

αB Chl a-normalized initial slope of P-E curve (mg C mg Chl a–1 h–1) (μmol photons m–2 s–1)–1 

βB Chl a-normalized photoinhibition index of P-E curve  (mg C mg Chl a–1 h–1) (μmol photons m–2 s–1)–1 

PB
max Chl a-normalized maximum photosynthetic rate  mg C mg Chl a–1 h–1 

Ek Light saturation index μmol photons m–2 s–1 
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Table 5. Sampling conditions and hydrographic and optical data during the Mu14 expedition. 

Station Date SST SSS NO3 NO2 NH4 PO4 SiO4 DFe E0(PAR)max Kd(PAR) Zeu MLD 

     (°C)   (µM) (µM) (µM) (µM) (µM) (nM) 
(µmol photons  

m–2 s–1) 
(m–1) (m) (m) 

D9 2014.06.08 6.33 32.36 2.03 0.11 0.13 0.35 20.78 0.71 1458 0.160 29.8 24.1 

A2 2014.06.09 2.67 32.67 9.57 0.17 0.29 0.96 28.32 0.13 1097 0.182 26.7 19.5 

PS1 2014.06.14 5.60 32.40 0.31 0.06 UD 0.19 0.61 0.21 1755 0.159 29.5 17.2 

PS5 2014.06.15 5.50 32.28 1.68 0.08 0.25 0.29 2.32 0.21 796 0.154 29.8 10.0 

C3 2014.06.16 6.40 32.87 20.7 0.25 0.50 1.83 34.43 0.22 1185 0.104 44.6 20.9 

C5 2014.06.18 6.05 32.77 9.93 0.16 0.39 1.09 12.91 0.05 1111 0.115 40.3 28.5 

B3 2014.06.20 6.80 32.82 18.87 0.24 0.66 1.76 30.9 0.04 666 0.097 47.6 23.8 

B5 2014.06.21 7.20 32.68 3.75 0.11 0.33 0.69 3.53 0.07 864 0.102 45.5 14.0 

B6 2014.06.22 6.80 32.36 4.89 0.11 0.71 0.79 3.19 0.69 785 0.103 45.4 17.2 

A5 2014.06.28 6.80 32.81 16.64 0.27 0.30 1.53 14.88 0.06 632 0.127 36.2 12.8 

OP3 2014.06.29 3.60 32.39 12.14 0.18 0.85 1.35 28.32 0.14 1162 0.101 46.2 18.2 

A6 2014.06.30 9.20 32.77 17.45 0.24 0.35 1.66 18.5 0.03 757 0.111 41.4 14.7 

SST: Sea surface temperature; SSS: Sea surface salinity; NO3, NO2, NH4, PO4, and SiO2: Concentration of nitrate, nitrite, ammonium, phosphate, and silicate, respectively; DFe: 
Dissolved iron concentration; E0(PAR)max: Maximum photosynthetically available radiation within a day; Kd(PAR): Vertical attenuation coefficient of downward 
photosynthetically available radiation (PAR); Zeu: Euphotic layer depth; MLD: Mixed layer depth  
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Table 6. Contributions of armored plankton to the total plankton (a) collected at in situ sampling station and (b) from the bottles for the Fe enrichment incubation experiments 
enumerated under scanning electron microscopy. 
(a)    D9 A2 PS5 C3 C5 B3 B5 B6 OP3 A5 A6 

Unidentified  7.26% 46.4% 6.87% 20.2% 0.65% 5.35% 3.61% 12.3% 21.3% 9.74% 39.9% 

   Coccolithophores           3.67%   0.06%         
   Parmales  0.38% 0.17%  0.31% 44.4% 0.11% 0.39% 2.24% 1.36% 0.29%  

   Silicoflagellates  0.08% 0.09%  0.50% 0.55%    17.7% 0.19%  

   Dinoflagellates    0.42% 0.19%  0.46%  0.21% 0.45% 2.98% 2.25% 
   Flagellates    0.10% 0.57%  1.77% 0.58% 3.31% 1.36% 0.77% 1.12% 
   Diatoms   99.5% 99.7% 99.5% 98.4% 51.4% 97.7% 99.0% 94.2% 79.1% 95.8% 96.6% 

       Diatoms Size (μm)                       

      Centric diatoms             

        Asteromphalus spp. 25−180v*   + +      +  

        Chaetoceros spp.  ++++ ++++ ++++ +++ ++++ + ++++ ++++ +++ ++++ + 

         -  Ch. concavicornis 29.3±8.3a *    * * * *  * **** 

         -  Ch. convolutus 31.1±4.8a *  *       *  

         -   Ch. debilis 11.0±1.7a  * *** ** ***  *   ** *** 

         -   Ch. diadema 23.7±3.2a * * ** ** *** * * * * ***  

         -   Ch. furcellatus 10.3±1.8a  * *** * **  *   *  

         -   Resting spores - * * ** ***   * * **** *  

         -   Other Chaetoceros - **** **** * ** * **** **** ***** ** ***  

        Corethron pennatum 135.7±44.9a +   + + + + +  + + 

        Minidiscus spp. > 5v* +   + + +   + +  

        Thalassiosira spp. 4.7±1.3v* + + + ++ + + + + + ++ +++ 

      Pennate diatoms             

        Cylindrotheca closterium ~17a**   + +  + + +  + + 

        Fragilariopsis spp. 12.5±7.8a ++ + + +++ ++ ++++ + + ++++ ++ ++ 

        Neodenticula seminae 21.4±3.7a + + +  + + + + + + ++ 

        Nitzschia spp. 34.6±9.4a + + +  + + + + + + ++ 

        Pseudo-nitzschia spp. 9.8±2.5a + + + +++ + + +   +  

        Thalassionema spp. 10−200a*     + + +   +   + + + 
        Other diatoms - + ++   + + + + + + + ++ 
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Unidentified materials shown in the first row were excluded from the analysis. Contributions of diatoms were indicated with number of plus (+) symbols: +: >0−10%, ++: 
>10−25%, +++: >25%−50%, ++++: >50%. Contributions of each Chaetoceros species were indicated with the number of asterisks (*) with the same criteria as those of diatoms 
described above. The contributions of diatoms were independently calculated within diatoms (i.e., excluding other planktonic species; coccolithophores, parmales, 
silicoflagellates, dinoflagellates, and flagellates). For more details, see Appendices G and H. Size of major diatoms were shown in the second column. The superscripts a and v 
indicate the apical length and valve diameter to measure the size of a given species, respectively. The * indicates that information of the size was obtained from Tomas (1997) 
because the cells, often weakly-silicified, were not well preserved or broken, whereas the ** indicates the approximate apical length of the diatom Cylindrotheca closterium that 
it was difficult to precisely measure due to their weak silicification and twisted or bent body on the filter for SEM.    

(b)   C5-Ini C5-Con C5-Fe C5-DFB A5-Ini A5-Con A5-Fe A5-DFB 

Unidentified  0.65% 1.82% 3.76% 11.4% 9.74% 4.47% 17.7% 20.2% 

   Coccolithophores   3.67% 0.74% 0.42%           
   Parmales  44.4% 6.19% 6.75% 0.24% 0.29% 2.22% 0.04% 0.42% 
   Silicoflagellates  0.55% 0.33% 0.31% 0.60% 0.19% 0.05% 0.09% 0.31% 
   Dinoflagellates   0.14%  2.74% 2.98% 0.24% 0.85% 3.98% 
   Flagellates   0.59% 0.75% 10.4% 0.77% 0.14%  1.36% 
   Diatoms   51.4% 92.8% 92.2% 86.0% 95.8% 97.4% 99.0% 93.9% 
       Diatoms Size (μm)                 

      Centric diatoms          

        Asteromphalus spp. 25−180v*  +  + + +  + 
        Chaetoceros spp.  ++++ ++++ ++++ + ++++ ++++ ++++ ++ 
         -  Ch. concavicornis 29.3±8.3a * * * * * * * ** 

         -  Ch. convolutes 31.1±4.8a     * * * ** 

         -   Ch. debilis 11.0±1.7a *** ** **  ** ** * * 

         -   Ch. diadema 23.7±3.2a *** *** **  *** ** ** * 

         -   Ch. furcellatus 10.3±1.8a ** ** **  * ** * * 
         -   Resting spores -  * * *** *  * * 
         -   Other Chaetoceros - * ** *** *** *** *** **** **** 
        Corethron pennatum 135.7±44.9a + + + + + + + + 

        Minidiscus spp. > 5v* + + + + + + +  

        Thalassiosira spp. 4.7±1.3v* + + + ++ + + + + 

      Pennate diatoms          

        Cylindrotheca closterium ~17a***  + + + + + ++ ++ 

        Fragilariopsis spp. 12.5±7.8a ++ + + ++ ++ + + + 

        Neodenticula seminae 21.4±3.7a + + + ++ + + + ++ 

        Nitzschia spp. 34.6±9.4a + + + + + + + + 

        Pseudo-nitzschia spp. 9.8±2.5a + + ++ + + ++ ++ ++ 
        Thalassionema spp. 10−200a* + + + ++ + + + ++ 
        Other diatoms - + + + ++ + + + + 
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Table 7. Spearman-rank correlation coefficients (ρ) between photosynthetic parameters. 

 Fv/Fm αB βB PB
max   Ek ā*ph ΦCmax PP 

Chl a −0.37  −0.30   −0.23   0.07 −0.80***   0.71   0.50   0.82*** 

Fv/Fm   0.73**   0.78**  −0.20  0.36   0.12   0.39  −0.14 

αB     0.80***   0.36  0.37   0.00   0.18   0.04 

βB      0.41  0.42   0.09   0.17  −0.03 

PB
max      0.23  −0.15  −0.37   0.09 

Ek       −0.55  −0.67*  −0.73* 

ā*ph 
     

   0.62*   0.59* 

ΦCmax                 0.66* 

 
Bold numbers indicate significant relationship between given parameters. Significance levels are 
denoted by numbers of asterisks: * = 0.05, ** = 0.01, *** = 0.001, n = 12. 
Chl a: Chl a concentration [mg m–3]; Fv/Fm: Maximum quantum yield of PSII measured with 
PAM fluorometry: αB: Initial slope of a P-E curve [mg C mg Chl a–1 h–1 (μmol photons m–2 s–1)–

1]; βB: Photoinhibition index [mg C mg Chl a–1 h–1 (μmol photons m–2 s–1)–1]; PB
max: Maximum 

photosynthetic rate [mgC mgChl a–1 h–1]; Ek: Light saturation index [μmol photons m–2 s–1]; ā*ph: 
Chl a-normalized light absorption coefficient of phytoplankton [m2 mg Chl a–1]; ΦCmax: Maximum 
quantum yield for carbon fixation [mol C mol photons–1]; PP: Primary productivity [mg C m–3 
day–1] 
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Table 8. Spearman-rank correlation coefficients (ρ) between photosynthetic and environmental 
parameters data. 

 Chl a Fv/Fm αB βB PB
max Ek ā*ph ΦCmax PP 

SST  –0.01  –0.25   0.11   0.23   0.75**   0.40  –0.27  –0.66*  –0.07 

SSS  –0.44  –0.40  –0.07  –0.16   0.45   0.31  –0.63*  –0.65*  –0.32 

NO3  –0.61*  –0.41  –0.18  –0.36   0.18   0.50  –0.66*  –0.87***  –0.63* 

NO2  –0.42  –0.59*  –0.22  –0.52   0.21   0.23  –0.64*  –0.72**  –0.41 

NH4  –0.60*  –0.04  –0.19  –0.12  –0.10   0.64*  –0.58*  –0.76**  –0.87*** 

PO4  –0.61*  –0.41  –0.18  –0.36   0.18   0.50  –0.66*  –0.87***  –0.63* 

SiO2  –0.36  –0.55  –0.41  –0.68*  –0.18   0.24  –0.50  –0.58*  –0.34 

MLD  –0.14  –0.31  –0.66*  –0.55  –0.54  –0.01  –0.16  –0.17  –0.24 

Zeu  –0.54  –0.03  –0.02   0.09   0.19   0.73**  –0.71**  –0.77**  –0.66* 

DFe   0.43  –0.10  –0.47  –0.26  –0.38  –0.31   0.37   0.35   0.27 

Bold values indicate significant relationships with asterisks denoting different significance levels: 
*= 0.05, ** = 0.01, *** = 0.001, n = 12. SST: Sea surface temperature; SSS: Sea surface salinity; 
NO3, NO2, NH4, PO4, and SiO2: Concentration of nitrate, nitrite, ammonium, phosphate, and 
silicate; MLD: Mixed layer depth; Zeu: Euphotic layer depth; DFe: Dissolved iron concentration. 
Photophysiological parameters and their units were the same as shown in the caption of Table 4



 

 

 

Table 9. Terminology and Definition of Chlorophyll a fluorescence yields obtained from FRRf and FIRe fluorometers   

Yield and parameter Unit  Derivation or reference 

Fluorescence yield     

F Fluorescence yield Unitless  

Fo Minimum fluorescence yield of dark regulated cells Unitless  

Fm Maximum fluorescence yield of dark regulated cells Unitless  

Fv Maximum variable fluorescence yield Unitless Fm−Fo 

F' Fluorescence yield under actinic light Unitless  

Fo' Minimum fluorescence yield of actinic light-acclimated cells  Unitless 

Oxborough and Baker 

(1997) 

Fm' Maximum fluorescence yield of actinic light-acclimated cells  Unitless  

Fv' Variable fluorescence yield under actinic light Unitless Fm'−Fo' 

Fq' Difference in fluorescence yields between F' and Fm' Unitless Fm'−F' 

Fluorescence parameters in the dark   

σPSII Functional absorption cross section of PSII in the dark nm2 PSII−1 Kolber et al. (1998) 

Fv/Fm Maximum quantum yield of PSII photochemistry Unitless (Fm−Fo)/Fm 

Τ Reoxidation rate of PSII μs Kolber et al. (1998) 

Fluorescence parameters under actinic light   

Fq'/Fm' Effective photochemical efficiency of PSII under actinic light Unitless (Fm'-F')/Fm' 

NPQNSV Non-photochemical quenching based on the normalized S-Volmer 

coefficient Unitless McKew et al. (2013) 

ETRRCII-E curve parameters   

ETRRCII Absolute electron transport rate through RCII mol  e−1 mol RCII−1 s−1 Schuback et al. (2016) 

E Actinic light irradiance mol quanta m−2 s−1  

α Light utilization index under dim light (mol quanta mol RCII−1 s−1) (mol quanta m−2 s−1)−1 Platt et al. (1980) 

β Light inhibition index under strong light (mol quanta mol RCII−1 s−1) (mol quanta m−2 s−1)−2 Platt et al. (1980) 

ETRRCIImax Maximum electron transport rate though RCII  mol quanta mol RCII−1 s−1 Platt et al. (1980) 

Ek Light saturation index μmol quanta m−2 s−1 Platt et al. (1980) 
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      Table 10. Growth rate of ice algae during frozen periods  

  Growth rate 

HFe+HL 0.020 ± 0.001 

HFe+LL 0.020 ± 0.002 

LFe+HL 0.022 ± 0.006 

LFe+LL 0.019 ± 0.009 
                                              No significant difference in growth rates was observed between 
                                              treatments (p>0.05, one-way ANOVA).  
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Appendix A. A conceptual schematic of chl a fluororescence induction.  
The y axis shows arbitrary fluorescence intensity, whereas x axis shows a sequence of flash and actinic light exposure from a 
variable chl a fluorometer. Blue dashed lines indicate fluorescence values from dark-acclimated cells, while red dashed lines 
show those from cells under actinic light. The initial slope (light green) corresponds to σPSII. Please refer Table 9 for the 
details and units of fluorescence parameters shown here.     
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Appendix B. Potential temperature (θ) between the isopycnal surfaces σθ = 26.7 and 26.8 at all sampling stations. 

Station θ between σθ = 26.7-26.8 

Bio-1 0.6 

Bio-2 0.6 

Bio-4 3.5 

Bio-6 2.3 

Bio-7 1.1 

Bio-9 1.3 

Bio-10 1.0 

Bio-11 0.9 

Bio-12 1.3 

Bio-13 4.0 

Bio-14 0.5 

AK15-1 ND 

AK15-2 ND 
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Appendix C. Pigment composition determined with the UHPLC analysis method (Suzuki et al., 2015) at all stations. 

Station Chl c3 Chl c2 Chlide a Peri 19'-BF Fuco Neo Prasino Viola 19'-HF DD Allo DT Zea Lut Chl b Chl a α, β-caro 

Bio-1 0.0324 0.0467 0.0240 0.0248 0.0286 0.138 0.0060 0.0114 0.0104 0.0210 0.0536 0.0015 0.0037 0.0041 0.0016 0.0393 0.286 0.0144 

Bio-2 0.0321 0.0522 0.0213 0.0327 0.0337 0.113 0.0061 0.0094 0.0104 0.0314 0.0473 UD 0.0034 0.0042 0.0010 0.0365 0.248 0.0169 

Bio-4 0.0336 0.0907 0.0411 0.0725 0.0208 0.281 0.0103 0.0155 0.0131 0.0163 0.0755 UD 0.0059 0.0090 0.0026 0.0600 0.371 0.0310 

Bio-6 0.0231 0.0900 0.0428 0.113 0.0156 0.232 0.0086 0.0112 0.0124 0.0093 0.0820 UD 0.0104 0.0091 0.0016 0.0470 0.639 0.0321 

Bio-7 0.0199 0.0555 0.0185 0.0522 0.0132 0.160 0.0056 0.0098 0.0089 0.0086 0.0593 UD 0.0094 0.0047 0.0016 0.0459 0.280 0.0240 

Bio-9 0.0323 0.0951 0.0500 0.0687 0.0238 0.277 0.0099 0.0175 0.0186 0.0167 0.0822 0.0018 0.0071 0.0076 0.0032 0.0667 0.438 0.0285 

Bio-10 0.0257 0.0354 0.0251 0.0202 0.0254 0.0839 0.0038 0.0087 0.0038 0.0300 0.0379 UD 0.0116 0.0072 0.0023 0.0306 0.256 0.0112 

Bio-11 0.0360 0.0828 0.0380 0.0371 0.0344 0.219 0.0077 0.0128 0.0157 0.0386 0.0624 0.0006 0.0052 0.0061 0.0031 0.0559 0.386 0.0273 

Bio-12 0.0408 0.0985 0.0499 0.0706 0.0388 0.265 0.0095 0.0182 0.0216 0.0288 0.0902 0.0016 0.0089 0.0087 0.0032 0.0753 0.404 0.0314 

Bio-13 0.0743 0.1506 0.0686 0.0964 0.0841 0.282 0.0104 0.0169 0.0238 0.0784 0.127 UD 0.0098 0.0077 0.0058 0.0761 0.647 0.0421 

Bio-14 0.0537 0.2949 0.1635 0.0556 0.0389 1.13 0.0148 0.0202 0.0210 0.0249 0.162 0.0018 0.0153 0.0097 0.0043 0.100 1.28 0.0679 

AK15-1 0.0233 0.0064 UD 0.0469 UD 2.11 0.0060 UD UD 0.0106 0.219 0.110 0.0108 0.0083 UD 0.0631 4.76 0.0794 

AK15-2 0.0195 0.0068 UD 0.0880 UD 3.08 0.0101 UD UD UD 0.218 0.0661 0.0222 UD UD 0.0634 6.22 0.0920 

Bio-6_Ini 0.0231 0.0900 0.0428 0.113 0.0156 0.232 0.0086 0.0112 0.0124 0.0093 0.0820 UD 0.0104 0.0091 0.0016 0.0470 0.639 0.0321 

Bio-6_Con 0.0113 0.0113 UD 0.143 0.0139 0.245 UD 0.0124 UD 0.0132 0.0627 0.0506 UD UD UD 0.0361 0.801 0.0194 

Bio-6_+7ºC UD UD UD 0.164 0.0130 0.201 0.0042 0.0111 UD 0.0123 0.0534 0.0481 UD UD UD 0.0308 0.740 0.0180 

Bio-7_Ini 0.0199 0.0555 0.0185 0.0522 0.0132 0.160 0.0056 0.0098 0.0089 0.0086 0.0593 UD 0.0094 0.0047 0.0016 0.0459 0.280 0.0240 

Bio-7_Con 0.0103 0.0146 UD 0.0170 0.0053 0.0867 0.0024 0.0047 UD 0.0047 0.0138 0.0101 UD UD UD 0.0136 0.222 0.0054 

Bio-7_+7ºC UD UD UD 0.0219 0.0056 0.0870 0.0029 0.0050 UD 0.0049 0.0133 0.0094 UD UD UD 0.0152 0.229 0.0053 

Bio-10_Ini 0.0257 0.0354 0.0251 0.0202 0.0254 0.0839 0.0038 0.0087 0.0038 0.0300 0.0379 UD 0.0116 0.0072 0.0023 0.0306 0.256 0.0112 

Bio-10_Con UD UD UD 0.0267 0.0274 0.0933 0.0033 0.0048 0.0055 0.0300 0.0289 0.0124 UD UD UD 0.0272 0.353 0.0073 

Bio-10_+7ºC 0.0210 0.0227 UD 0.0189 0.0214 0.0761 UD 0.0075 UD 0.0225 0.0157 0.0076 UD UD UD 0.0369 0.324 0.0101 

Bio-13_Ini 0.0743 0.151 0.0686 0.0964 0.0841 0.2818 0.0104 0.0169 0.0238 0.0784 0.127 UD 0.0098 0.0077 0.0058 0.0761 0.647 0.0421 

Bio-13_Con 0.0930 0.0827 UD 0.111 0.0695 0.2465 0.0068 0.0164 0.0148 0.0632 0.0658 0.0598 UD UD UD 0.0544 0.857 0.0241 

Bio-13_+7ºC UD 0.0440 UD 0.112 0.0638 0.2145 0.0062 0.0147 0.0127 0.0569 0.0538 0.0541 UD UD UD 0.0524 0.774 0.0197 

Chl: Chlorophyll, Chlide: Chlorophilide, Peri: peridinin, 19'-BF: 19'-butanoyloxyfucoxanthin, Fuco: fucoxanthin, Neo: neoxanthin, Prasino: prasinoxanthin, Viola: 
violaxanthin, 19'-HF: 19'- hexanoyloxyfucxanthin, DD: diadinoxanthin, Allo: alloxanthin, DT: diatoxanthin, Zea: zeaxanthin, Lut: lutein, Caro: carotene 
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Appendix D. FRRf parameters obtained at all sampling stations ± standard deviations, n = 2. 

Station Fv/Fm FRRf           σPSII     [RCII] 

 –       × nm2 PSII–1  × 10–9 mol m–3 

Bio-1 0.582   2.69 0.49 

Bio-2 0.322 ± 0.064    3.78 ± 0.64 1.54 ± 0.84 

Bio-4 0.421 ± 0.024   2.79 ± 0.16 1.04 ± 0.20 

Bio-6 0.467 ± 0.068   2.56 ± 0.19 1.50 ± 0.31 

Bio-7 0.515 ± 0.064   2.85 ± 0.15 0.76 ± 0.33 

Bio-9 0.394 ± 0.026   2.91 ± 0.16 1.23 ± 0.25 

Bio-10 0.377 ± 0.050   3.06 ± 0.30 0.62 ± 0.11 

Bio-11 0.504 ± 0.033   2.78 ± 0.14 1.24 ± 0.12 

Bio-12 0.475 ± 0.049   3.01 ± 0.08 1.15 ± 0.27 

Bio-13 0.432 ± 0.020   3.13 ± 0.19 1.94 ± 0.16 

Bio-14 0.477 ± 0.005   2.43 ± 0.15 5.57 ± 0.22 

AK15-1         ND         ND       ND 

AK15-2         ND         ND       ND 

Fv/FmFRRf: Maximum quantum yield of PSII obtained by FRR fluorometer. σPSII: Functional absorption cross-section for PSII; 
[RCII]: Concentration of functional PSII reaction center 
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Appendix E. Low temperature (77K) emission spectra.  
Panels A and B show part of the emission in the range 660-700nm of selected samples from 
different stations. (A) shows spectra excited by 390 nm, (B) shows spectra excited at 530 nm. The 
arrows and lines indicate the positions of individual emission bands (675, 680, 685, 695 nm). (C) 
shows a relationship between the relative content of peridinin (% of all pigments) and the increase of 
the 675 nm emission when excited at 530 nm (calculated as the difference between emission at 675 
nm when excited at 530 and 390 nm). (D) shows the relationship between PSII effective cross-
section (σPSII) and the emission band intensity at 678nm when excited at 390 nm. 
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Appendix F. A relationship between Fv/FmPAM and Fv/FmFRRf. 

The parameters were significantly correlated each other (ρ=0.483, n=20, p<0.05, Spearman’s Rank 

correlation)  

Fv/FmPAM: Maximum quantum yield of PSII obtained by PAM fluorometry. 

Fv/FmFRRf: Maximum quantum yield of PSII obtained by FRR fluorometer.
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Appendix G. Contributions of each armoured plankton species enumerated with SEM at in situ sampling stations. 
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Appendix H. Averaged contributions of each armoured plankton species enumerated with SEMfrom each bottle of the Fe 

enrichment incubation experiments. 
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Appendix I. Total iron concentrations (TFe) in the bottles for the Fe enrichment incubation experiments. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The results of +DFB bottles were excluded from the table because it was not possible to determine 

effective (i.e., bioavailable) Fe concentration in the bottle and/or released from DFB. 

DFB: desferrioxiamine B. 
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Appendix J. Functional absorption cross section of PSII (σPSII) of phytoplankton determined with FIRe 

fluorometry from the surface (open bars) and from 5% light depth (closed bars) at stations C5 (two left 4 

bars) and A5 (two right bars).  

 

 



 

 

 

 

Appendix K. Primer sets and PCR conditions of qPCR and qRT PCR for the photosynthesis-related psbA and rbcL genes 

psbA   
Forward primer 5'-AGAACCACCAAATACACCAGCAA-3' 

Reverse primer 5'-TCCAAGCTGAGCACAACATCTT-3' 

Amplicon size 71 

PCR condition  94 °C for 60 s; 40 cycles under 98 °C for 10 s, 62 °C for 60 s, and 72 °C for 60s 

Reference Krell et al. (2007) 

rbcL  
Forward primer 5′-GATGATGARAAYATTAACTCW-3′ 

Reverse primer 5′-TAWGAACCTTTWACTTCWCC-3′ 

Amplicon size 113 

PCR condition  94 °C for 60 s; 40 cycles under 98 °C for 10 s, 55 °C for 60 s, and 72 °C for 60s 

Reference John et al. (2007); Endo et al. (2015) 

1
6

0
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Appendix L. Temporal variations in Fe concentrations in under-ice seawater during the LFe 

incubation experiments. 

Treatment Day 
Fe (nM) Fe' (pM) 

Ave   SD Ave   SD 

LFe+HL 

Ini 23 ± 25 4.6 ± 5.0 

D00 32 ± 0 6.5 ± 0.0 

D05 22 ± 15 4.4 ± 3.1 

D10 38 ± 32 7.6 ± 6.5 

D15 22 ± 15 4.4 ± 0.0 

D20 27 ± 8 5.4 ± 1.5 

Melt 27 ± 8 5.4 ± 1.5 

LFe+LL 

Ini 20 ± 0 4.1 ± 0.0 

D00 22 ± 0 4.3 ± 0.0 

D05 43 ± 22 8.7 ± 4.4 

D10 22 ± 0 4.4 ± 0.0 

D15 33 ± 39 6.6 ± 7.9 

D20 22 ± 15 4.4 ± 3.1 

Melt 25 ± 0 5.1 ± 0.0 

LFe: low Fe; HL: high light; LL: low light; Fe’: concentrations of inorganic Fe species calculated 

using the software the software Visual MINTEQ, ver. 3.1 (https://vminteq.lwr.kth.se) based on 

measure Fe concentration and the EDTA concentration (see section 5.2.1). 

During the incubations, high Fe concentrations were opportunistically observed. Pankowski and 

McMinn (2008a) reported that photosynthetic performance (i.e. Fv/Fm and relative ETRmax (rETRmax) 

with PAM fluorometry) of F. cylindrus isolated from Antarctic pack ice, as this study, was suppressed 

if Fe’ concentration were 5.5 pM. They also observed significant jumps of Fv/Fm and rETRmax if Fe’ 

concentration exceeded to 10 pM. Although average Fe’ concentrations exceeded to 5.5 pM twice in 

both treatments, no significant variation was observed during both incubations (One-way ANOVA) 

due to their large errors. It was evident that the ferrozine method has a limitation due to the low 

absorbance, the method, however, seemed to be the most powerful way to determine Fe concentration 

complexed with a high concentration of EDTA because EDTA can interfere the well-established pre-

concentration steps. Moreover, the ferrozine method seemed to be relatively sensitive compared with 

ICP-MS. 

 

 

  

https://vminteq.lwr.kth.se/
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