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Chapter 1  

General introduction 

1.1. General description of Arctic Ocean environments 

The Arctic Ocean is the northernmost, the smallest (14,060,000km2), the shallowest with average depth 

(1,038 m) ocean among the five major oceans (Pidwirny, 2006). The temperature and salinity of the Arctic Ocean 

exhibit significant seasonal variations due to the freezing and melting of sea ice. Some oceanographers even refer 

to it as the “Arctic Mediterranean Sea” because it is surrounded by the Eurasian and the North American continents 

(Aagaard et al., 1985; Coachman and Aagaard, 1974). 

The Arctic Ocean has several passages connect to the Atlantic Ocean and the Pacific Ocean. The 

exchange of seawater through these passages significantly influences the temperature, salinity, and nutrient 

content of the Arctic Ocean. Among several passages, the Bering Strait, located between the United States' Alaska 

and Russia's Siberia, with a width of approximately 85 km and a depth of less than 50 m, serves as the gateway 

connecting the Pacific Ocean and the Atlantic Ocean. Although it is narrow, the Bering Strait is the only passage 

in the Northern Hemisphere that connects Arctic Ocean to the Pacific Ocean. The inflow of Pacific seawater 

(0.8Sv; Woodgate et al., 2005a; Spall.et al., 2018) into the Arctic Ocean serves as a primary source of heat, 

freshwater, and nutrient input, exerting a strong influence on the Arctic marine ecosystem (Spall et al., 2018; 

Woodgate et al., 2010). This inflow varies significantly seasonally, volume from 0.4Sv to 1.2Sv, temperature from 

-1.9°C to 2°C, salinity from 31.9 psu to 33 psu (Woodgate et al., 2005). According to Woodgate and Aagaard 

(2005) the 40% of freshwater inflow into Arctic Ocean is transported through Bering Strait. Through this inflow, 

not only freshwater but also substantial amounts of nutrient and organic matter are supplied to Arctic Ocean 

(Cooper et al., 1997; Grebmeier et al., 2006; Woodgate et al., 2005; Woodgate and Aagaard, 2005). The inflow 

from the Atlantic Ocean to Arctic Ocean enters through the Fram Strait and Barents Sea. It is characterized by 

high salinity (>34 psu), warm (>0°C) and characterized by high salinity (>32 psu) and warmth (>0°C), with a 

inflow water volume approximately ten times higher than the water volume (7Sv; Fahrbach et al., 2001) from the 

Pacific ocean. The warm and high-salinity waters from the Atlantic Ocean contribute to the formation of the Arctic 

intermediate water while the cold and low-salinity waters from the Pacific Ocean dominate the surface water. The 

stratification created by these two distinct water masses is a significant characteristic of the Arctic Ocean (Steele 

et al., 2004). The distinct environmental conditions in the Pacific-side Arctic Ocean have led to the existence of 

unique ecosystems and biodiversity (Ardyna et al., 2020). The Pacific Arctic, including the Chukchi and northern 

Bering Seas, stands as one of the globe's most bountiful marine ecosystems (Grebmeier et al., 2006). It boasts 

significant benthic biomass, a consequence of the continuous influx of nutrients via the Bering Strait, supporting 

robust primary production (Woodgate, 2018). According to Huntington et al. (2020), the decline of sea ice in the 

Pacific-Arctic Ocean and its biological consequences (e.g., salmon distribution shifting, marine mammal moving 
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to shore from sea ice, seabird species community changes) are highlighted. The study suggests that these changes 

could impact human activities, including fisheries and industries. Understanding these characteristics is crucial 

for comprehending the overall balance and interactions within the entire Arctic ecosystem (Ardyna et al., 2020). 

The Pacific-Arctic Ocean has been recognized as one of the most significant regions affected by global climate 

change, making it a prominent area of focus in the context of global warming (Walsh et al., 2011). Consequently, 

research focused on the Pacific-side Arctic Ocean plays a pivotal role in enhancing our understanding of the Arctic 

as a whole and in formulating effective conservation and climate change mitigation strategies for the marine 

ecosystem. The Pacific side of the Arctic Ocean, including the Chukchi Sea and northern Bering Sea, is a world 

productive region influenced by the flux of Pacific water (Harada, 2016; Lee et al., 2007; Sambrotto et al., 1984; 

Springer and McRoy, 1993). In the Chukchi and Bering Seas, large phytoplankton are generally dominant 

although the areal distribution of their contribution mostly depends on local water masses in different nutrient 

conditions (Lee et al., 2007; 2013). The three water masses inflow through Bering strait : Alaskan Coastal Water 

(ACW), Anadyr Water (AW) and Bering Shelf Water (BSW). ACW exhibits high temperatures and low salinity 

due to freshwater input. ACW follows the western coast of Alaska and flows into the Beaufort Sea (Coachman 

and Aagaard, 1975). AW, on the other hand, flows along the eastern coast of Siberia, characterized by low 

temperatures and high salinity. AW provides significant nutrient supply to the Bering Sea and Bering Strait 

(Dunbar, 1976). BSW flows between AW and ACW, and its water density closely resembles that of AW. As the 

water masses pass through the Bering Strait, the water mases mix thoroughly (Grebmeier et al., 1988). This mixed 

water, known as Bering Shelf–Anadyr Water (BSAW) delivers nutrient-rich water to the Southern Chukchi Sea. 

Whereas ice melt water and the fresh water inflowed from the Beaufort gyre have effect on the northern Chukchi 

Sea (Danielson et al., 2017; Spall et al., 2018; Yun et al., 2016). Due to these differences, the Chukchi Sea is 

studied as two distinct regions: the Northern and Southern Chukchi Sea in this study. 

 

1.2. Current small phytoplankton issue and environmental changes in Chukchi and Bering Seas 

Phytoplankton, the bottom of food web, play a crucial role in the ecosystem by photosynthesis to convert 

carbon dioxide into organic matter by utilizing sunlight. Phytoplankton assume a fundamental role in the global 

carbon cycle and uphold the energy transfer within the oceanic food web (Basu and Mackey, 2018). Phytoplankton 

serves as the starting point for pelagic-benthic coupling by regulating particulate organic matter flux (Wassmann 

et al., 1996). These phytoplankton communities occupy different ecological roles based on their respective sizes, 

micro-phytoplankton (<20 μm), nano-phytoplankton (20-2 μm), pico-phytoplankton (>2 μm), and their 

composition is attributed to environmental factors such as water temperature and nutrient availability (Arin et al., 

2002). Phytoplankton size classes (PSC) are intricately linked to phytoplankton's photosynthetic efficiency, the 

sinking rate of phytoplankton aggregates, and the structure of the marine food chain (Berelson, 2001; Siegel et 

al., 2014; Turner, 2015). Li et al. (2008) reported increasing of small phytoplankton contribution to total 

phytoplankton could lead loss of biological productivity in higher trophic levels. Because a system dominated by 

small phytoplankton typically do not facilitate significant exports of biogenic carbon, either for removal (e.g., 

harvesting) or for storage (e.g., burial) (Li et al., 2008). Recently, several environmental changes which could 
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alter phytoplankton community have been reported in the Chukchi Sea, such as the early retreat of sea ice 

(Crawford et al., 2021; Frey et al., 2015; Grebmeier et al., 2015; Overland and Stabeno, 2004; Screen et al., 2018; 

Stroeve and Notz, 2018), changes in biomass and productivity (Ardyna et al., 2020; Arrigo and van Dijken, 2015; 

Lee et al., 2012; Yun et al., 2016), increased heat flux (Danielson et al., 2020), increasing freshwater content 

(FWC; Coupel et al., 2015; Yun et al., 2016), overall decrease in the size of phytoplankton (Fujiwara et al., 2016), 

and changes in bloom periods (Kahru et al., 2011). These ongoing environmental changes could have 

consequences on biogeochemical processes and alter the marine ecosystem structure in the northern Bering and 

Chukchi Seas (Grebmeier, 2012; Lee et al., 2019).  

Small phytoplankton (<2μm, pico-phytoplankton) is the smallest photosynthesizing organisms. Various 

studies have been carried out on small phytoplankton in Arctic Ocean (Cottrell and Kirchman, 2009; Gradinger 

and Lenz, 1995; He et al., 2012; Lee et al., 2013; Li, 1998; Li et al., 2009; Lovejoy et al., 2006; Mosharov et al., 

2023; Sadanandan Bhavya et al., 2018; Sherr et al., 2003; Terrado et al., 2013, 2008; Yun et al., 2014). The 

ecological balance of organic carbon production in the upper ocean is directly influenced by the prevalence of 

picophytoplankton, highlighting the significant role played by their structure and functioning in planktonic 

communities (Falkowski et al., 1998; Legendre and Le Fèvre, 1991). The relationship between temperature and 

the relative contribution of small phytoplankton to total primary production was positive. However, this 

relationship was not observed when considering total chlorophyll, indicating that total chlorophyll-a may not 

serve as an accurate proxy for biomass in the small plankton size class (Agawin et al., 2000). Hence, the 

monitoring of small phytoplankton is considered crucial in the current ongoing of climate changes. The increasing 

of small phytoplankton due to recent environmental changes has been consistently observed and reported in the 

Bering and Chukchi Seas (Joo et al., 2013; Lee et al., 2013; Yun et al., 2018). Generally, large phytoplankton is 

dominated in the Chukchi and Bering Seas, although the areal distribution of their contribution mostly depends 

on local water masses in different nutrient conditions (Lee et al., 2007; 2013). The contribution of small 

phytoplankton to the total biomass is increasing and has become more important under warming conditions 

(Coupel et al., 2015; Lee et al., 2013; Li et al., 2009; Morán et al., 2010; Neeley et al., 2018). According to Fu et 

al., (2020), by 2300, the Arctic Ocean might have mostly small phytoplankton instead of diatom due to 53% 

decline in primary production. This change, combined with the peak export moving from July to May, could 

intensify threats to Arctic food webs post-2100. Our research underscores the critical role of these phytoplankton 

shifts and emphasizes the need for long-term climate predictions. 

 However, we still have an incomplete understanding of the specific environmental factors that drive 

changes in these small phytoplankton. To evaluate the potential impacts of increased small phytoplankton on the 

ecosystem, it is important to first determine the relationship between environmental factors and small 

phytoplankton abundance. By identifying the specific environmental drivers and quantifying their influence, we 

can better understand the ecological changes that may occur due to the proliferation of small phytoplankton. Small 

plankton cells (<2μm) thrive while larger cells decrease, with no change in chlorophyll-a concentration, due to 

strong stratification caused by increasing freshwater resulting from warming (Li et al., 2009). Additionally, the 

phytoplankton community has steadily changed and become smaller (Coupel et al., 2012; Fujiwara et al., 2018). 
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Small phytoplankton are ubiquitous and significantly contribute to the biomass and productivity of the Arctic 

Ocean. In a warmer ocean, the contribution of small phytoplankton is expected to increase and become more 

important (Lee et al., 2013; Li et al., 2009; Morán et al., 2010). Primary productivity in the Pacific Arctic regions 

is mainly influenced by freshwater contents (FWC) which have effect on primary productivity as limiting nutrient. 

(Coupel et al., 2015; Yun et al., 2016). From 1991 to 2015, the flux of Pacific-origin freshwater, with an increasing 

northward volume transport into the Arctic Ocean, has been observed to increase (Woodgate, 2018). While early 

studies have revealed how FWC affects primary productivity, they have not clarified the extent of its impact or 

how it compares to influences from other environmental factors. Thus, this study aims to examine how the ongoing 

increase in FWC may affect primary productivity and the size composition of phytoplankton. Furthermore, small 

phytoplankton contribution to the total phytoplankton and production of the phytoplankton community could be 

a useful indicator to investigate ecosystem changes (Li et al., 2009; Morán et al., 2010). It is important to know 

how much small phytoplankton contribute to overall primary production in marine ecosystems because of their 

potential impact on primary production under ongoing environmental changes. Although numerous studies have 

been conducted, there has been a lack of quantitative assessment regarding the relationship between small 

phytoplankton and environmental factors. While previous studies have elucidated the mechanisms behind these 

factors, they have not investigated the extent to which FWC or other environmental factors induce changes in 

phytoplankton. Thus, a quantitative approach is necessary. 

 

1.3. Satellite-based approach for small phytoplankton 

Nonetheless, the process of identifying and counting taxa through microscopy and determination of 

phytoplankton sizes are laborious and heavily reliant on expertise. It is impractical to execute with the necessary 

temporal and spatial resolution required for assessing the state of the oceans. Satellite remote sensing data offers 

a comprehensive perspective of the optical characteristics in the upper water column, covering basin to global 

scale oceans, with exceptional temporal and spatial resolution (Lucas et al., 2023; Son et al., 2014, 2005). 

Therefore, various methods using satellite imagery are continuously being developed to distinguish phytoplankton 

size classes (PSCs). The PSC approach divides the phytoplankton into three categories: pico-phytoplankton (<2 

μm), nano-phytoplankton (2–20 μm), and micro-phytoplankton (>20 μm). The PSC research methods using 

satellite include abundance-based methods (Brewin et al., 2010; Hirata et al., 2008, 2011; Uitz et al., 2006), 

Radiance-based methods (Li et al., 2013), Absorption-based methods (Bricaud et al., 2012; Ciotti and Bricaud, 

2006; Devred et al., 2011; Fujiwara et al., 2011; Mouw and Yoder, 2010; Roy et al., 2013). There are well-

established connections between size and environmental factors such as nutrient availability and light, which 

govern photosynthesis, phytoplankton dynamics, and succession (Aiken et al., 2008; Bouman et al., 2005; 

Chisholm, 1992; Platt et al., 2005). Among these methods, Hirata et al. (2008) established a model for detecting 

the dominant PSC at a satellite pixel. This technique offers valuable information that can be used to survey small 

phytoplankton contribution to total phytoplankton biomass. However, this model was developed for the global 

ocean, and its accuracy for specific regions like the Arctic has not been clearly established, necessitating validation. 
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In the Arctic Ocean, little studies are conducted for PSCs and small phytoplankton via satellite methods. 

Uitz et al. (2010) has been reported 11% of primary production is produced by small phytoplankton in the Arctic 

Ocean using abundance-base algorithm for PSC. Fujiwara et al. (2016, 2018) reported that the changes of sea ice 

retreat lead that phytoplankton size community become smaller. Moreover, there has been a notable lack of 

research investigating the association between the primary factors (freshwater contents, sea surface temperature, 

sea ice) known to trigger variations in small phytoplankton, as observed through field measurements, and their 

corresponding linkages derived from satellite-based data. Furthermore, due to inherent year-to-year fluctuations, 

it's challenging to identify a long-term trend without a more extensive observational time series (Li et al., 2008). 

The small phytoplankton in the Pacific-Arctic Ocean is undergoing changes; however, the specific causes behind 

these changes remain poorly understood. There is a lack of research examining the extent of variations resulting 

from changes in environmental factors. 

 

1.4. Objectives and research procedure of this dissertation 

Therefore, this study aims to assess the influence of environmental factors on the changes in small phytoplankton 

in Arctic Ocean and evaluate the extent to which small phytoplankton changes are influenced by the environmental 

factors quantitatively. The objectives of this study are to: 

[1] Assess the biomass and contribution to primary production of small phytoplankton and to investigate their 

relationship with environmental factors with in-situ measurement. 

[2] Validate both in-situ data and the phytoplankton size model (PSC) using satellite data to investigate the long-

term changes (1998-2020) in small phytoplankton derived from satellite datasets. 

[3] Quantitatively assess the associations between these changes and the environmental factors—FWC, SST, 

and sea ice—that contribute to such variations. 

At the outset, in chapter 2, we conducted field measurements of the phytoplankton community in the North Bering 

Sea and Chukchi Sea through ARA07B and OS040 Cruises. Through field observations, we investigated the 

biochemical characteristics of small phytoplankton and their contribution to the total biomass. Following this, in 

chapter 3, we validated the PSC model using collected in-situ data and tracked long-term trends of small 

phytoplankton contribution. Lastly, in Chapter 4, we conducted various statistical methods to understand how 

changes in small phytoplankton relate to the environment. We figured out which environmental factors—FWC, 

SST, and sea ice—are most important in causing these changes in each region. Based on these results, overall 

conclusion in terms of small phytoplankton variation in the Bering and Chukchi Seas was discussed in Chapter 5.
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Table 1. Summary of abbreviations used in this dissertation 

Abbreviation Definition 

ACW Alaskan Coastal Water 

AHC Agglomerative Hierarchical Clustering  

aph Phytoplankton absorption coefficient 

ARA07B R/V Araon cruise during August, 2016 

AW Anadyr Water 

BCWW Bering Chukchi winter water  

BS Bering Strait 

BSAW Bering Shelf–Anadyr Water  

BSW Bering Shelf Water  

CTD Conductivity-Temperature-Depth 

FWC Fresh Water Contents 

HLY0702 Healy cruise during May-June, 2007 

HPLC High-Performance Liquid Chromatography 

IMW Ice Melt Water 

NB Northern Bering Sea 

NC Northern Chukchi Sea 

OC-CCI Ocean Colour Climate Change Initiative  

OS040 T/S Oshoro-maru cruise during July, 2017 

PAR Photosynthetically Active Radiation 

PDO Pacific Decadal Oscillation 

POC Particulate Organic Carbon 

PON Particulate Organic Nitrogen 

PP Primary Productivity 

PSC Phytoplankton Size Class 

RUSALCA Russian-American Long-term Census of the Arctic 

SD Standard Deviation 

SSS Sea Surface Salinity 

SST Sea Surface Temperature 
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Chapter 2 

Contribution of small phytoplankton to primary production in 
the northern Chukchi to northern Bering Seas in 2016, 2017 

through field observation 

2.1. Introduction 

Several studies for small phytoplankton (<2um) contribution to total primary productivity (PP) were 

conducted in various area of arctic ocean. Those studies have reported the factors of changing small phytoplankton 

community vary by region and season in Pacific Arctic Ocean. Phytoplankton production and community 

composition have been found to be affected and altered by the freshening of surface water (Coupel et al., 2015; 

Li 2009). The volume of freshwater flowing through Bering Strait has increased by 40% over the past two decades 

(Cooper et al., 2022). FWC increasing trend is strongly related to the functional phytoplankton group (Coupel et 

al., 2015). SST is also identified as one of factors influencing the community structure of phytoplankton (Nona et 

al., 2000; Behrenfeld et al., 2006). In the Arctic, an increasing trend in SST has been observed over the past few 

decades, and the rate of increase has been accelerating (Comiso et al., 2014). Seasonal sea ice cover has been 

retreating earlier and forming later in the Pacific Arctic region over the last decade (Frey et al., 2015). The changes 

of sea ice retreat could largely influence phytoplankton community composition (Fujiwara et al., 2016). These 

factors (FWC, SST, sea ice) are commonly mentioned as causes of changes in phytoplankton community, however, 

previous studies have not well illuminated the relationship between small phytoplankton and environmental 

factors. Yet, they have not determined the extent to which environmental changes affect these relationships over 

long-term variations. Therefore, observing small phytoplankton is considered important research for monitoring 

environmental changes because these reasons are known to cause changes in the community structure of small 

phytoplankton with different biochemical characteristics compared to large phytoplankton. 

Moreover, the biochemical characteristics of phytoplankton such as C:N ratio are critical for 

understanding marine biogeochemical processes responding to environmental conditions. Frigstad et al. (2014) 

reported higher C:N ratio related with low chlorophyll-a concentration and lower C:N ratio to high chlorophyll-a 

concentration in the Arctic Ocean. The C:N ratio could differ in various environmental conditions related to 

nutrients. However, little information on the small phytoplankton contribution to the total primary production and 

their biochemical traits such as C:N ratio is currently available in the northern Bering and Chukchi Seas. 

In this study, our objectives are to investigate the dominant phytoplankton communities and to assess 

the relative contribution of small phytoplankton (0.7–2.0 µm; picophytoplankton) to the total primary production 

and their biochemical characteristics (e.g., C:N ratio) in the northern Bering and Chukchi Seas. Furthermore, this 

chapter investigate the correlation between the contribution of small phytoplankton and environmental factors. 

This chapter is preliminary research to be used for the validation of the PSC model of satellite data in the following 

chapter. 



10 

 

 

2.2. Methods 

2.2.1. Study Area and Water Sampling 

A couple of arctic research cruises was conducted in the Chukchi Sea onboard the icebreaker R/N Araon 

in 2016 (ARA07B) for 16 stations and mainly in the northern Bering Sea onboard T/S Oshoro-Maru in 2017 

(OS040) for 9 stations. The ARA07B cruise was conducted in the northern Bering Sea and the Chukchi Sea during 

5–19 August, 2016 onboard the Icebreaker R/V Araon (Figure 1; Table 2). As a total of 16 stations during the 

ARA07B cruises, only one station (st.1) was located in the northern Bering Sea and 15 stations were in the 

Chukchi Sea. Water was sampled by Niskin bottles on conductivity-temperature-depth (CTD)/rosette sampler for 

the total chlorophyll-a and size-fractionated chlorophyll measurement. Euphotic depths were measured by a 

Secchi disk (Kirk 1985). The OS040 cruise was executed mostly in the northern Bering Sea (8 stations) and partly 

in the southern Chukchi Sea (2 stations) during 9–21 July, 2017 onboard T/S Oshoro-Maru (Figure 1; Table 2). 

Physical properties and water samples were collected by CTD/rosette with Niskin bottles. The euphotic depths 

were calculated by comparing downward irradiance and surface irradiance measured by compact optical profiling 

system (C-OPS; Biospherical instrument Inc., San Diego, CA, USA). 

 

2.2.2. Chlorophyll-a Analysis 

The water samples were obtained from 6 different light depths (100%, 50%, 30%, 12%, 5% and 1% of 

the surface photosynthetically active radiation, PAR) for measuring the chlorophyll-a concentration. For the total 

chlorophyll-a concentration, 300 mL of seawater was filtered through 25 mm diameter glass fiber filter (GF/F; 

Whatman, 0.7 μm pore). To obtain size-fractionated chlorophyll-a concentration, 500 mL seawater was filtered 

through 20 µm and 2 µm pore size membrane filters (Whatman Nuclepore) and then 47 mm GF/F (Whatman, 0.7 

μm pore) sequentially. After the filtration was done, the filters were wrapped with aluminum foil and stored at 

−80◦C freezer until analysis at the home laboratory. Chlorophyll-a was extracted by acetone following Parsons et 

al. (1984) and the concentrations were measured with a fluorometer (Turner Designs 10AU).  

 

2.2.3. High-Performance Liquid Chromatography Analysis for Accessory Pigment Concentration 

For high-performance liquid chromatography (HPLC) analysis, the water from 3 light depths (100%, 

30% and 1%) were sampled during the ARA07B and OS040 cruises. Seawater (0.8–2.5 L) was passed through 2 

µm membrane filter (Whatman Nuclepore) and 47 mm diameter GF/F (Whatman, 0.7 μm pore) filters to measure 

pigments concentration of small size phytoplankton (<2 µm) under gentle vacuum pressure (<13 kPa). Seawater 

(0.5–1.5 L) was filtered onto GF/F for pigments of total phytoplankton during the ARA07B. For the OS040, 

samples were obtained only for total phytoplankton. For avoiding degradation, the filters for HPLC analysis were 

immediately frozen as storing in liquid nitrogen on research vessel and kept in freezer at −80◦C until analysis at 
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home laboratory. In the laboratory, the filter samples were broken into small pieces and then soaked in 3 mL of 

N’N-dimethylformamide (DMF) with canthaxanthin served as an internal standard. After 20 min of sonication, 

the filters were extracted at 4◦C in dark for 24 h and then extracts were filtered through a 0.45 µm pore membrane 

filter (Whatman Nuclepore) to remove the fragments of GF/F. For minimizing photo-degradation of pigments, all 

the procedures were conducted under a low light condition. Pigments were analyzed using HPLC (Agilent Infinite 

1260 in operation by JAMSTEC, Mutsu, Japan) with a ternary linear gradient system to separate each pigment. 

The pigment concentrations were calculated by the function of peak area, standard response factors and peak area 

of the internal standard following (Suzuki et al., 2005). All the standards for each pigment were purchased from 

DHI in Denmark. The CHEMTAX software based on a factorization program was used for estimating the relative 

contributions of different phytoplankton communities to the total chlorophyll-a concentration (Wright et al., 1991). 

The ratios of accessory pigments to chlorophyll-a for each phytoplankton taxon for the CHEMTAX program were 

based on marker pigment concentrations of algal groups present in the Arctic Ocean (Coupel et al., 2015; Vidussi 

et al., 2004) (Table 3). Since our two research cruises were in different periods and years, the final ratio matrix 

was separated for phytoplankton communities (Table 3). The contributions of diatoms. Dinoflagellates, 

Cryptophytes, Pelagophytes, Prasinophytes (Type 2 and 3), Chlorophytes, Haptophytes and Phaeosystis were 

estimated by the CHEMTAX program. Small phytoplankton community was estimated from HPLC results by the 

equations described in the literature (Wright et al., 1991; Vidussi et al., 2004). The relative proportions of the 

three size classes are derived from the concentrations of phytoplankton diagnostic pigments for the Chukchi and 

Bering Seas using the equations described in Fujiwara et al. (2011) and Fujiwara et al. (2014). 

 

2.2.4. Particulate Organic Carbon and Primary Productivity 

The water samples for particulate organic carbon (POC) and primary productivity (PP) were obtained 

from 6 light depths (100, 50, 30, 12, 5 and 1% of PAR). 300 mL of seawater was filtered through 0.7 µm GF/F 

(pre-combusted at 450 ◦C for 4 h) for total POC and 500 mL was passed through 2 µm pore size membrane filter 

(Whatman Nuclepore) and then filtered onto GF/F filter for small POC (0.7–2 µm). Carbon and nitrogen uptake 

experiments were conducted using a 13C-15N dual isotope tracer technique previously reported from the Chukchi 

Sea (Lee et al., 2007; 2009). After a 4 h incubation on deck, 300 mL water was filtered onto pre-combusted GF/F 

for total PP and 500 mL water was filtered through 2 µm pore size membrane filter (Whatman Nuclepore) and 

sequentially onto GF/F filter for small phytoplankton productivity (0.7–2 µm). The filters were immediately 

preserved and stored in a freezer (−20 °C ) until further mass spectrometric analysis using a Delta V+ Isotope 

Ratio Mass Spectrometers at Alaska Stable Isotope Facility in the University of Alaska Fairbanks, USA for 

ARA07B samples and using a 20–22 Isotope Ratio Mass Spectrometer (SERCON) at Japan Agency for Marine-

Earth Science and Technology (JAMSTEC, Mutsu, Japan) for OS040 samples after HCl fuming overnight to 

remove carbonate. The carbon and nitrogen uptake rates were calculated based on Hama et al. (1983). 
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2.2.5. Freshwater contents 

FWC were calculated following Carmack et al. (2008) with reference salinity 34.8 psu (Sref = 34.8; the 

average salinity of the Arctic Ocean; Aagaard and Carmack, 1989; Serreze et al., 2006; Holland et al., 2007; Haine 

et al., 2015). The equation of FWC calculation following Carmack et al. (2008) : 

𝐹𝑊𝐶  1
𝑆 𝑧
𝑆

𝑑𝑧 

, where FWC is freshwater contents at a specific depth (m), S(z) and Sref are the in-situ salinity (psu) on specific 

depth (m) and reference salinity, Zlim is the depth where S equals Sref.  

 

2.2.6. Statistical Analysis 

Student’s t-test was applied to verify correlations among factors and differences between the mean 

values of POC:chlorophyll-a ratio, PON:chlorophyll-a ratio, C:N ratio of each cruise and size group. The 

agglomerative hierarchical clustering (AHC) with Ward’s method (XLSTAT software, Addinsoft, Boston, MA, 

USA) was performed to calculate the dissimilarity in observed 20 variables; temperature and salinity), size-

fractionated PP, POC of each size, size-fractionated chlorophyll-a and accessory pigments, among stations. 

 

2.3. Results and Discussion 

2.3.1. Physical oceanographic condition 

The temperature for the OS040 were from –1.1 to 13.3°C (mean ± SD = 6.2 ± 3.6°C) and the salinity 

ranged from 28.9 to 32.9 (mean ± SD = 31.7 ± 0.9). Water mass at the most stations in the northern Chukchi 

corresponded to melting glacier water, which called Ice melt water (IMW; temperature <2.0°C and salinity <30.0) 

and Bering Chukchi winter water (BCWW; −2–0°C and <30–33.5 for temperature and salinity; Danielson et al., 

2017) during the ARA07B cruise. Other stations during the ARA07B were influenced by Bering shelf water (BSW; 

0.0–10.0°C and 31.8–33.0 for temperature and salinity). During the OS040 cruise, the relatively warm and low 

salinity Alaskan coastal water (ACW; 2.0–13.0°C and <31.9 for temperature and salinity) and the warm and saline 

Bering shelf water (BSW) were predominant (Figure 2). The Bering shelf Anadyr water (BSAW; −1.0–2.0°C and 

31.8–33.0 for temperature and salinity), which is a mixed BSW with cold/saline Anadyr water (AW; Coachman 

et al., 1975; Springer et al., 1989), was observed at some stations for the OSO40. 
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2.3.2. Distribution of size fractionated chlorophyll-a concentration 

The average euphotic depths were 45.6 m (SD = ± 22.2 m) for the ARA07B cruise and 23.8 m (SD = ± 

9.1 m) for the OS040 cruise, respectively. In ARA07B, Chlorophyll-a concentrations were 0.02–1.3 mg chl-a m−3 

(mean ± SD = 0.2 ± 0.3 mg chl-a m−3) at surface, 0.02–15.0 mg chl-a m−3 (mean ± SD = 1.0 ± 2.5 mg chl-a m−3) 

for euphotic layer. In OS040, Chlorophyll-a concentrations were 0.002–5.5 mg chl-a m−3 (mean ± SD = 0.7 ± 1.4 

mg chl-a m−3) at surface, 0.002–5.5 mg chl-a m−3 (mean ± SD = 1.6 ± 2.2 mg chl-a m−3) for euphotic layer. Within 

the euphotic zone, integral chlorophyll-a concentrations were 3.2–172.1 mg chl-a m−2 (mean ± SD = 34.2 ± 48.0 

mg chl-a m−2) during the ARA07B and 12.3–107.8 mg chl-a m−2 (mean ± SD = 45.4 ± 34.1 mg chl-a m−2) for the 

OS040, respectively (Figure 3). The average euphotic-depth integral chlorophyll-a concentrations in this study 

are within the range reported previously in the northern Bering Sea and the Chukchi Sea (Lee et al., 2007; 2013; 

Yun et al., 2016). 

The chlorophyll-a contributions of each size phytoplankton (pico-, nano- and micro-phytoplankton) to 

the total phytoplankton were plotted in Figure 4 for the three different depths (100, 30 and 1% of light depths) at 

every station of the ARA07B and only surface for the OS040. The contributions of small phytoplankton to the 

total chlorophyll-a concentrations were found largely variable among the stations during both cruises. 

The contributions of small phytoplankton to the total chlorophyll-a concentrations ranged from 2.9% to 

71.1% with a depth-integrated average of 32.2% (SD = ± 23.1%) during the ARA07B. In the ARA07B, the 

dominant size group of phytoplankton was micro-phytoplankton (mean ± SD = 43.5 ± 29.7% of chlorophyll-a 

concentration) followed by pico-phytoplankton (32.1 ± 23.1%) and nano-phytoplankton (24.3 ± 9.1%) during the 

observation period. In the Chukchi Sea, large phytoplankton are generally dominant although the areal distribution 

of their contribution mostly depends on local water masses in different nutrient conditions (Lee et al., 2007; 2013). 

Normally, large phytoplankton growing under nutrient-enriched conditions are predominant in AW or BSW, 

whereas small phytoplankton are dominant in nutrient-depleted ACW (Lee et al., 2007; 2013). Our average 

contribution of small phytoplankton is relatively higher than that value (24.8 ± 23.0%) previously reported by Lee 

et al. (2013) in the Chukchi Sea during the middle of August to early September 2004. By contrast, our average 

contribution of small phytoplankton is relatively lower than that value (55.1 ± 26.8%) from the study by Yun et 

al. (2015) that was conducted in the northern Chukchi Sea during mid-July–mid-August, 2012. This difference 

among the studies could be caused by different regions with non-homogeneous nutrient conditions and different 

observation periods with a seasonal phytoplankton succession. The relative contribution of small phytoplankton 

could be caused by freshwater content in the Chukchi Sea since the nutrient concentrations and primary production 

rates of phytoplankton are largely governed by the nutrient-depleted freshwater content in the Chukchi Sea (Yun 

et al., 2016; Yun et al., 2014).  

In comparison to the Chukchi Sea, the contributions of small phytoplankton were 0.7–80% (mean ± SD 

= 37.2 ± 31.0%) to the total chlorophyll-a concentration in the northern Bering Sea for the OS040 in this study. 

The proportions of different size chlorophyll-a were 40.2% (± 35.4%), 22.5% (± 10.5%) and 37.2% (± 31.3%) for 

micro-, nano- and pico-phytoplankton, respectively, during our observation period in 2017. In the northern Bering 
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Sea, the dominant size groups of phytoplankton are generally nano- and micro-phytoplankton based on PSC 

results derived from satellite ocean color data from 1998 to 2016 (Lee et al., 2019). The overall dominant size of 

phytoplankton is composed of nano-phytoplankton (49.0 ± 9.6%), followed by micro-phytoplankton (34.9 ± 8.0%) 

and pico-phytoplankton (16.1 ± 7.3%) in the Chirikov Basin of the northern Chukchi Sea (Lee et al., 2019). 

However, the chlorophyll-a contributions of small phytoplankton are largely variable among different seasons 

(Lee et al., 2012). The average contribution of small phytoplankton was 14.8% in late May to early June during 

the phytoplankton bloom period and largely increased up to 50.0% in middle June after the bloom (Lee et al., 

2017b). Consistently, Coupel et al. (2015) found a seasonal increasing contribution of small phytoplankton in the 

northern Bering Sea (around Chirikov Basin) from May (5.2%) to July (31.8%). In addition to the seasonal 

variation, it was found that spatial variation of the biochemical environmental conditions in the northern Bering 

Sea are also generally influenced by northward advection of AW, BSW and ACW (Lee et al., 2007; Grebmeir et 

al., 2015). Over recent decades, several environmental changes have been reported in the northern Bering Sea 

(Bluhm and Gradinger 2008; Grebmeier et al., 2015). A steady increasing trend in the annual contribution of small 

phytoplankton is distinct in the Chirikov Basin from 1998 to 2016, although no significantly strong relationship 

was observed between the annual contribution of small phytoplankton and SST (Lee et al., 2019). Long-term 

changes in dominant phytoplankton communities should be monitored for Arctic marine ecosystems under 

ongoing environmental changes. Especially, the contribution of small phytoplankton could be used as one of 

indicators for changing marine ecosystems. 

 

2.3.3. Major dominant phytoplankton groups predicted by pigments composition 

The euphotic depth-integral concentrations of marker pigments from the two cruises are shown in Figure 

5. Fucoxanthin (a marker pigment of diatoms), chlorophyll-c1+c2 and chlorophyll-b (a marker pigment of 

chlorophytes) were major accessory pigments during the ARA07B, although the pigment compositions spatially 

varied significantly across the stations. Among the pigments, fucoxanthin was the most dominant pigment with 

an average value of 12.58 ± 21.8 mg m−2 and the second and third predominant pigments were chlorophyll-c1+c2 

(4.04 ± 4.83 mg m−2) and chlorophyll-b (2.64 ± 2.53 mg m−2). Previous studies reported that fucoxanthin 

dominating the Chukchi shelf is a typical characteristic during fall (Fujiwara et al., 2011; Coupel et al., 2015). 

For the small phytoplankton group for the ARA07B (data not shown), major predominant pigments were 

chlorophyll-b (1.59 ± 1.83 mg m−2), fucoxanthin (1.46 ± 1.47 mg m−2) and chlorophyll-c1+c2 (0.65 ± 0.62 mg 

m−2). In comparison, fucoxanthin, chlorophyll-c1+c2 and peridinin (a marker pigment of dinoflagellates) were 

major accessory pigments for the OS040. Fucoxanthin was the most dominant pigment with an average value of 

23.03 ± 19.89 mg m−2, followed by chlorophyll-c1+c2 (9.35 ± 7.23 mg m−2) and peridinin (7.54 ± 9.89 mg m−2) 

for the OS040. High proportions of diatom-related pigments (fucoxanthin, chlorophyll-c1+c2) were observed in 

both cruise periods. Small diatoms appeared to be major phytoplankton communities for the small phytoplankton 

group during the ARA07B, based on the high proportions of chlorophyll-b and fucoxanthin. No pigment data were 

available for the small phytoplankton during the OS040 cruise. 
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Based on the CHEMTAX results, eight major phytoplankton communities were identified in the study 

area (Figure 6). Diatoms (43.1% ± 31.5%) and Phaeocystis (33.2% ± 14.9%) were co-dominated during the 

ARA07B. In comparison, diatoms were the most dominant community (46.1 ± 17.3%) and the second dominant 

community was Prasinophyte (Type 2) (11.8% ± 5.3%) for the OS040. Micro-phytoplankton communities were 

most dominant (59.7 ± 30.5%), followed by nano-phytoplankton (11.5 ± 9.7%) and pico-phytoplankton (28.9 ± 

23.5%) during the ARA07B. For the OS040, micro-phytoplankton contributed 51.5% (± 18.2%) of the total 

chlorophyll a concentration. In comparison, nano-phytoplankton and pico-phytoplankton contributed 11.0% (± 

10.5%) and 37.5% (± 15.7%), respectively. The relative proportions of the three size classes based on the 

diagnostic pigments from HPLC are different from those of the size-fractionated chlorophyll-a concentrations 

(Figure 4). This is probably due to a simple assumption that diatom-related pigments belong to the micro-

phytoplankton although small diatoms (<2 µm) could rather contribute to the phytoplankton group. 

 

2.3.4. Contribution of small phytoplankton to primary production 

The daily primary productivities of total phytoplankton which were integrated over the euphotic zone 

at each station were 33.9–811.8 mg C m−2 d−1 (mean ± SD = 142.6 ± 205.7 mg C m−2 d−1) for the ARA07B and 

202.1–3100.1 mg C m−2 d−1 (mean ± SD = 942.1 ± 969.9 mg C m−2 d−1) for the OS040 (Figure 7). In comparison, 

the daily primary productivities of small phytoplankton ranged from 4.9 to 227.7 (mean ± SD = 42.3 ± 53.1 mg 

C m−2 d−1) and 56.1 to 322.2 mg C m−2 d−1 (mean ± SD = 152.8 ± 85.2 mg C m−2 d−1) for the ARA07B and the 

OS040, respectively (Figure 8). The contribution of small phytoplankton to the total PP ranged from 8.1 to 71.7% 

(mean ± SD = 38.0 ± 19.9%) for the ARA07B and from 6.0 to 40.3% (mean ± SD = 25.0 ± 12.8%) for the OS040 

(Figure 9). In analyzing POC and PON in this study, the C/N ratio (mean ± S.D. = 15.2 ± 5.2) and δ13C (mean ± 

S.D. = -28.6 ± 2.7 ‰ VPDB) of filtered samples were considered. Based on these results, the C/N ratio of this 

study was slightly higher than the expected Redfield ratio. Despite the relatively high C/N ratios, a significantly 

linear relationship was found between the POC and chlorophyll-a concentration (R2=0.66), PON and chlorophyll-

a concentration (R2=0.68). And the carbon stable isotope ratios of POC fell in the previously reported range of 

POC which was mainly composed of Arctic marine autotrophs. 

Biochemical compositions (POC:chlorophyll-a, PON:chlorophyll-a and C:N ratios) were compared 

between small and large phytoplankton in Figure 11. Large phytoplankton group has relatively lower 

POC:chlorophyll-a ratios (t-test, p < 0.01) which were 78.0–3549.0 (mean ± SD = 1358.6 ± 1170.8) for the 

ARA07B and 41.4–340.2 (mean ± SD = 173.8 ± 110.4) for the OS040 (Figure 9a). In comparison, 

POC:chlorophyll-a ratios of small phytoplankton were 408.5–6547.4 (mean ± SD = 2590.2 ± 1523.0) for ARA07B 

and 274.9–2303.6 (mean ± SD = 623.4 ± 639.2) for the OS040. The PON:chlorophyll-a ratio of large 

phytoplankton was 1.9–184.2 (mean ± SD = 62.4 ± 48.7) whereas the ratio of small phytoplankton ranged from 

50.0 to 328.7 (mean ± SD = 211.9 ± 88.3) for the ARA07B (no data for OS040). The C:N ratios were 7.5–251.9 

(mean ± SD = 34.1 ± 58.9) for large phytoplankton and 7.0–19.9 (mean ± SD = 11.9 ± 3.8) for small phytoplankton 

during the ARA07B cruise. Small phytoplankton showed a comparatively higher POC:chlorophyll-a ratio than 
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large phytoplankton during both cruises (Figure 11). This result is consistent with the previous result in the 

Chukchi Sea, which suggests that higher carbon contents per unit of chlorophyll-a concentration in small 

phytoplankton in comparison to large phytoplankton (Lee et al., 2013). In the Antarctic Ocean, Lee et al. (2012) 

observed the consistent results in non-polynya and polynya regions in the Amundsen Sea. A similar pattern was 

observed for the PON:chlorophyll-a ratio in this study. However, the C:N ratios of small phytoplankton were 

lower than those of large phytoplankton in this study. Similarly, the overall C:N assimilation ratio of small 

phytoplankton was previously reported as significantly lower than that value of large phytoplankton (Lee et al., 

2013). These results are consistent with the result in the Gulf of St. Lawrence, Canada (Hodal and Kristiansen, 

2008). In the Antarctic Ocean, the similar result was obtained in the Amundsen Sea (Lee et al., 2012). The C:N 

ratios were negatively correlated with chlorophyll-a concentrations for small and large phytoplankton in this study 

(R2 > 0.6). However, there was no statistically significant difference in the relationship between small and large 

phytoplankton (p>0.05; Figure 11). 

Overall, the primary productions of total and small phytoplankton communities during the study period 

were different depending on the sea area. Indeed, agglomerative hierarchical clustering (AHC) analysis based on 

25 stations and phytoplankton size-related variables sorted stations into three distinct groups (Figure 10; Table 4). 

The clustering was based on a Euclidean distance of 1000. Cluster A include station 1 of OS040 and station 7 of 

OS040 that was extremely high primary productive region (2547 mg C m−2 d−1) near Bering strait. Cluster A had 

the lowest contribution of small phytoplankton in PP (6.4%) and surface chlorophyll-a (1.8%). The physical 

properties of Cluster A (4.5°C and 32.7 psu). This cluster is influence by BSW (Lee et al., 2007;  2013). Cluster 

B contains all the stations of the northern Chukchi Sea and two stations of the Bering Sea. The stations form 

Cluster B had a lower productivity and lower concentration of surface chlorophyll-a. In Cluster B, small 

phytoplankton contribution was the highest among the clusters. 40.5% of primary production, 39.1% of surface 

chlorophyll-a were contributed by small phytoplankton, 40.9% of POC were contributed by small POC. Dominant 

water mass, IMW can explain the high contribution of small phytoplankton in Cluster B because IMW has 

nutrient-depleted water from sea ice melting (Danielson et al., 2017). Cluster C includes most of the stations in 

the Bering Sea and 3 stations of the southern Chukchi sea in ARA07B. Cluster C had a lower productivity (559.2 

mg C m−2 d−1) than cluster A but higher than cluster B. Cluster C seems to be affected by nutrient-depleted ACW 

but not too low productivity for Cluster C. This suggests that water masses that had an effect on Cluster C were 

not only ACW but also other source such as mixed water of AW, ACW and BSW. 

The primary production contributions of small phytoplankton are rather different from their chlorophyll-

a contributions in this study. Normally, the contributions of small phytoplankton are higher to primary production 

in comparison to those in chlorophyll-a concentrations in the polar oceans (Lee et al., 2012;2013) and temperate 

oceans (Lee et al., 2017a). This is probably due to the considerably higher POC contribution of small 

phytoplankton (and consequently higher production contributions of small phytoplankton) than the chlorophyll-a 

contribution (Lee et al., 2013;2017a;2017b). We also observed the higher POC:chlorophyll-a ratio in small 

phytoplankton than large phytoplankton during both cruises (Figure 11) as discussed later. However, the case in 

the northern Bering Sea in this study is against the general pattern previously reported. The lower contribution of 
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small phytoplankton was observed in the primary production rather than chlorophyll-a concentration in the 

northern Bering Sea. This indicates higher standing stock (represented by chlorophyll-a concentrations) of small 

phytoplankton but their significantly lower contribution to the primary productions in the northern Bering Sea 

during this study than in other studies. Lim et al. (2019) argued that seasonal increasing contribution of small 

phytoplankton is not caused by their increasing biomass and photosynthetic rate but caused by relative declining 

in biomass and photosynthetic rate of large phytoplankton in the Amundsen Sea, Antarctic Ocean. Based on these 

results, the biomass of large phytoplankton could have had decreased faster than their photosynthetic rate in the 

northern Bering Sea during our observation period. 

The regional contributions of small phytoplankton to the primary production are summarized at various 

regions in the Arctic Ocean (Table 5). The average contribution of small phytoplankton in this study is comparable 

to the previous results in the Chukchi Sea. However, it is considerably lower than those (average ± SD = 56.7 ± 

20.0%) in the Kara, Laptev and East Siberian Seas (Bhavya et al., 2018). Similarly, Lee et al. (2012) found a 

similar contribution (average ± SD = 60 ± 7.9%) of small phytoplankton in the high northern Chukchi Sea and 

Canada Basin. Because of no data in the northern Bering Sea, the small phytoplankton contribution to the primary 

production in this study could not be compared. Regionally, the primary production contribution of small 

phytoplankton in the northern Bering Sea (average ± SD = 25.0 ± 12.8%) is considerably lower than those in 

others (Table 5). At this point, we do not know whether this is a latitudinal pattern (i.e., increasing contribution of 

small phytoplankton in higher latitude) or simply seasonal difference among the different regions in the Pacific 

Arctic Ocean. Indeed, Lee et al. (2019) found a seasonal patterns of different phytoplankton size compositions 

with increasing contribution of small phytoplankton in the northern Bering Sea. Since the seasonal contribution 

of small phytoplankton to the primary production would be different, further seasonal observations on the small 

phytoplankton contribution to the primary production will be warranted for better understanding their ecological 

roles in the Bering and Chukchi Seas. 

2.3.5. Small phytoplankton contribution and FWC 

Yun et al. (2016) has reported that an increase in FWC is associated with a decrease in the total PP. 

However, the relationship between the total PP and FWC did not show any correlation (Figure 12a, R2 <0.1). 

When phytoplankton were categorized by two size group, a conspicuous correlation with FWC was observed 

(Figure 12). The PP of small phytoplankton exhibited an increasing trend as FWC rose, and this pattern was 

consistent in the size-specific proportions of the PP. This study found that the contribution of small phytoplankton 

and FWC has strong positive relationship on the northern Chukchi Sea (Figure 12b; R2=0.6639). In addition to 

the contribution ratio, the productivity of small phytoplankton also exhibited a positive correlation with FWC 

(Figure 12a, R2= 0.5554). In biomass, the pattern appeared somewhat differently. While the contribution of small 

chlorophyll-a contribution (%) showed a strong proportional relationship with FWC, there was little correlation 

observed in Chlorophyll-a concentration. It was revealed that only small chlorophyll-a concentration exhibited a 

weak proportional relationship with FWC (Figure 12c,d). In summary, there is no significant relationship between 

the total PP or total biomass (chlorophyll-a concentration) and FWC. However, when phytoplankton is categorized 

by size groups, distinct relationships become evident. With an increase in FWC, there is an observed increase in 
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both PP and biomass of small phytoplankton, while the PP and biomass of large phytoplankton decrease. Yun et 

al. (2016) suggested that this relationship associated with variation in nitrate inventory, regulated by the nitracline. 

The high efficiency of regenerated-nitrite utilization by small phytoplankton could explain this phenomenon. 

From this, we could infer that small phytoplankton might be crucial primary producers in nitrate-depleted ocean. 

Additionally, minimal changes in the PP and total biomass of phytoplankton, despite alterations in their 

composition, suggest the potential for ecological shifts within the ecosystem. Changes in environmental factors 

such as wind stress, ice melting, and river runoff could further emphasize the role of small phytoplankton with 

changing FWC.  

However, since the above research results are based on a limited season accessible by ship, further 

studies covering the entire period from May to October are necessary to understand the relationship between FWC 

and small phytoplankton throughout the entire season. Together with these results, we could conclude that small 

phytoplankton incorporate more nitrogen in relation to carbon into their bodies and thus produce nitrogen-rich 

organic matters which could be relatively faster regenerated than carbon-rich organic matters such as 

carbohydrates. This conclusion is consistent with previous studies, which highlighted that small phytoplankton 

utilize nitrogen efficiently (Bhavya et al., 2018) and regenerate faster than carbon-rich organic matter (Kim et al., 

2018). Therefore, the study for small phytoplankton which could be an important basic food source in the Arctic 

ecosystem should be further conducted under the current warming ocean scenario. 
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Figure 1. Study area of (a) ARA07B and (b) OS040. A couple of arctic research cruises was conducted in the 

Chukchi Sea onboard the icebreaker R/N Araon in 2016 (ARA07B) for 16 stations and mainly in the northern 

Bering Sea onboard T/S Oshoro-Maru in 2017 (OS040) for 9 stations.

Table 2. Sampling locations in the Northern Bering and Chukchi Seas. 16 stations for ARA07B, 9 stations for 

OS040 were sampled. 
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Table 3. Pigment: chlorophyll-a ratio for nine algal groups referred to Ardyna et al. (2020). CHEMTAX initial 

ratio matrix and final pigment ratios obtained by CHEMTAX on the pigment data. Abbreviations: chlorophyll-b 

(chl-b), chlorophyll-c3 (chl-c3), fucoxanthin (fucox), peridinin (period), alloxanthin (allox), 190-

butanoyloxyfucoxanthin (19butfu), 190-hexanoyloxyfucoxanthin(19hexfu), chlorophyll-c1+c2 (chl-c), 

neoxanthin (neox), prasinoxanthin (prasinox), lutein (lut). Chrysophytes and Pelagophytes (Cryso-pelago). 

Prasinophytes type 2 (Prasino-2), Prasinophytes type 3 (Prasino-3), Haptophytes (Hapto-7). 
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Figure 2. T–S diagram in the ARA07B (Red) and OS040 (Green) in euphotic zone. Alaskan coastal water (ACW), 

Bering Shelf water (BSW), ice melt water (IMW), Bering-Chukchi winter water (BCWW), Bering Sea Anadyr 

water (BSAW). The data were obtained from the water of light depths 100%, 50%, 30%, 12%, 5% and 1% in PAR. 
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Figure 3. Spatial distributions of column-integrated chlorophyll-a concentration of (a) ARA07B and (b) OS040. The blue line is 10% of sea ice concentration in Aug, 7th, 

2016.
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Figure 4. Composition of size fractions in chlorophyll-a concentration during (a) ARA07B and (b) OS040 cruises. 
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Figure 5. Pigment compositions of total phytoplankton in the (a) ARA07B (b) OSO040. 

 

 

Figure 6. Phytoplankton community compositions of (a) ARA07B and (b) OS040.  
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Figure 7. Primary production of total phytoplankton during the (a) ARA07B and (b) OS040. 
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Figure 8. Primary production of small phytoplankton during the (a) ARA07B and (b) OS040 
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Figure 9. Primary production of small phytoplankton of (a) ARA07B and (b) OS040. 
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Figure 10. Dendrogram stands for sampling stations were divided into three clusters by agglomerative hierarchical 

clustering (AHC). Various water masses influenced to each cluster. 
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Table 4. Mean values of properties for the three clusters classified by the AHC. 

Cluster 
Temp 
(°C) 

Salinity 
(psu) 

Small 
contribution 

to PP 

Small 
contribution 

to surface 
chl-a 

Small 
contribution 

to POC 

PP 
(mg C m-2 

d-1) 

Chl-a 
(mg m-3) 

POC 
(mg m-3) 

A 4.5 32.7 6.5% 1.8% 21.8% 2547 97.5 414.3 

B 0.1 29.7 40.5% 39.1% 40.9% 79.6 13.9 177.7 

C 5.6 31.7 26.7% 39.1% 43.9% 559.2 60.7 236.1 
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Figure 11. Comparison of (a) POC:chlorophyll-a ratios, (b) PON:chlorophyll-a ratios and (c) C:N ratios be-tween 

small and large phytoplankton in the northern Bering and Chukchi seas. Only POC:chlorophyll-a data available 

for the OS040. (d) C:N ratio and chlorophyll-a of each size group. 

Table 5. Early studies of small phytoplankton contribution. According to previous study, small phytoplankton 
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contributed 19.8% to 87% to total phytoplankton. 

Study area Year Season 
Small 

contribution 
Methods Size  References 

Northern 
Chukchi Sea 
and Canada 

Basin  

2008 
August-

September 
19.8-60.3% In-situ < 5μm Lee et al. (2012) 

Bering Strait 
and Chukchi 

Sea 
2004 

August-
September 

31.72± 
23.59% 

In-situ < 5μm Lee et al. (2013) 

Kara, Laptev, 
and East 

Siberian Sea 
2013 

August-
September 

52.7-71.2% In-situ < 5μm 
Bhavya et al. 

(2018) 

Barents Sea 
2003-
2005 

Early to 
late bloom 

period 
31-87% In-situ < 10μm 

Hodal and 
Kristiansen (2008) 

North water 
polynya 

1998 April-July 19% In-situ < 5μm Mei et al. (2003) 

Chukchi Sea 
and Bering 

strait 
2016 August 38.0±19.9% In-situ < 2μm 

This study Northern 
Bering Sea 
and Bering 

strait 

2017 July 25.0±12.8% In-situ < 2μm 
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Figure 12. Correlation between small phytoplankton contribution and FWC in the northern Chukchi Sea. While previous studies have reported that FWC reduces PP and 

chl-a, this research reveals distinctions in composition rather than total quantities.
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Chapter 3 

Estimation of small phytoplankton distribution using satellite 
ocean color images in the northern Chukchi to northern Bering 

Seas 

3.1. Introduction 

According to reports of the International Ocean-Colour Coordinating Group, No. 15 : Phytoplankton 

Functional Types from Space (Sathyendranath, IOCCG, 2014), phytoplankton belonging to distinct size classes 

occupy specific physical and chemical properties characterized by differences in their light-harvesting efficiency, 

nutrient uptake capacity, biogeochemical functions, and distribution within the euphotic zone. Phytoplankton cell 

size has been widely recognized as a significant indicator of their functional contribution in numerous ecological 

and biogeochemical processes (Finkel et al., 2009; Marañón, 2015; Nair et al., 2008; Sieburth et al., 1978).  

The small phytoplankton has intrinsic physical and chemical properties, including higher metabolic 

rates than larger phytoplankton at a constant pigment concentration (Key et al., 2010). This is attributed to the 

light-absorption effectiveness known as the package effect (Morel and Bricaud, 1981), which contributes less to 

the biological pump (Chisholm, 1992). The ecological and biogeochemical processes in the oceanic environment 

are intricately connected to the phytoplankton community size structure or phytoplankton size classes (PSCs) (Liu 

et al., 2018). Due to these unique characteristics, research on small phytoplankton is being conducted. However, 

there are temporal constraints associated with the methods used for field measurements such as chemical anal

ysis for genetic information and microscopic methods. Satellite remote sensing data offer a comprehensive 

and detailed view of the optical characteristics in the upper ocean waters, spanning from local to global scales, 

with exceptional temporal and spatial resolution (Son et al., 2014, 2005). For these reasons, there is increasing 

interest in developing PSCs models using satellite data, which helps overcome the constraints of field 

measurements. 

Numerous algorithms have been developed to extract PSCs using satellite ocean color remote sensing 

data. The PSCs methods using satellite include abundance-based methods (Brewin et al., 2010; Hirata et al., 2011; 

Uitz et al., 2006), radiance-based methods (Li et al., 2013), absorption-based methods (Bricaud et al., 2012; Ciotti 

and Bricaud, 2006; Devred et al., 2011; Fujiwara et al., 2011; Hirata et al., 2008; Kostadinov et al., 2009; Mouw 

and Yoder, 2010; Roy et al., 2013; Waga et al., 2019, 2017). Waga et al. (2017) developed Chlorophyll-a size d

istribution (CSD) model and following research have revealed that changes in phytoplankton size composition 

are most strongly correlated with SST in global scale. Hirata et al. (2008) established a model for detecting the 

dominant PSC at a satellite pixel using phytoplankton absorption. These technique offers valuable information 

that can be used to survey small phytoplankton contribution to total phytoplankton biomass. Lee et al. (2019) has 

reported that small phytoplankton-dominant area increased along with annual mean SST in Bering Sea and Bering 

strait using the algorithm of (Hirata et al., 2008). Arctic ocean is undergoing warming at a rate four times faster 
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than other regions (Rantanen et al., 2022). It is anticipated that the changes in phytoplankton size composition 

due to SST will be more pronounced in polar regions. In addition to SST, Fujiwara et al. (2018, 2016) states that 

timing of sea ice retreat change influences the size of phytoplankton in the Chukchi shelf region. Furthermore, 

freshwater was identified as another factor influencing the size of phytoplankton leading to a reduction in size (Li 

et al., 2009; Yun et al., 2016). In particular, the northern Chukchi Sea exhibits significantly different 

physicochemical characteristics compared to the southern counterpart of Chukchi Sea. However, there has been 

relatively limited research conducted in the northern region compared to the southern Chukchi Sea. Based on 

these previous studies, this chapter aims to examine the long-term variation of small phytoplankton from 1998 to 

2020 using satellite remote sensing data and analyze their practical relationships with environmental factors to 

provide estimates of potential future changes. 

 This study concentrates on the contribution of small phytoplankton, and Hirata's PSC model can 

effectively illustrate how to dominate small phytoplankton in a clear and concise manner. Due to the model's 

simplicity, which relies on a single variable, it maintains data continuity even when adjusting gaps using data from 

various satellites. Although, Hirata et al. (2008) developed the PSC model globally, lacks comprehensive 

validation specifically in regions such as the Arctic and Subarctic. Similarly, its validation is notably absent in 

coastal areas, including shelf regions. Lee et al. (2019) partially validated the model in the Bering Strait and the 

Bering Sea. This study extends the validation to the Chukchi Shelf (the southern part of Chukchi Sea) and the 

northern Chukchi Sea. This research's objective is to apply the model to long-term data, correcting for satellite 

data discrepancies, to study prolonged variations in different regions. Specifically, this chapter focuses on 

examining the long-term variations of small phytoplankton from 1998 to 2020 using satellite remote sensing data. 

The analysis aims to identify regions dominated by small phytoplankton and investigate their long-term temporal 

patterns over this period. 

 

3.2. Methods 

3.2.1. Study area and in-situ measurement of size fractionated chlorophyll-a 

The cluster analysis in chapter 2 resulted in the identification of three regions in the northern Bering 

Sea and Chukchi Sea: the northern Chukchi Sea (NC; 72-77°N, 165-177°W), Bering Strait (BS; 64-68°N, 167-

171°W) and northern Bering Sea (NB; 61-63°N, 170-175°W) (Figure 13). The NC region exhibits lower 

productivity than the southern Chukchi Sea which is consistent with chlorophyll-a abundance (Lee et al., 2007; 

Nishino et al., 2016), low salinity (29.7 psu; chapter 2) nitrogen limitation (Codispoti et al., 2009; Lowry et al., 

2015) and a correlation with sea ice retreat (Fujiwara et al., 2016). Additionally, the NC region displayed the 

highest contribution of small phytoplankton, as discussed in chapter 2. The BS is the most productive region 

(3100.1 mg C m-2 d-1; Chapter 2) among three regions by nutrient fertile water flux. The NB has properties of low 

chlorophyll-a concentration than other regions (chapter 2) and has had Saint Lawrence polynya in winter. 

Water samples for size-fractionated chlorophyll-a (0.7 and 2 μm for small- and large-phytoplankton) 
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concentration were obtained from surface at 21 stations of HLY0702, 7 stations of ARA07B and 9 stations of 

OS040. HLY0702 (U.S. Coast Guard Cutter Healy) was conducted from May 18 to 18 June 2007 and size 

fractionated chlorophyll-a data was obtained from (Lee et al., 2019), ARA07B was performed in 5-19 August, 

2016 by R/N Araon mainly in the Chukchi Sea and Bering strait, OS040 was conducted during 9-28 July, 2017 

onboard T/S Oshoro-Maru in the NB and BS. Water was sampled by Niskin bottles on rosette sampler. The water 

(500ml) filtered by size using GF/F filter (Whatman) with pore size 0.7 μm and 2 μm pore size membrane filters 

(Whatman Nuclepore). Chlorophyll-a was extracted following Parsons et al. (1984) and analyzed with a 

fluorometer (Turner Designs 10AU). 

 

3.2.2. Satellite remote sensing data 

The long-term period data of the absorption coefficient by phytoplankton at wavelength 443 nm, aph(443) 

was obtained from Ocean Colour Climate Change Initiative (OC-CCI) products which was generated by The 

European Space Agency (ESA). OC-CCI products were created by combining data from five ocean color sensors 

on different satellites, that contains Sea-viewing Wide Field-of-view Sensor (SeaWiFS), Moderate resolution 

Imaging Spectroradiometer (MODIS) on Aqua, Medium Resolution Imaging Spectrometer (MERIS) on Envisat-

1, and Visible Infrared Imaging Radiometer Suite (VIIRS) on the Suomi National Polar-orbiting Partnership 

(SNPP) (Mélin et al., 2017). The main purpose of OC-CCI is to create reliable ocean color data over time for 

studying climate change (Brewin et al., 2015). The OC-CCI version 5.0 global level-3 monthly ocean color 

products from 1998 to 2020 with 4 km resolution were acquired from May 1998 to October 2020 from ESA OC-

CCI website (https://climate.esa.int/). 

 

3.2.3 Optical model for phytoplankton size classes and the definition of small phytoplankton domination. 

Following Hirata et al. (2008), small phytoplankton dominant regions were quantified. The algorithm 

of Hirata et al. (2008) is one of abundance-based models for the PSCs using single parameter (absorption 

coefficient by phytoplankton at wavelength 443 nm) as a threshold-based method. This model splits PSCs as 

follows: aph(443) < 0.023 m-1 for pico-phytoplankton domination; 0.023 ≤ aph(443) < 0.069 m-1 for nano-

phytoplankton domination; 0.069 ≤ aph(443) m-1 for micro-phytoplankton domination. To focus small 

phytoplankton, we reorganized phytoplankton community in two groups (> 2 μm, small phytoplankton; < 2 μm, 

large phytoplankton) as modifying the algorithm of Hirata et al. (2008). The contribution of small phytoplankton 

was estimated by calculating the proportion of small phytoplankton dominant regions in each area. For validation 

purposes, the OC-CCI derived PSCs corresponding to each in-situ measurement data were matched up and 

compared. Small phytoplankton domination was defined as the condition in which small phytoplankton constitutes 

more than 50% of the total phytoplankton community (Table 6) in in-situ measurement data. 
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3.3. Results and discussion 

3.3.1 Validation of optical method for PSCs 

The size-fractionated Chlorophyll-a ratios of each size groups (small and large phytoplankton) were 

calculated from in-situ chlorophyll-a measurement. The dominated size groups were derived from the in-situ 

chlorophyll-a measurements. These phytoplankton size community were compared with optical estimation 

derived from aph(443), as shown in Table 6. The dominant phytoplankton size groups estimated by the model were 

in good matches with those obtained from the chlorophyll-a measurements, except for 6 stations of all 37. The 

discrepancy between the satellite data (monthly averages) and the field survey results (single-day measurements) 

is presumed to be due to the difference in their temporal resolutions. The poorly fitting stations had significantly 

different chlorophyll-a distribution between surface and whole euphotic zone. For instance, St.1 and St.16 stations 

in ARA07B, St.9 and St.U-3 stations in OS040 observed large phytoplankton was dominant in whole water 

column but small phytoplankton was dominant only in surface water. Small phytoplankton group was dominant 

at the 14 stations with in-situ measurement (or 10 stations with optics model-derived approach). In general, this 

model was well validated with an accuracy of 84% (31 of 37 stations were matched) for dominant size group of 

phytoplankton (Table 6). 

 

3.3.2 Climatological properties and seasonal patterns of small phytoplankton 

Climatology images of small phytoplankton contribution in the NC, BS and NB (Figure 14; 15) were 

derived using satellite remote sensing data. Figure 14 provided the climatologic image (May 1998 to October 

2020) of the small phytoplankton domination. In the NC, small phytoplankton contributed 0 to 93.1 % (mean ± 

S.D. = 44.8 ± 26.2 %), 0 to 40.8 % (mean ± S.D. = 2.9 ± 6.0 %) in the BS, and 0 to 99.6 % (mean ± S.D. = 35.3 

± 35.1 %) small phytoplankton dominant ratio respectively. Based on 1998-2020 climatology, small 

phytoplankton contributed mostly on the NC (44.8 ± 26.2 %) among all area. The least contribution of small 

phytoplankton was observed in the NB region, with a maximum of only 40.8%. The small phytoplankton were 

dominant in the open water and deeper area (near the Chukchi plateau; around 77°N, 165°W), while large 

phytoplankton dominated shallow and near shore (coast, the northern Bering Sea, and the Chukchi shelf). In the 

NC, phytoplankton size structure was affected by sea ice melting significantly (Fujiwara et al., 2016) as well as 

Canada Basin (Coupel et al., 2012). The significant contribution of small phytoplankton in the NC suggests its 

association with sea ice. In typical conditions, picophytoplankton tend to thrive in oligotrophic waters due to their 

ability to efficiently acquire nutrients in low-nutrient environments (Agawin et al., 2000). Furthermore, Li et al. 

(2009) and Yun et al. (2016) has reported the nitrogen deficiency inhibited phytoplankton growth in NC. For these 

reasons, it indicates that small phytoplankton has a competitive advantage over large phytoplankton, allowing it 

to thrive in the NC. 

All three regions present seasonal patterns of small phytoplankton dominant ratio (Figure 15; 16, Table 

7). In the NC, the smallest contribution of small phytoplankton was observed in June, and it increased until August 
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before decreasing again in September (Figure 16, Table 7). In June, the contribution of small phytoplankton was 

26.7%, while in July it increased to 32.9%, further rising to 62.2% in August, and then decreasing to 48.6% in 

September. In the BS, the contribution of small phytoplankton was relatively low compared to other regions, with 

1.5% in May, 5.0% in June, 6.8% in July, 3.0% in August, 0.6% in September, and 0.6% in October. In the NB, 

the contribution of small phytoplankton showed varying percentages throughout the months, with 5.8% in May, 

52.4% in June, 76.8% in July, 53.7% in August, 17.5% in September, and 4.4% in October. Lee et al. (2019) which 

reported an increase in small phytoplankton contribution up to 45.8% in the southern Chukchi Sea during July 

and up to 31.8% in the area north of St. Lawrence Island, this study did not observe such high values in our data. 

Indeed, the differences in the definition of 'small phytoplankton dominant' between this study and Lee et al. (2019) 

could explain the contrasting results. In this study, 'small phytoplankton dominant' was defined as a contribution 

of 50% or more, whereas Lee et al. (2019) defined the dominant group as the one among pico-, nano-, and micro- 

phytoplankton with the highest abundance. These varying criteria for dominance could lead to different outcomes 

and interpretations of the data. 

The peak point of small phytoplankton contribution mostly over whole period is the NB in July (76.8 % 

of small phytoplankton contribution). Bloom occurred usually on the NB in May, June and August usually (Frey 

et al., 2021). Therefore, the highest values of small phytoplankton domination observed in July is likely a result 

of phytoplankton succession following the bloom. The BS has very low proportion of small phytoplankton 

contribution consistently throughout the year ( > 7%, Table 7, Figure 16). The BS is productive region dominated 

by diatoms (46% of total phytoplankton; chapter 2) which are mainly classified as large phytoplankton. This 

productivity is maintained by the influx of nutrient-rich AW waters through the northern branch of the split Bering 

Slope Current (Lowry et al., 2015). Small phytoplankton in the NC were contributing constantly all year round 

(at least 27.6 %). This suggests small phytoplankton contribute largely within whole primary production on the 

NC throughout the year. 

As indicated in Figure 15, significant variations in phytoplankton size groups were also observed in the 

vicinity of the Hope Valley and Herald Shore (near BS) in the Chukchi Shelf. This suggests that this region is also 

crucial for studying fluctuations in small phytoplankton. However, due to the limited availability of in-situ data, 

this study was unable to extensively investigate this area. 

 In this chapter, the optical method for phytoplankton size estimation was effectively validated, showing 

strong agreement with in-situ measurements. Small phytoplankton exhibited distinct climatological and seasonal 

patterns depending on regions, The NC, a hotspot for small phytoplankton dominance, is likely influenced by the 

disappearance of sea ice, especially in areas that transition to open water. The study underscores the importance 

of considering methodological differences in defining dominance and emphasizes the need for further 

investigation in specific regions, such as the Chukchi Shelf, to better understand fluctuations in small 

phytoplankton.



39 

 

 

 

Figure 13. Study area and stations of chapter 3. The three areas include the northern Chukchi Sea (NC), Bering 

strait (BS) and northern Bering Sea (NB). 
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Table 6. Comparison between in-situ measured small phytoplankton proportions and satellited derived small 

phytoplankton domination. 

  Field measurements Satellite 
  Chlorophyll-a ratio In-situ PSC 

Cruise Stations Large Small 
Dominant 
size class 

Dominant 
size class  

HLY0702 
2007 

1 92% 8% Large Large 
14 94% 6% Large Large 
18 89% 11% Large Large 
22 64% 36% Large Large 
27 68% 32% Large Large 
31 92% 8% Large Large 
35 91% 9% Large Large 
41 97% 3% Large Large 
51 83% 17% Large Large 
57 72% 28% Large Large 
61 84% 16% Large Large 
65 97% 3% Large Large 
69 92% 8% Large Large 
73 98% 2% Large Large 
81 45% 55% Small Large 

103 96% 4% Large Large 
109 40% 6% Small Small 
115 60% 4% Small Small 
119 54% 46% Small Small 
137 45% 55% Small Small 
140 51% 49% Small Small 

ARA07B 
2016 

1 47% 53% Small Large 
3 86% 14% Large Large 
6 97% 3% Large Large 
12 64% 36% Large Large 
15 48% 52% Small Small 
16 56% 44% Small Large 
30 46% 54% Small Small 

OS040 
2017 

1 97% 3% Large Large 
5 70% 3% Large Large 
7 99% 1% Large Large 
9 33% 67% Small Large 

U-3 59% 41% Small Large 
13 86% 14% Large Small 
15 87% 13% Large Large 
19 27% 73% Small Small 
23 24% 76% Small Small 

* The word marked in italics represents unmatched stations. 
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Figure 14. Climatology image of small phytoplankton contribution of each region from 1998 to 2020. Small 

phytoplankton contributed largely on NC.
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Figure 15. Seasonal climatology images of small phytoplankton contribution. All three regions present seasonal 

pattern. Small phytoplankton ranged from 0% to 99.6%.  

May June July 

September October August 
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Figure 16. Small phytoplankton contribution of climatology from 1998 to 2020. The highest contribution of small 

phytoplankton was NB in July (76.8% of small contribution). The BS have low proportion of small phytoplankton 

generally (< 7%). Small phytoplankton in NC were contributing constantly all year round (27.6%-62.2%). 
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Table 7. The small phytoplankton contribution in climatology. High values were observed in NC, with a lower 

proportion of small phytoplankton in BS and significant variability in NB. 

  NC BS NB 

May   1.5(± 3.2)% 5.8(± 8.4)% 

June 27.6(± 32.8)% 5.0(± 9.7)% 52.4(± 31.4)% 

July 32.9(± 23.9)% 6.8(± 6.7)% 76.8(± 25.7)% 

August 62.2(± 17.8)% 3.0(± 5.6)% 53.7(± 29.8)% 

September 48.6(± 17.9)% 0.6(± 1.4)% 17.5(± 15.4)% 

October   0.6(± 1.2)% 4.4(± 5.1)% 
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Chapter 4 

Environmental factors that affect small phytoplankton 
community in the northern Chukchi to northern Bering Seas via 

numerical studies 

4.1. Introduction 

Numerous studies have been conducted on small phytoplankton in the Arctic Ocean (Bhavya et al., 

2020; Cottrell and Kirchman, 2009; Gradinger and Lenz, 1995; He et al., 2012; Lee et al., 2023, 2019, 2018; Li, 

1998; Li et al., 2009; Lovejoy et al., 2006; Park et al., 2022; Sherr et al., 2003; Terrado et al., 2008; Yun et al., 

2019, 2016). These studies have revealed that small phytoplankton are influenced by sea surface temperature 

(SST), sea ice, and freshwater contents (FWC) in the southern part of Pacific-Arctic Ocean. Notably, significant 

relationships between phytoplankton communities and SST in the Bering Sea and Chukchi shelf have been 

reported (Fujiwara et al., 2011; Waga et al., 2017). Moreover, Lee et al. (2019) found that the implication of SST 

on small-phytoplankton dominant regions varies depending on the region in the Bering Sea and Bering Strait. 

However, in Chapter 2 of this study, it was found that the annual contribution of small phytoplankton is not related 

to SST. Perhaps the limited findings of previous study to the Bering Sea and Bering Strait regions explain this 

discrepancy of relationship between small phytoplankton and SST.  

Fujiwara et al. (2016)concluded that the early sea ice retreat can influence the phytoplankton size 

composition larger during the Marginal Ice Zone (MIZ) bloom period by more nutrient supply from subsurface 

following weak stratification (Yun et al., 2016) stated that FWC had a significant negative effect on PP related to 

the nitrate inventory. Furthermore, in recent decades, there has been an increase in the freshwater content of the 

Arctic Ocean, encompassing river discharge, Pacific water inflow through the Bering Strait, sea ice meltwater, 

and net precipitation (Jones et al., 2008). Consequently, there is a possibility that the contribution of small 

phytoplankton will increase. FWC plays a crucial role in determining the nutrient distribution, nitrate inventory 

and nutrient availability for phytoplankton growth in the Arctic Ocean, showing strong relationships with primary 

production (Coupel et al., 2015; Yun et al., 2016, 2014). Li et al. (2009) reported that strong stratification caused 

by freshwater can lead to smaller phytoplankton in the surface ocean. Also, in Chapter 2 of this study, a positive 

relationship between FWC and small phytoplankton contribution was observed. However, these studies were 

limited to observing specific summers or conducted over short periods (less than 5 years). In such short periods, 

it is challenging to discern the effects of larger-scale environmental changes spanning over five years. Moreover, 

due to the significant influence of major events in particular years, longer-term studies are necessary to gain a 

comprehensive understanding. Furthermore, previous studies were unable to sensitively quantify how much 

environmental factors influenced phytoplankton due to temporal and spatial limitations.  Further research is 

needed to comprehensively understand the relationships between small phytoplankton and environmental factors 

on a larger temporal scale. Specifically, most research related to the Chukchi Sea is confined to the southern region 

of the Chukchi Shelf. Therefore, this chapter delves more deeply into the uniqueness of the northern Chukchi Sea 
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(NC), as identified in Chapter 2.  

Therefore, this chapter of the study will quantitatively investigate the trends of small phytoplankton 

using satellite remote sensing data over a long-term period (1998-2020) and elucidate the correlations with 

environmental factors. Environmental factors such as SST, sea ice and FWC are obtained from the gridded model 

data provided by CMEMS. To ensure the accuracy of the data, a validation process is conducted by comparing it 

with in-situ measurements. Subsequently, a quantitative analysis will be performed to assess the relationships 

between these environmental factors and small phytoplankton in the northern Chukchi to the northern Bering Seas 

(NC to BS). This analysis will allow us to determine the extent to which each factor influences small 

phytoplankton in these regions. 

 

4.2. Methods 

4.2.1. Small phytoplankton contribution 

Small phytoplankton dominant region data were derived using the methodology outlined in Hirata et al. 

(2008), as described in Chapter 2, method 2.3 of this study. The data was processed to extract regional monthly 

average values and analyzed for long-term variations. In this study, I defined the contribution of small 

phytoplankton by calculating the frequency of dominance by small phytoplankton in each pixel over a year. To 

see the anomaly, the small phytoplankton contribution of each pixel from 1998 to 2020 were averaged annually 

and the anomaly of small phytoplankton contribution was calculated for each PDO phase. PDO phases were 

determined following their moving average. PDO index were obtained from National Centers for Environmental 

Information, National Ocean and Atmospheric Administration (NOAA). 

 

4.2.2 Environmental factors from 1998 to 2020 

SST and FWC were provided from model-gridded data. Global Ocean-Delayed Mode gridded CORA 

in-situ observation objective analysis in Delayed Mode (Cabanes et al., 2013; Szekely et al., 2019) was obtained 

from the Copernicus Marine Service (https://marine.copernicus.eu). To validate the ocean model-gridded data, I 

utilized in-situ salinity and in-situ SST collected during the ARA07B (August, 2016) and OS040 (July, 2017) by 

CTD. Salinity in the water column and SST data from 1998 to 2020, with a horizontal resolution of 1/12 degree 

were used for analysis. Sea ice concentration was derived from Global Ocean Physics Reanalysis based on NEMO 

with 1/12°horizontal resolution. This was also acquired from Copernicus Marine Service. FWC were calculated 

following (Carmack et al., 2008) with reference salinity 34.8 psu (Sref = 34.8; the average salinity of the Arctic 

Ocean; Aagaard and Carmack, 1989; Serreze et al., 2006; Holland et al., 2007; Haine et al., 2015). The equation 

of FWC calculation following (Carmack et al., 2008) : 

𝐹𝑊𝐶  1
𝑆 𝑧
𝑆

𝑑𝑧 
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, where FWC is freshwater contents (m), S(z) and Sref are the in-situ salinity (psu) on specific depth (m) and 

reference salinity, Zlim is the depth where S equals Sref. SST, salinity, FWC were validated with the in-situ data 

presented in Chapter 2 (Figure 17). To establish the correlations with environmental factors, Pearson’s correlation 

coefficients were calculated. Multiple regression method was employed to determine the contribution of each 

factor. 80% of data were used for modeling, 20% of data were used for testing. All factors were rescaled for 

normalization. In the study, a multiple regression analysis was employed encompassing four distinct factors : SST, 

FWC, sea ice, Sea Surface Salinity (SSS). Given that SSS contributed to the computation of FWC, the potential 

for multicollinearity within the model was rigorously examined. The Variance Inflation Factor was determined to 

be 1.53, indicating that multicollinearity was not a concern in the analysis. 

 

4.3. Results and discussion 

4.3.1. The annual variation of small phytoplankton contribution in three regions (NC, BS and NB) 

Figure 18 provides a general overview of the annual changes in small phytoplankton contribution. In 

the NC region, there was limited data available in 1998-2001, however, starting from 2002, there has been an 

increase in satellite data. It has been observed that the areas dominated by small phytoplankton have expanded 

with sea ice uncovered area. This appears to be due to the gradual retreat of sea ice, leading to a wider expanse of 

open sea. Liu et al. (2021) reported the sea ice concentration in the NC has decreased dramatically in the past 

decade. And open-water duration could shift longer (Wang and Overland, 2015). Figure 18 showed most of the 

expanded open water areas are dominated by small phytoplankton. In Chapter 2, the influence of ice-melt water 

in the NC was observed in 2016. Yun et al. (2016) mentioned ice-melt water is a one of component of FWC. This 

suggests that ice-melt water as FWC could contributes to small phytoplankton in NC. FWC is strongly related to 

the primary production (Coupel et al., 2015; Yun et al., 2014). It could suggest the phytoplankton community on 

the NC also varies according to sea ice change. Especially, more ice-melt freshwater could influence to 

phytoplankton community becoming smaller in the NC. A decreasing trend of monthly small phytoplankton 

contribution in the NC during September was observed, showing an average annual decline of about 1.2%. On 

the other hand, July and August exhibited a very slight increasing trend, 0.6 % and 0.4 % annually, respectively 

(Figure 19a). The highest small phytoplankton contribution is generally observed in August each year (61%; 14 

of 23 years) and second highest contribution occurred frequently in September (26%; 6 of 23 years) (Figure 20). 

Particularly, during the years 2003 to 2005, the highest contribution occurred in September rather than August 

(Figure 20). 

In the BS region, the small phytoplankton contribution consistently remained relative low value below 

22% (Figure 19b). The nutrient-rich flow from the western Bering Strait is connected to a substantial 

phytoplankton standing crop in the Bering Sea (Sambrotto et al., 1984). Due to the disadvantageous proliferation 

of small phytoplankton under nutrient-rich conditions compared to large phytoplankton, the contribution of small 

phytoplankton is consistently lower and exhibits minimal variability. However, a recent study reported the decline 

of primary productivity (PP) in western Bering strait (Frey et al., 2022). Small phytoplankton contribution appears 
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to slightly increase in July (0.4% annually), while showing a slight decrease in August (0.4% annually) and 

September (0.1% annually) (Figure 19b). This suggests that there may have been changes in bloom patterns in the 

Bering Strait region. Considering that Frey et al. (2022) also discuss the east-west environmental variations within 

the Bering Strait, it seems important to conduct further studies by dividing the changes in the Bering Strait into 

smaller regions for more detailed analysis. 

In 2011, the lowest contribution of small phytoplankton was observed in the NB (Figure 18, Figure 19). 

Ardyna and Arrigo (2020) has reported 2011 is the lowest sea ice extent year over recent 40 years. However, there 

were no notable changes observed in the environmental factors of FWC, sea ice, and SST in 2011 of this study. It 

is speculated that the influence could be attributed to other environmental factors such as nutrient balance. In the 

NB, the significant increase trends were observed in July and August by 1.7 % and 1.3 annually, respectively. 

 

4.3.2. Decadal variant of small phytoplankton contribution with PDO index 

According to several studies, changing of PDO phase could explain variability of some environmental 

parameters in Pacific side arctic ocean (Kim et al., 2020; Kodaira et al., 2020; Simon et al., 2022; Svendsen et al., 

2021, 2018). Similarly, in this research, changes in the contribution of small phytoplankton across different regions 

were identified in correlation with fluctuations in the PDO index. Small phytoplankton contribution changes along 

with PDO, ranged from 32.9% to 56.2% in the NC, from 0.8% to 8.7% in the BS, from 32.2% to 43.3% in the NB 

(Table 8, Figure 21). In 2002-2006 positive PDO (Figure 22), productive regions were expanded northward with 

sea ice retreat, however, most new open area dominated by small phytoplankton. This could be affected by 

increased amount of ice melting water (Chapter 2). Small dominant region in the NB became more frequent after 

2006 (27.0% to 41.2%). PDO shifted from positive to negative in 2007-2014 but phytoplankton in NB became 

smaller (20.8% - 40.4% - 43.3%). The BS has changed little relatively with each PDO phase. Small phytoplankton 

contribution raged from 0.8 to 8.7% and mean value was 2.9% (± 6.0%). There were opposite tendencies between 

the NC and NB (Figure 21). When the PDO index shifts from negative to positive the contribution of small 

phytoplankton increases in NC while it decreases in NB. Screen and Francis (2016) suggests PDO-like SST 

anomalies could regulate a series of arctic environmental condition as sea ice loss. From this, it can be speculated 

that the influence of SST might work in opposite directions in these two regions. Although significant variations 

were observed in accordance with each PDO phase, the correlation with the PDO itself did not appear to be strong. 

 

4.3.3. The relationship between small phytoplankton and environmental factors 

A significant negative correlation (Pearson's r = -0.7426) was observed between SST and the rate of 

small phytoplankton contribution in the NC region (Figure 23). Additionally, FWC exhibited a significant positive 

influence on the small phytoplankton contribution in the NC region (Pearson's r = 0.7895), and a correlation 

consistent with in-situ measurements (Figure 23). However, in both the BS and the NB regions, SST did not show 

a significant relationship, while FWC displayed only a modest correlation (Pearson's r = 0.2338) with small 
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phytoplankton in the BS region. Among the various regions, sea ice concentration had the most pronounced impact 

on the NC. Notably, the extent of small phytoplankton dominant regions could increase with expanding sea ice 

cover (Pearson’s r = 0.5041) (Figure 23). Based on the above results, a multiple regression analysis was conducted 

to determine the most significant variable in the NC region. The R-square of multiple regression was 0.700 (Adjust 

R-square =0.698) (Figure 24, Table 9). This suggest 69.8% of the variance in the dependent variable is explained 

by the model for 4 factors (SST, SSS, FWC, sea ice concentration). The equation of multiple regression results is : 

𝑆𝑚𝑎𝑙𝑙 𝑝ℎ𝑦𝑡𝑜𝑝𝑙𝑎𝑛𝑘𝑡𝑜𝑛 𝑐𝑜𝑛𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑖𝑜  

 0.1054 𝑆𝑆𝑇 °𝐶  0.0473 𝑆𝑆𝑆 𝑝𝑠𝑢  0.1632 𝐹𝑊𝐶 𝑚  

0.0229 𝑆𝑒𝑎𝑖𝑐𝑒 𝑟𝑎𝑡𝑖𝑜  0.6561 

This result is an estimate based on the following range of values : SST (-1.40 to 1.60°C), SSS (29.16 to 30.25 

psu), FWC (3.0 to 14.2 m), Sea ice concentration (0.57 to 0.79), The obtained result indicates that the p-values 

were less than 0.01 (SST, SSS and FWC), p-value for sea ice less than 0.05 signifying statistical significance. The 

factor that influenced small phytoplankton most was FWC (t = 12.439) (Table 9) in the NC. In the NC region, 

there are similarities in the patterns of change between FWC distribution and small phytoplankton contribution, 

with a Pearson's correlation coefficient of 0.7895. This relationship appears to be influenced by factors such as 

topography, including the continental shelf. The Beaufort Gyre, located to the east of the NC region, is known for 

having the lowest salinity in the Arctic Ocean (Proshutinsky et al., 2009). The freshwater from the Beaufort Gyre 

flows from the east of the Beaufort Sea to the NC region along the coast. It is suggested that this freshwater 

influence from the Beaufort Gyre contributes to the higher small phytoplankton contribution observed in the NC 

region. Yun et al. (2016) reported that wind pressure can also influence FWC. Therefore, in subsequent studies, 

wind, along with currents and the structure of water masses, should be considered as factors associated with FWC. 

Based on the obtained results, within the model that can explain 68.9% of the variance in small 

phytoplankton contribution, FWC holds a significant position. Therefore, in the NC region, FWC is considered as 

an influential index for estimating small phytoplankton contribution. While early studies extensively analyzed 

various environmental factors, research focusing on quantifying the extent of their influence was lacking. This 

study addresses this gap and, specifically for the NC region, concludes that FWC holds a paramount influence, 

filling the gap in our understanding. 
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Figure 17. Validation of each environmental factors. All environmental factors of modeled data were well matched 

with in-situ data (R2=0.8771 for SST; R2=0.9974 for Salinity ; R2=0.9675 for FWC).
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Figure 18. Annual small-dominant region in the Chukchi Sea and Bering Sea from 1998 to 2020. This is the result of calculating the dominance of small phytoplankton 

throughout the year
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Figure 19. Monthly variation of small phytoplankton dominant regions depending on regions. a) is for the NC (b) 

and (c) are the BS and NB, respectively. The strait lines are trend lines of each month. 
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Figure 20. Annual time series of small phytoplankton contribution in the NC from 1998 to 2020.  

  

  May June July August September October 

1998     4% 44% 43%   

1999    10% 51% 30%  

2000     22% 57%  

2001    9% 38% 55%  

2002    65% 69% 58%  

2003   0% 43% 75% 83%  

2004    10% 77% 83%  

2005   0% 29% 65% 84%  

2006    78% 88% 48%  

2007   0% 46% 86% 52%  

2008   93% 28% 90% 60%  

2009   40% 69% 61% 31%  

2010   0% 6% 55% 35%  

2011   7% 21% 61% 24%  

2012     73% 61%  

2013    18% 74% 40%  

2014    51% 57% 39%  

2015    31% 42% 47%  

2016    17% 59% 51%  

2017   1% 23% 44% 30%  

2018   43% 33% 70% 54%  

2019   38% 85% 88% 35%  

2020   81% 17% 42% 16%  
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Table 8. Small phytoplankton contribution of each PDO phase depending on regions. NC and NB exhibit 

inverse responses to changes in PDO. 

Period 
NC BS NB 

Phase of 
PDO 

1998-2001 32.9% 5.8% 32.2% Negative 

2002-2006 56.2% 1.0% 20.8% Positive 

2007-2013 45.2% 1.4% 40.4% Negative 

2014-2017 35.2% 0.8% 43.3% Positive 

2018-2020 50.1% 8.7% 39.8% 
Positive 

to 
Negative 
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Figure 21. Monthly time series of small phytoplankton contribution with PDO index. Each region exhibits 

variations in response to changes in PDO.
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Figure 22. Anomaly map of small phytoplankton contribution of each PDO phase. Anomalies were calculated from the overall mean baseline, and variations can be observed 

based on each PDO phase.  
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Figure 23. The relationship among SST, FWC, sea ice and small phytoplankton contribution. NC: n=577, BS: n=151, NB: n=69; P-values of sea ice and small phytoplankton 

contribution were p<0.5 (NC), p<0.01 (NB), p<0.01 (BS), SST and small phytoplankton contribution : p<0.01 for NC, NB, BS, FWC and small phytoplankton : p<0.01 for 

NC, NB, BS 
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Figure 24. Multiple regression result of small phytoplankton contribution (n=581, p< 0.1 for SST, SSS, FWC, p< 

0.5 for Sea ice concentration). 

 

Table 9. Regression coefficient of each environmental factors. FWC is the most explainable factor for small 

phytoplankton contribution in the NC. 

 Regression 
coefficient 

Std error t (t-test) P>|t| 

constant 0.6561 0.006 114.908 0 

SST -0.1054 0.018 -5.806 0 

SSS 0.0473 0.011 4.496 0 

FWC 0.1632 0.013 12.439 0 

Sea ice -0.0229 0.009 -2.471 0.014 
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Chapter 5 

Summary and Conclusion 

5.1 Summary and connection of chapters 

 This concluding chapter synthesizes the preceding sections to achieve the outlined objectives of my 

research. As introduced earlier, this dissertation aims to provide novel insights into small phytoplankton dynamics 

and factors in the Arctic Ocean through a comprehensive and systematic analysis. Utilizing robust data based on 

satellite-derived small phytoplankton contributions and environmental factors from various models, the paper 

concludes that small phytoplankton contributions were mainly controlled by Freshwater Content (FWC) in the 

North Chukchi (NC) region. The characteristics of small phytoplankton observed in this study in the NC were 

independent and distinctive compared to the Southern Chukchi Sea. This chapter consolidates these outcomes, 

emphasizing the significance of small phytoplankton contributions to the Arctic Ocean and exploring avenues for 

potential expansion within further research on the small phytoplankton dynamics in the Pacific-Arctic Ocean. 

Within this final chapter, we aim to discuss the broader implications of our findings, delving into a deeper 

understanding of small phytoplankton in the Arctic Ocean and its practical value within the Arctic Ocean 

ecosystem. 

 In chapter 2, this chapter researched dominant phytoplankton communities and biochemical 

characteristics in the Arctic Ocean. Two Arctic research cruises were conducted in the Chukchi Sea aboard the 

icebreaker R/N Araon in 2016 (ARA07B) and mainly in the northern Bering Sea aboard T/S Oshoro-Maru in 2017 

(OS040) to determine dominant phytoplankton communities and the relative contribution of small phytoplankton 

(<2 µm) to total primary production. The dominant phytoplankton communities were diatoms and Phaeocystis 

during ARA07B, whereas diatoms and Prasinophyte (Type 2) were observed during OS040. Based on AHC 

analysis, the primary productions of total and small phytoplankton communities varied depending on the sea area. 

Overall, high primary productions and low contributions of small phytoplankton during both study periods were 

distributed in the Bering Strait region, affected by nutrient-enriched BSW. Different biochemical compositions 

between small and large phytoplankton were observed. The small phytoplankton group had a higher 

POC:chlorophyll-a (t-test, p < 0.01) and PON:chlorophyll-a ratio than large phytoplankton, suggesting that small 

phytoplankton have higher carbon and nitrogen contents per unit of chlorophyll-a concentration (Lee et al., 2013). 

This chapter also found that small phytoplankton contribution has strong positive correlation with FWC in the 

northern Chukchi Sea (NC). Additionally, small phytoplankton had lower C:N ratios than large phytoplankton, 

indicating that small phytoplankton incorporate more nitrogen in relation to carbon into their bodies and thus 

produce nitrogen-rich organic matters (Bhavya et al., 2018), which could be relatively faster regenerated than 

carbon-rich organic matters such as carbohydrates (Kim et al., 2018; Hodal and Kristiansen, 2008). Therefore, 

further studies on small phytoplankton, which could be an essential basic food source in the Arctic ecosystem, 

should be conducted under the current warming ocean scenario. Chapter 3 were conducted for optical method 

validation and Climatological Analysis. This chapter successfully validated an optical method for predicting PSCs, 
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achieving an accuracy of 84% in identifying dominant size groups. Climatological analysis revealed distinct 

regional patterns in small phytoplankton dominance, with the North Chukchi consistently showing substantial 

contributions throughout the year. The Bering Strait exhibited low and consistent small phytoplankton 

contributions, while the North Bering displayed a peak in July, likely following the phytoplankton bloom. These 

findings emphasize the ecological significance of small phytoplankton, especially in the North Chukchi, and 

suggest a link between their dominance and sea ice conditions. Further research, especially with more extensive 

in-situ data, is needed to understand the dynamics of small phytoplankton in critical regions such as the Chukchi 

Shelf. This study contributes valuable insights into phytoplankton community structures and their seasonal 

variations in the Arctic Ocean, essential for understanding the impacts of changing environmental conditions on 

marine ecosystems. Chapter 4 focused on annual and decadal variations and environmental factors for small 

phytoplankton contribution on the Arctic Ocean. A rise in satellite data since 2002 on the NC revealed expanded 

areas dominated by small phytoplankton, likely linked to sea ice retreat. Monthly trends indicated a decline in 

September but a slight increase in July and August. Sea ice concentration correlated with small phytoplankton 

dominance. The BS region maintained a consistently low small phytoplankton contribution (<22%), possibly 

influenced by nutrient-rich conditions. A decline in PP was noted in the western Bering Strait. NB region 

experienced the lowest small phytoplankton contribution in 2011 but showed increasing trends in July and August. 

Decadal variation with PDO index changes in small phytoplankton contribution correlated with PDO fluctuations. 

The NC saw contributions ranging from 32.9% to 56.2%, the BS remained relatively stable (0.8% to 8.7%), and 

the NB showed an increasing trend from 27.0% to 43.3%. Opposing tendencies in the NC and NB suggested the 

influence of PDO-like SST anomalies, impacting sea ice conditions. A significant negative correlation between 

SST and small phytoplankton contribution was observed in the NC. FWC exhibited a positive influence in the NC 

but showed modest correlations in the BS and NB. Sea ice concentration notably impacted the NC. Multiple 

regression analysis identified FWC as the most significant variable in the NC, explaining 69.8% of the variance. 

Beaufort gyre in eastern area of NC has the lowest salinity in arctic ocean (Proshutinsky et al., 2009). The 

freshwater of Beaufort gyre flows from the east of Beaufort Sea to NC region along the coast. This FWC of 

Beaufort gyre is presumed to have affected to high small phytoplankton contribution in NC with freshwater 

supplement (Manucharyan and Isachsen, 2019; Zhuang et al., 2021). The difference in small phytoplankton 

contribution between the NC and BS is likely attributed to the inflow of FWC from the Beaufort Gyre in the 

Canada Basin. Therefore, in subsequent research, further investigation into the physical connection between the 

Beaufort Gyre and the NC would likely enhance our understanding of the characteristics of small phytoplankton 

in the NC. In in-situ measurement (Chapter2), FWC in NC were averaged 15m (2-22m) and euphotic zone were 

averaged 49.7m (22-92m). This imply halocline which was shallower than FWC depth led to oligotrophic in NC. 

For this reason, high contribution of small phytoplankton in NC is supposed to be high and is expected to change 

due to fresh water flowing into the Beaufort gyre such as live run off and ice melting. In this study, FWC in NC 

is on increasing steadily. Therefore, we can predict that the contribution of small phytoplankton contribution will 

continue to increase with increasing trend of FWC (Figure 25). 
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5.2. Conclusion 

In conclusion, these chapters paint a nuanced picture of small phytoplankton in the Arctic Ocean. Small 

phytoplankton, with their unique biochemical characteristics, play a vital role in the ecosystem. Their dynamics 

are intricately tied to regional factors, including sea ice conditions and PDO. The NC region, characterized by its 

sensitivity to FWC, emerged as a focal point for understanding small phytoplankton variations. In previous studies, 

research on the relationship between small phytoplankton and the environment was limited to the southern part of 

the Chukchi Sea, focused on short-term analyses. These studies provided only fragmented knowledge about the 

effects of various environmental factors. However, this research illuminated how the contribution of small 

phytoplankton fluctuates over a period of more than 20 years and clarified the extent to which various 

environmental factors influence small phytoplankton. Based on this, predictions were made about potential future 

changes in small phytoplankton in the NC. This research advances our understanding of small phytoplankton in 

the Arctic Ocean, shedding light on their ecological role and the complex interactions shaping their dynamics. 

These insights hold significance for predicting and managing the impacts of ongoing environmental changes in 

the Arctic. The study not only contributes to the scientific understanding of phytoplankton dynamics but also 

underscores the importance of region-specific considerations in ecological research.  
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Figure 25. Increasing trend of FWC during 1998 to 2020. FWC was calculated following Carmack et al. (2008) 

using modeled salinity (Global Ocean-Delayed Mode gridded CORA in-situ Observations objective analysis in 

Delayed Mode) 
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Appendix 

 

Appendix 1. FWC (m) with PDO period. Each of period. The characteristic feature of the Beaufort Gyre is the increase and decrease of FWC, with no significant variations 

observed in BS and NB. 
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Appendix 2. FWC (m) climatology from 1998 to 2020. The FWC trend in NC appears to resemble the topography and seems to be influenced by the Beaufort Gyre. 
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Appendix 3. SST (°C) with PDO period. SST was derived from Global Ocean-Delayed Mode gridded CORA In-situ Observations objective analysis in Delayed Mode 

(Cabanes et al., 2013; Szekely et al., 2019) 
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Appendix 4. SST (°C) climatology from 1998 to 2020 (Global Ocean-Delayed Mode gridded CORA In-situ Observations objective analysis in Delayed Mode; Cabanes et 

al., 2013; Szekely et al., 2019) 


