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Marine Nitrogen Fixation and Phytoplankton Ecology

Many oceans are currently undergoing rapid changes in environmental conditions
such as warming temperature, acidic water condition, coastal hypoxia, etc. Obvious
warming and acidification in various oceans, from polar oceans to tropical oceans, was
well reported in the fifth Assessment Report (AR5) by the Intergovernmental Panel on
Climate Change [1]. These climate-driven environmental changes could lead to dramatic
alterations in the biology and ecology of phytoplankton as major primary producers and
biogeochemical drivers and subsequently impact the growth and survival of other marine
organisms [2–5]. Consequently, the entire marine ecosystem and global biogeochemical
cycles would be very different from what we have now.

Marine phytoplankton are an important indicator of marine ecosystem changes in
response to climate-induced environmental change [2,4–6], since they are major primary
producers that consolidate solar energy into organic matter and transfer it to marine
ecosystems throughout the food web. Recently, increasing numbers of roles of small
phytoplankton as a major contributor to primary production have been reported in various
oceans, and it has been found that small phytoplankton could become more prominent
under an ocean warming scenario [2,4,6–9]. The ecological and biogeochemical traits of
small phytoplankton are very different from those of large phytoplankton [3,4,9]. Therefore,
it is urgent to verify the different biological and chemical properties of small phytoplankton
and understand their ecological roles under ongoing environmental changes.

It is widely known that nitrogenous nutrients are key components of primary pro-
duction in the ocean, and the only biological source of such nutrients is diazotrophic
N2 fixation. Similar to primary producers, N2 fixers (diazotrophs) are also vulnerable to
changing environmental conditions. It was found that the polar regions can be introduced
to diazotrophic activity under warming conditions, and the increased N availability can
lead to elevated primary productivity [10–12]. However, if ocean acidification contin-
ues in the future, the diazotrophic activity is likely to decrease [13]. The documentation
and processing of information on N2 fixation is highly important as its role in the N
cycle of the oceans is critical for preparing future projections on the effects of global en-
vironmental changes on the biogeochemical balance of the ecosystems. The employment
of enriched isotopic tracers of dinitrogen (15N2) [14], natural abundance studies of the
N2 isotopes in particulate and dissolved forms of N, and the introduction of a simple
enzyme-based assay, the acetylene reduction method, have opened possibilities expand
our knowledge of biological N2 fixation in the global oceans. The measured N2 fixation
rates in a Trichodesmium bloom in the Arabian Sea showed the highest depth-integrated
values, ranging from ∼0.1 to 34 mmol N m−2 d−1 [15]. The highest depth-integrated N2
fixation rates in non-bloom conditions are obtained in the western tropical South Pacific
(638 ± 1689 μmol N m−2 d−1), which are higher than those of the subtropical North At-
lantic (182 ± 479 μmol N m−2 d−1) and North Pacific (118 ± 101 μmol N m−2 d−1). N2

Water 2022, 14, 1638. https://doi.org/10.3390/w14101638 https://www.mdpi.com/journal/water1



Water 2022, 14, 1638

fixation rates in the eastern South Pacific are measured to be 86 ± 99 μmol N m−2 d−1,
whereas the southern Indian Ocean (<20 μmol N m−2 d−1, [12]) rates are low.

Recent genetic studies on microbial communities report niches of diazotrophic activi-
ties which were previously unknown. Most measurements on N2 fixation rates are from
bulk samples, which might have possibly comprised cyanobacteria and other diazotrophs.
The infusion of the cell-specific N2 fixation method using a nanoscale mass spectrome-
ter gave a high-definition perspective of cellular-level N2 fixation; more importantly, it
provides knowledge about diazotrophy on an individual-species basis [16]. This novel
method helps to identify the species that are capable of N2 fixation, and to determine
their role in transferring fixed N2 to the autotrophs in association with them. However,
information on global N2 fixation rates and cell-specific N2 fixation so far is scant, and
inconsistent in different spatio-temporal scales due to a lack of sufficient measurements. To
tackle the perplexing response of diazotrophs, a detailed assessment of the diazotrophic
community response toward the changing environmental conditions needs to be recorded
thoroughly. Considering the fundamental roles of phytoplankton in marine ecosystems
and global biogeochemical cycles, it is important to understand phytoplankton ecology
and N2 fixation as a potential N source in various oceans.

This Special Issue covers a wide range of geographic study regions from pole to pole
and from coastal systems to open oceans, including Terra Nova Bay, Ross Sea in the Antarc-
tic Ocean, Northern Bering Sea, Chukchi Sea, Canada Basin, and Kongsfjorden, Svalbard in
the Arctic Ocean, Western South China Sea, Northern East China Sea, Northwestern Pacific
Ocean, and Jaran Bay in South Korea. In this Special Issue, we present a total of 11 articles
offering ecological and biogeochemical baselines as indicators for the changes in marine
environments and ecosystems driven by global climate changes. In particular, articles on
the compositions of intracellular biochemical components such as proteins, lipids, and car-
bohydrates of phytoplankton could provide important information for their physiological
conditions and the nutritional value of organic matter available to grazers [17,18]. Recently,
phytoplankton-derived transparent exopolymer particles (TEPs) are known for making
a considerable contribution to the organic matter pools and thus marine biogeochemical
cycles in aquatic environments [19]. Ref. [20] investigated monthly TEPs concentration and
particulate organic carbon (POC) concentration in Jaran Bay, a large shellfish aquaculture
site in a southern coastal region of Korea. They found that the contribution of TEPs ranged
from 2.4% to as high as 78.0% of the POC concentration, which indicated that TEPs-C could
be a significant contributor to the POC pool in a coastal bay. Since little information on
the monthly variation in TEPs is available, their investigation on the TEPs could be a very
important baseline in a coastal bay system. Moreover, in Jaran Bay, ref. [21] also observed
the seasonal and spatial variations in the biochemical compositions of phytoplankton.
They found that the dominant biochemical component was carbohydrates (51.8 ± 8.7%),
followed by lipids (27.3 ± 3.8%) and proteins (20.9 ± 7.4%). Large phytoplankton and the
P × (PO4

3−1/16 × NO3
−) and NH4

+ concentrations were identified as major controlling
factors for food material (FM) in Jaran Bay. Over a year at Jang Bogo Station (JBS) in Antarc-
tica, ref. [18] measured bi-weekly biochemical compositions of particulate organic matter
(POM) and concentrations of TEPs. The high composition of lipids and proteins indicated a
good food source in summer, whereas stably low concentrations of carbohydrates and lipids
were utilized for long-term energy storage in the survival of phytoplankton in winter. They
found that TEPs have a longer residence time than POC, and the contribution of TEPs-C to
the POC pool could be important in the Ross Sea. The biochemical composition of POM
deriving mainly from phytoplankton in the Chukchi Sea, Arctic Ocean were presented
by [22]. They investigated the biochemical components of phytoplankton and their spatial
pattern. Carbohydrates were the predominant macromolecules, accounting for 42.6% in the
Chukchi Shelf and 60.5% in the Canada Basin, followed by lipids and proteins. Based on
their study, the biochemical compositions of phytoplankton could be considerably different
in the regions of the Arctic Ocean. In a similar region, ref. [23] estimated the bioavailable
fraction of POM through enzymatic hydrolysis that can be utilized by higher trophic lev-
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els. Based on their results, nutrient, temperature, meltwater and different size classes of
phytoplankton (micro and picophytoplankton) were the main factors of the compositional
variations and the spatial distributions. More studies on the changes in the biochemical
compositions of phytoplankton should be conducted under future environmental changes.

In terms of elemental composition and primary productivity driven by phytoplankton,
ref. [24] determined the combined physiological–elemental ratio changes in two phyto-
plankton species, Scrippsiella trochoidea (Dinophyceae) and Heterosigma akashiwo (Raphi-
dophyceae). They found higher average ratios of particulate organic nitrogen (PON) to
chlorophyll-a (Chl-a) and POC to Chl-a in S. trochoidea than those of H. akashiwo. However,
the authors observed similar ratios of POC/PON of the two microalgae. These results
can be used to develop physiological models for phytoplankton, with implications for the
marine biogeochemical cycle. In Kongsfjorden’s high-latitude open fjord systems, ref. [25]
found that the turbidity associated with glacier meltwater impacted the penetration depth
of light and that nutrients could cause the lower productivity rates of phytoplankton. They
found that picophytoplankton was largely based on regenerated nutrients, even more
productive than that suggested by their biomass contribution and their nitrogen uptake.
For a better understanding of the biochemical traits of small phytoplankton, ref. [26] con-
ducted field measurements in the biologically productive northern Bering and Chukchi
seas. The contributions of small phytoplankton to the total primary production were 38.0%
(SD = ±19.9%) and 25.0% (SD = ±12.8%) in 2016 and 2017, respectively. They found that
small phytoplankton synthesize different biochemical compositions with nitrogen-rich
POC from large phytoplankton.

The three articles below on phytoplankton communities and cyanobacterial contribu-
tions provide significant ecological predictions under expected warming ocean conditions.
In the North Pacific Ocean, ref. [27] determined the picocyanobacterial contribution and
the total primary production. The average picocyanobacterial contributions to the car-
bon uptake rates were 45.2% in the tropical Pacific region and 70.2% in the subtropical
and temperate Pacific region, respectively. In addition, their contributions to the nitro-
gen uptake rates were significantly higher than those of carbon uptake rates. Based on
high-performance liquid chromatography (HPLC) pigment analysis, ref. [28] investigated
spatiotemporal variations in phytoplankton community compositions in the northern East
China Sea (ECS), the largest marginal sea in the north-western Pacific Ocean. Overall, the
two major phytoplankton groups were diatoms (32.0%) and cyanobacteria (20.6%) in the
northern ECS, and the two groups were negatively correlated. In the western South China
Sea, ref. [29] investigated the distinct seasonal variation in phytoplankton community
structure related to different oceanographic conditions and observed a major shift from a
diatom-dominated regime in winter to a cyanobacteria-dominated system in summer. The
authors found that the increased overall abundance of phytoplankton and cyanobacteria
during the summer was caused by upwelling and enriched eddy activity, whereas the
abundant symbiotic cyanobacteria–diatom association during the winter was mainly due
to the influence of the cool temperature. Long-term monitoring of the phytoplankton
communities and the picocyanobacterial contributions should be conducted for a better
understanding of the ecological impacts of the global warming scenario, with a focus on
the ecological roles of picocyanobacteria.

This Special Issue covers various articles on N2 fixation and aspects of marine phy-
toplankton ecology, such as biodiversity, distribution, biomass, photosynthetic traits, bio-
chemical compositions, productivity, etc., in various oceans, including polar oceans. Finally,
we hope that this Special Issue provides ecological and biogeochemical baselines that
broaden our existing knowledge on the current and ongoing changes in marine ecosystems
in response to global climate change.

Author Contributions: Conceptualization, S.H.L., P.S.B. and B.K.K.; writing—review and editing,
S.H.L., P.S.B. and B.K.K.; supervision, S.H.L. All authors have read and agreed to the published
version of the manuscript.
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Abstract: The biochemical composition of particulate organic matter (POM) mainly originates from
phytoplankton. Transparent exopolymer particles (TEPs) depend on environmental conditions
and play a role in the food web and biogeochemical cycle in marine ecosystems. However, little
information on their characteristics in the Southern Ocean is available, particularly in winter. To in-
vestigate the seasonal characteristics of POM and TEPSs, seawater samples were collected once
every two weeks from November 2017 to October 2018 at Jang Bogo Station (JBS) located on the
coast of Terra Nova Bay in the Ross Sea. The total chlorophyll-a (Chl-a) concentrations increased
from spring (0.08 ± 0.06 μg L−1) to summer (0.97 ± 0.95 μg L−1) with a highest Chl-a value of
2.15 μg L−1. After sea ice formation, Chl-a rapidly decreased in autumn (0.12 ± 0.10 μg L−1) and
winter (0.01 ± 0.01 μg L−1). The low phytoplankton Chl-a measured in this study was related to a
short ice-free period in summer. Strong seasonal variations were detected in the concentrations of
proteins and lipids (one-way ANOVA test, p < 0.05), whereas no significant difference in carbohydrate
concentrations was observed among different seasons (one-way ANOVA test, p > 0.05). The phyto-
plankton community was mostly composed of diatoms (88.8% ± 11.6%) with a large accumulation of
lipids. During the summer, the POM primarily consisted of proteins. The composition being high in
lipids and proteins and the high caloric content in summer indicated that the phytoplankton would
make a good food source. In winter, the concentrations of proteins decreased sharply. In contrast,
relatively stable concentrations of carbohydrates and lipids have been utilized for respiration and
long-term energy storage in the survival of phytoplankton. The TEPS values were significantly
correlated with variations in the biomass and species of the phytoplankton. Our study site was
characterized by dominant diatoms and low Chl-a concentrations, which could have resulted in
relatively low TEP concentrations compared to other areas. The average contributions of TEP-C
to the total POC were relatively high in autumn (26.9% ± 6.1%), followed by those in summer
(21.9% ± 7.1%), winter (13.0% ± 4.2%), and spring (9.8% ± 3.1%).

Keywords: phytoplankton; macromolecular composition; transparent exopolymer particles; Ross
Sea; polar night

1. Introduction

The Ross Sea is one of the most productive regions in the Southern Ocean, with
strong seasonal variations in the biomass and production of phytoplankton [1]. The high
phytoplankton biomass commonly observed in coastal areas during spring is linked to the
stabilization of the water column and the release of micronutrients during ice melting [2].
However, phytoplankton growth is limited by micronutrient availability in ice-free waters
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under conditions of high irradiance in summer [3,4]. Furthermore, the changes in complex
hydrographic features such as sea ice formation during the transition between late autumn
and winter are likely to substantially influence the distribution of phytoplankton [5] and
consequently the biochemical processes in the water columns [6–8]. Recently, sea ice
concentration has increased significantly in the Ross Sea [9] and the annual ice-free period
has shortened [10], which could potentially reduce water stratification and irradiance
throughout the surface water. These changes can influence the composition and biomass
of phytoplankton [11,12] and consequently the biogeochemical cycles and the food web
structure in the Southern Ocean [13].

Through photosynthesis, phytoplankton synthesize inorganic nutrients into various
organic compounds, which mainly consist of carbohydrates, proteins, and lipids [14].
The macromolecular composition of phytoplankton can change depending upon various
environmental factors, such as nutrient concentrations, light intensity, and the species
composition of the phytoplankton [14–16]. In the Southern Ocean, phytoplankton growth
is generally limited by irradiance in spring [17] and by iron in summer [3,4,18]. Previous
studies on the macromolecular composition of phytoplankton in the Ross Sea have been
conducted primarily during spring and summer seasons [19–22]. Only a few studies [23]
on the biochemical characteristics of phytoplankton have been previously conducted
throughout a single year in the Southern Ocean. The Jang Bogo Station (JBS), located on the
coast of Terra Nova Bay (TNB) in the Ross Sea, is one of the overwintering science stations
in Antarctica. This study was conducted for approximately one year from November
2017 to October 2018 to monitor seasonal variations in the biochemical compositions of
particulate organic matter (POM) and transparent exopolymer particles (TEPs) strongly
related to phytoplankton.

TEPs are carbon-rich gel organic particles stainable with Alcian Blue, a specific dye
for acidic polysaccharides, and phytoplankton are considered to be the main source of
TEPs and their precursors [24,25]. TEPs are formed naturally by self-assembly of dissolved
precursors, which appreciably contribute to the dissolved organic matter pool in the water
column [26]. The formation of TEPs is critical as a significant pathway in which dissolved
organic matter is transformed into POM [26]. Furthermore, TEPs are considered to play an
important role in carbon cycling [27]. Because of their great stickiness, TEPs increase the
aggregation rate of particles, forming marine snow, and enhance the carbon sinkage into
deep waters in the marine system [28,29]. The distribution of TEPs is affected by environ-
mental factors such as nutrient conditions [30,31] and the species and growth conditions of
phytoplankton [32–34]. However, little information on TEPs’ abundances and regulating
ecological factors is currently available for the Southern Ocean [25,35,36]. Most previous
studies on TEPs have described their formation and dynamics either under experimental
conditions [25,37] or during phytoplankton bloom seasons [36,38]. Our study is the first
to show seasonal variation in TEPs at the JBS in the Ross Sea. The present study aimed
to (1) identify the seasonal characterization of phytoplankton, (2) investigate the seasonal
variations in the macromolecular composition of phytoplankton and TEPs concentrations
at the JBS throughout the year, and (3) understand the roles of macromolecules and TEPs’
contributions to the organic carbon pool in Antarctic coastal environments.

2. Materials and Methods

2.1. Study Area and Water Sampling

The JBS is located on the coast of TNB in the Ross Sea, Antarctica (74◦37′39.59′′ S,
164◦14′25.75′′ E) (Figure 1). Surface seawater samples for biochemical parameters from a
continuously flowing water tank at the station were collected biweekly from 3 November
2017 to 26 October 2018. In situ seawater temperature and salinity were measured by YSI
professional plus. To verify seasonal differences, our entire study period was divided into
four seasons: spring (November to December), summer (January to February), autumn
(March to April), and winter (May to October).
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Figure 1. Location of the Jang Bogo Station (JBS) in Terra Nova Bay, Ross Sea.

2.2. Nutrient Analysis

Water samples for major inorganic nutrients (nitrite + nitrate, ammonium, silicate, and
phosphate) were filtered through a 47 mm GF/F (0.7 μm pore size), and the filtered water
samples (45 mL) were stored frozen at −80 ◦C in a 50 mL conical tube until analysis. The
concentrations of inorganic nutrients were analyzed using an automated nutrient analyzer
(Quaatro, Seal Analytical, Norderstedt, Germany) based on the manufacturer’s instructions
at the National Institute of Fisheries Science (NIFS).

2.3. Chlorophyll-a Analysis

Seawater samples (0.5 L) for the total chlorophyll-a (Chl-a) concentration were filtered
through 0.7 μm pore size glass fiber filters (GF/F; Whatman, Maidstone, UK, 25 mm).
Samples (1 L) for size-fractionated Chl-a concentration were passed sequentially through 20
and 2 μm Nuclepore membrane filters (20 μm; GVS, Sanford, Sioux Falls, SD, USA, 47 mm;
2 μm; Whatman, Maidstone, UK, 47 mm) and 0.7 μm pore size Whatman GF/F filters
(47 mm). Chl-a was extracted with 90% acetone for 24 h in the dark at 4 ◦C following [39],
and the Chl-a concentrations were measured using a Trilogy fluorometer (Turner Designs,
San Jose, CA, USA) after calibration.

2.4. Particulate Organic Carbon and Nitrogen Analysis

For the particulate organic carbon (POC), nitrogen (PON), and δ13C analyses of
POM, 0.5 L of each seawater sample was filtered through Whatman GF/F filters (25 mm).
The GF/F filters were kept frozen at −80 ◦C until mass spectrometric analysis in the stable
isotope laboratory of the University of Alaska Fairbanks after HCl fuming overnight to
remove carbonate.

2.5. Phytoplankton Community

Water samples (2–3 L) for photosynthetic pigment analysis were filtered through
Whatman GF/F filters (47 mm). The GF/F filters were wrapped in aluminum foil to
prevent photooxidation and stored at −80 ◦C until the extraction and analysis of pigments
at the home laboratory in Pusan National University, Korea. The phytoplankton pigments
were extracted in 100% acetone (5 mL) with canthaxanthin (100 μL) as an internal standard
for 24 h in the dark at 4 ◦C and analyzed using a high-performance liquid chromatography
(HPLC- Agilent Infinite 1260, Santa Clara, CA, USA) system. The contribution of each
phytoplankton class to the total Chl-a concentration was estimated from the ratio of the
different pigments to Chl-a based on the CHEMTAX program [40–42]. The ratio of initial
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pigment to the total Chl-a concentrations for the determination of the phytoplankton classes
at the JBS was based on diverse phytoplankton groups obtained around the Ross Sea [43].

2.6. Macromolecular Compositions

Seawater samples (0.5 L) for macromolecular components (carbohydrates, proteins,
and lipids) of total phytoplankton were filtered through Whatman GF/F filters (47 mm).
The filters were immediately frozen and stored at −80 ◦C until analysis at the home
laboratory. The content of total carbohydrates was determined by the phenol–sulfuric acid
method from [44] with a glucose standard (1 mg mL−1, 108 Sigma, St. Louis, MO, USA), and
the protein concentration of POM was analyzed according to [45] with a protein standard
solution (2 mg mL−1, Sigma). For lipid extraction and assay, the methods described
by [46] and [47] were used with the chloroform–methanol mixture (1:2 v/v). Tripalmitin
solution was used as a standard for the protein concentration. The detailed method for the
determination of macromolecular compositions was described by [48].

The sum of carbohydrate, protein, and lipid concentrations of POM was referred to as
the food material (FM) [49]. The calorific value (Kcal g−1) and contents (Kcal m−3) for each
macromolecule component were calculated using the equation from [50] with conversion
factors of 0.041, 0.055, and 0.095 for carbohydrates, protein, and lipid, respectively.

2.7. TEP Analysis

TEPs sampling began on 17 December, which was later than the other samplings
because Alcian Blue solution, which is prohibited for air shipping, was needed for the
TEP sampling but was delayed by a research vessel, Araon. The missing TEP data would
not have affected our results in this study since the sampling time before 17 December
was biologically stagnant with a low Chl-a biomass. Seawater samples (0.3 L) for TEPs
were filtered at a low constant vacuum onto 0.4 μm pore sized polycarbonate membrane
filters (ADVANTEC; 25 mm, Toyo Roshi Kaisha, Tokyo, Japan) and stained with Alcian
Blue solution. The concentrations of TEPs were estimated according to the method of [35],
and their units were used as gum xanthan equivalents (μg Xeq. L−1). The filters for
TEP concentration were extracted with 80% sulfuric acid for 3 h, and the absorbance
of the TEPs was measured by a spectrophotometer at 787 nm using Xanthan gum as a
standard. Estimations of TEP carbon (TEP-C) for converting from micrograms of gum
xanthan equivalents to micrograms of carbon were obtained from the conversion factor of
0.51 μg Xeq. L−1 reported by [51].

2.8. Data Treatment and Statistical Analyses

All statistical analyses were performed using the statistical software SPSS 12.0 K for
Windows. Pearson’s correlation analysis at an alpha value <0.01 was used to estimate
the correlation between Chl-a, TEP concentrations and nutrients measured in the water
samples. One-way ANOVA at an alpha value <0.05 was applied to identify differences
in macromolecular concentrations, phytoplankton compositions of different sizes, and
TEP-C contributions for each season. Principal component analysis (PCA) was performed
using the prcomp function in the R stats package (R studio, version 1.1.463, Inc., Boston,
MA, USA) to evaluate the relationship among the environmental factors (e.g., salinity,
temperature, nitrite + nitrate, ammonium, and species of phytoplankton) and biochemical
variables (e.g., POC, Chl-a, POM originating from phytoplankton, and TEP) and to identify
relatively significant factors during the study period. Eigenvalues (>1.0) were considered
to determine the number of principal components and the rotated eigenvectors were the
results using the Varimax method with Kaiser normalization.

3. Results

3.1. Physical and Chemical Conditions in the Study Area

The landfast sea ice in our study area completely melted on 13 February 2018 and
formed again on 24 February 2018. During the overall study period, surface water tem-
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perature and salinity ranged from 0.74 to −1.12 ◦C (mean ± S.D. = −0.69 ± 0.51 ◦C) and
30.88 to 32.51 (31.91 ± 0.38), respectively. Temperature increased and salinity decreased
toward summer, largely caused by melting sea ice. Little seasonal variation in temperature
(−1.06 ± 0.06 ◦C) and salinity (32.06 ± 0.03) was detected from May to October (Figure 2).

Figure 2. Salinity and temperature variations at the JBS during our sampling period.

Seasonal variations in major inorganic nutrient concentrations are shown in Figure 3.
The concentrations of nitrate + nitrite, silicate, and phosphate were lowest in summer
(11.0, 39.2, and 0.9 μM for nitrate + nitrite, silicate, and phosphate, respectively), whereas
the ammonium concentration was lowest in winter 2018 (0.5 μM). In our study, all major
inorganic nutrients had strong relationships with each other except for ammonium (r = 0.97,
phosphate vs. nitrate + nitrite; r = 0.98, phosphate vs. silicate; r = 0.98, and nitrate + nitrite
vs. silicate, p < 0.01, n = 24).

3.2. Chl-a Concentrations

The total Chl-a concentrations ranged from 0.01 to 2.15 μg L−1 (0.21 ± 0.50 μg L−1)
at the JBS during our study period from November 2017 to October 2018. The total Chl-a
concentrations increased from early December 2017 and were highest (2.15 μg L−1) in
February 2018 (Figure 4). The concentration decreased rapidly as sea ice started to form be-
tween February and March, 2018. The average total Chl-a concentrations were 0.08 ± 0.06,
0.97 ± 0.95, 0.12 ± 0.10, and 0.01 ± 0.01 μg L−1 during spring, summer, autumn, and win-
ter, respectively. The seasonal variations in the contributions of different size-fractionated
Chl-a levels to the total Chl-a concentration are shown in Figure 5. The average contribution
of micro-sized phytoplankton (>20 μm) to the total Chl-a in November 2017 to October
2018 was 39.7% ± 10.7%, and those of nano-sized (2–20 μm) and pico-sized (<2 μm) phyto-
plankton were 39.5% ± 10.5% and 20.8% ± 5.9%, respectively. Based on statistical analysis
(one-way ANOVA test, p > 0.05), there were no significant differences in the average
contributions of each size-fractionated Chl-a class over different seasons.

3.3. POC and PON

The POC and PON concentrations were 49.3–239.5 μg L−1 (92.5 ± 46.6 μg L−1) and
7.0–42.7 μg L−1 (14.0 ± 10.4 μg L−1), respectively. A strong linear relationship was found
between POC and PON concentrations (PON = POC × 0.2192, r2 = 0.98, p < 0.01). Unlike the
Chl-a concentration, the POC concentration did not largely decrease after bloom (45.6% and
89.5% for POC and Chl-a, respectively) and was persistent throughout the winter period
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(Figure 4). The average C/N ratios of POM were 7.1 (±1.0), 5.9 (±0.4), 8.3 (±0.7), and 10.6
(±0.9) during spring, summer, autumn, and winter, respectively.

Figure 3. Variations in each major inorganic nutrient concentration at the JBS during our sampling period.

Figure 4. Variations in POC and total Chl-a concentrations at the JBS during our sampling period.
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Figure 5. Contributions of different size-fractionated Chl-a concentrations to the total Chl-a concen-
tration (a) and trans parent exopolymer particles (TEPs) concentrations (b) at the JBS during our
sampling period.

3.4. Phytoplankton Community Composition

A seasonal variation in the phytoplankton community is shown in Figure 6. Seasonally,
diatoms accounted for 95.2% ± 6.6% of the phytoplankton community during winter
from early July to late October in 2018, whereas dinoflagellates were mostly the second
dominant group in autumn (14.9% ± 5.9%). Phaeocystis antarctica was dominant during
spring (10.9% ± 12.4%), and cryptophytes were observed to be relatively high in summer
(5.2% ± 5.3%). Other phytoplankton communities were rarely observed in this study.

Figure 6. Contribution of phytoplankton communities at the JBS during our sampling period.
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3.5. Macromolecular Composition of Phytoplankton

Strong seasonal variations in the concentrations of proteins and lipids (one-way
ANOVA test, p < 0.05) were found, whereas no significant difference in carbohydrate
concentrations was observed during the season (one-way ANOVA test, p > 0.05) in this
study (Figure 7a). During the observation period, the overall carbohydrate, protein, and
lipid concentrations of POM were 50.3–167.5 μg L−1 (123.7 ± 31.7 μg L−1), 0–226.1 μg L−1

(39.3 ± 68.9 μg L−1), and 51.1–141.9 μg L−1 (73.8 ± 27.1 μg L−1), respectively (Figure 7a).
The average contributions of carbohydrates, proteins, and lipids to the total POM during
spring were 53.0% ± 11.0%, 9.6% ± 11.5%, and 37.3% ± 8.4%, respectively (Figure 7b).
The average contributions of each component in summer were 33.3% ± 5.8%, 39.1% ± 5.2%,
and 27.6% ± 2.2%, respectively. In autumn and winter, the carbohydrate, protein, and lipid
compositions were 58.7% ± 15.0%, 10.5% ± 12.2%, and 30.8% ± 5.1% and 67.4% ± 5.5%,
0.1% ± 0.3%, and 32.5% ± 5.4%, respectively. The contribution of proteins was observed to
be high in summer but decreased sharply after autumn. Based on the sum of each macro-
molecular composition, the highest averaged FM concentration was observed in summer
(437.8 ± 76.0 μg L−1), followed by autumn (239.6 ± 45.4 μg L−1), spring (203.3 ± 84.8 μg L−1),
and winter (181.2 ± 34.5 μg L−1) (Figure 7a). In comparison, the averaged caloric con-
tents of FM had the highest value in summer (2.7 ± 0.5 Kcal m−3) followed by autumn
(1.4 ± 0.4 Kcal m−3), spring (1.3 ± 0.5 Kcal m−3), and winter (1.1 ± 0.2 Kcal m−3) (Figure 8).
Proteins were rarely detected whereas lipids and carbohydrates remained relatively con-
stant during winter.

Figure 7. Variations in concentrations (a) and relative contributions (b) of carbohydrate (CHO),
protein (PRT), and lipid (LIP) concentrations (a) at the JBS during our sampling period.
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Figure 8. Seasonal variations in the caloric content of FM at the JBS during our sampling period.

3.6. TEP Concentration

The TEP concentration ranged from 10.2 to 96.1 μg Xeq. L−1 (32.7 ± 24.6 μg Xeq. L−1)
during our observation period from December 2017 to October 2018 (Figure 5b). The highest
TEP concentration was observed during February, and the TEP concentrations were nearly
stable during the winter period after April (18.3 ± 6.9 μg Xeq. L−1). Overall, the TEP
concentrations were significantly correlated with Chl-a and fucoxanthine concentrations in
this study (Figure 9).

Figure 9. Correlations between log TEP concentrations and log Chl-a (a) and between log TEP
concentrations and log fucoxanthine (b) at the JBS during our sampling period.

The concentrations of TEP-C ranging from 7.6 to 62.8μg Xeq. L−1 (24.5 ± 18.4 μg Xeq. L−1)
were significantly different among each season (one-way ANOVA test, p < 0.05). The average
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contributions of TEP-C to the total POC were relatively higher in autumn (26.9% ± 6.1%),
followed by summer (21.9% ± 7.1%), winter (13.0% ± 4.2%), and spring (9.8% ± 3.1%)
(Figure 10).

Figure 10. Seasonal variations in percent TEP-C of total POC at the JBS during our sampling period.

3.7. PCA

PCA was conducted to determine major environmental factors controlling macro-
molecular concentrations, and TEPs primarily originated from phytoplankton during our
sampling period (Figure 11). As a result of the PCA, the first and second principal com-
ponents explained 64.8% and 16.8%, respectively, of the biochemical variables relative
to the environmental factors during our research period. The first principal component
was positively correlated with total Chl-a concentrations, POC, TEPs, lipids, proteins,
diatoms, and dinoflagellates (eigenvectors of 0.957, 0.869, 0.911, 0.854, 0.894, 0.975, and
0.881, respectively) but negatively correlated with NO3 + NO2 (eigenvectors of −0.773).
The second principal component was positively correlated with NH4, water temperature,
cryptophytes, and P. antarctica (eigenvectors of 0.909, 0.704, 0.851, and 0.828, respectively)
but had negative loadings for salinity (eigenvectors of −0.719). However, we did not find a
correlation between carbohydrates with either the first or second principal components.

Figure 11. Principal component analysis based on environmental factors and biochemical variables.

4. Discussion

4.1. Environmental Conditions

The seasonal variations in temperature and salinity at the JBS were lower than
those previously reported from other studies in the Antarctic coastal environment [52,53].
In spring and summer, relatively large variations in temperature and salinity were ob-
served with the melting of sea ice, but they were nearly stable during the winter period,
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as expected. The ice-free period in our study was only 12 days, which is a relatively shorter
period compared with a previous study in which the ice-free period lasted more than a
month [23].

The concentrations of major inorganic nutrients were generally abundant through-
out the study period, although relatively lower concentrations were found during the
phytoplankton growth season in summer. Because of the consistently high concentra-
tions, the growth of phytoplankton in Antarctic coastal waters is not limited by major
inorganic nutrients [54,55]. We estimated nutrient utilization following [55] by subtracting
the average concentration in summer from the average concentration in winter, which
was largely not affected by sea ice melting or biological uptake. Although nitrate and
phosphate in our study (14.7 and 1.0 μM, respectively) were within the range of net nutrient
utilization values (8.9–23.0 and 0.9–1.6 μM, respectively) measured in a previous study in
TNB [55], the utilization of silicate was noticeably higher in our study (29.0 μM) than in [55]
(12.8–23.0 μM). Silicate is necessary for the growth of diatoms [55], which is consistent
with our pigment results for diatom-dominant phytoplankton communities observed at
JBS in our study.

4.2. Seasonal Variations in Biomass and Major Species Compositions of Phytoplankton

Large variations in both Chl-a and POC concentrations were observed in spring and
summer, but they were nearly stable in winter. Generally, Chl-a concentrations in the Ross
Sea reach their maximum in spring and decline thereafter, and then the second peak can be
observed again in summer [17,56]. In this study, one short peak of Chl-a concentration was
distinct in summer. This difference could be due to different locations between this and
other studies. This study was conducted at the JBS, which is in a coastal area. Consistently,
the authors of [57] reported that a phytoplankton bloom appeared in coastal waters of
the Ross Sea in late summer. In addition, the maximum biomass of phytoplankton was
reported in February, although interannual variability in biomass was observed in the
Ross Sea according to [58]. The maximum concentration of Chl-a at the JBS in 2018 was
relatively low compared to those from previous studies in other Antarctic coastal regions
in summer [52,53,59,60]. Consistently, the maximum concentration of POC in summer also
showed a relatively lower value compared with those of previous studies conducted in
coastal Antarctica [20,61,62]. Our maximum Chl-a concentration (2.15 μg L−1) was also
relatively lower than that of [23], which was previously conducted in 2015 (4.29 μg L−1).
In addition, the average total Chl-a concentrations were lower for all seasons during this
study compared with those in 2015 [23]. This could have been due to different growing
season periods between the two studies at the JBS. This study had a relatively shorter ice-
free growing season (approximately 12 days) than that in 2015 (>1 month). The considerable
contribution of nano-sized phytoplankton (>40%) in spring and summer persisted through
winter in this study whereas micro-sized phytoplankton (>40%) continued to dominate in
the autumn and winter in 2015 [23]. These results could support the results in a previous
study reporting that the phytoplankton community structure in winter could be determined
in a previous season [5].

Seasonal variations in Chl-a concentrations were also reflected in the POC and PON
concentrations in this study, suggesting that the majority of POM in Antarctic coastal
waters originated directly from phytoplankton [20]. Similarly, Fabiano et al. [61] found
that the sea ice melting process in TNB was a key factor influencing the distribution and
composition of POM originating from phytoplankton. The C/N ratio in summer in this
study (6.02 ± 0.48) was very similar to that in previous studies (6.2–6.5) conducted in TNB
during summer [20,61]. This indicates a typical POM dominated by fresh algal material [63].
Furthermore, Fabiano and Pusceddu [20] found that the C/N ratio continued to increase
until the end of their study period in middle February. We also found an increasing C/N
ratio from autumn to winter, which suggests that N-based materials decreased more than
C-based materials in POM. This is consistent with the macromolecular compositions of
POM with dominant carbohydrates and lipids in the winter season, as we discuss later.
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According to Smith and Asper [64], major phytoplankton communities include di-
atoms and P. antarctica in the Ross Sea. In particular, both groups occur in the spring,
whereas diatoms dominate summer phytoplankton assemblages [65]. During the entire
study period in 2018, the phytoplankton community was mostly composed of diatoms
(88.8% ± 11.6%), followed by dinoflagellates (5.2% ± 6.3%), P. antarctica (4.2% ± 8.1%), and
cryptophytes (1.6% ± 3.6%). Although the composition of P. antarctica was highest in spring
in this study, it accounted for only 10.9% of the phytoplankton community. The proportion
of dinoflagellates increased in autumn and winter during this study. This was similar
to previous results, which accounted for approximately 10%–20% of the composition of
dinoflagellates during summer in TNB [66]. Arrigo et al. [67] found different N/P ra-
tios depending on the major phytoplankton community in the Ross Sea. The N/P ratios
were 9.7 and 19.2 for diatom- and P. antarctica–dominated communities, respectively [67].
The average N/P ratios were 12.7 (±0.9) and 12.2 (±1.6) in spring and summer at the
JBS, respectively, which were similar to the value (11.0 ± 0.9) from a previous study with
diatom blooms during late summer in the Ross Sea [68].

4.3. Seasonal Variations of Macromolecular Composition

The macromolecular compositions of POM mainly originating from phytoplankton
are affected by various factors, such as nutrients [15,69,70], light conditions [16,71], species
composition [14,72,73], and different growth phases of phytoplankton [74,75]. Consid-
ering the incomplete removal of macronutrients (e.g., nitrate) at the end of the growth
phase, iron and irradiance could be assumed to exert major controls on the productivity
of phytoplankton in the Ross Sea [4,76–79]. The light intensity is sufficiently strong in
spring [80], but POM cannot be synthesized by phytoplankton in the water column due
to the blocking of light by sea ice. This could cause the low composition of proteins and
high composition of lipids during spring in our study. The highest contribution of proteins
observed in summer represented high growth rates and physiologically healthy condi-
tions of phytoplankton [16]. The assemblages and species of phytoplankton could also
have significant impacts on seasonal variations in macromolecular composition [81,82].
Previous studies have claimed that the dominance of P. antarctica biomass could be a key
reason for the high carbohydrate concentrations [83,84]. In contrast, polar diatoms have
been observed to have a large accumulation of lipids, partially related to temperature
effects by altering the allocation of carbon into storage products, such as cytoplasmic lipid
droplets [85,86]. This may explain the relatively higher contents of lipids in this study with
diatom-predominant communities compared with those in other studies [84,87] during the
spring and summer seasons. Indeed, the PCA results showed that lipids had the highest
correlations with diatoms (r = 0.87, p < 0.01) (Table 1).

In addition, proteins were positively correlated with diatoms in our study (r = 0.94,
p < 0.01), which is consistent with previous results from the Ross Sea (r = 0.59, p < 0.01) [88].
These results suggest that polar diatoms in the Southern Ocean have physiological mech-
anisms to increase protein concentrations to compensate for slow enzyme rates at cold
temperatures [89].

In addition, carbohydrates linked to P. antarctica rapidly decrease during the degra-
dation process, while carbohydrates linked to diatoms are retained more within their
cellular matrix [90]. This indicates that carbohydrates remain persistent throughout the
winter season at our study site. Ahn et al. [75] linked the growth phases of phytoplankton
with seasonal variations in macromolecular composition. During the exponential phase
corresponding to the summer in our study, the POM was mainly composed of proteins
(39.1% ± 5.2%) as a functional reservoir of cell growth and division [91]. In contrast, cell
storage compounds such as carbohydrates and lipids tended to increase in the stationary
periods [92], corresponding to the autumn and winter in our study, with high carbohydrate
(58.7% ± 15.0% and 67.4% ± 5.5%, respectively) and lipid contents (30.8% ± 5.1% and
32.5% ± 5.4%, respectively).
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The relative contributions of different macromolecule compositions in phytoplank-
ton can be an indicator of the quality of phytoplankton as primary food resources [75].
Proteins have a relatively higher efficiency in carbon transfer to herbivores than other
macromolecular components [16,93]. Carbohydrates and lipids are necessary components
for all cell membranes as well as major energy reservoirs in phytoplankton bodies [94,95].
In particular, glucan in carbohydrates is mobilized during respiration to maintain growth
in the dark [94]. In terms of quality aspects, the calorie content of POM represents the
condition of energy sources. Although the overall Chl-a concentrations were lower than
those in other studies, the overall calorie content (1.42 ± 0.68 Kcal m−3) in this study was
similar to that from previous studies measured primarily in spring or summer [21,63,87].
The calorie content was high even during the polar night period, when photosynthesis was
assumed to rarely occur. Although phytoplankton had a very low productivity in polar
dark winters, they could maintain high caloric contents by having higher carbohydrate
and lipid contents (Figure 8). Carbohydrates and lipids are maintained by respiration and
long-term energy storage [96] for the survival of phytoplankton in winter.

4.4. Seasonal Variations of TEPs

Several previous studies on the distribution of TEPs in the Southern Ocean have
previously been conducted in the Antarctic Peninsula [29,35,97], Drake Passage [97], and
Ross Sea [36]. However, these previous studies were conducted during spring or sum-
mer. This is the first report of the annual variability in TEP concentrations in the South-
ern Ocean. The TEP concentrations obtained at the JBS during this study ranged from
10.2 to 96.1 μg Xeq. L−1, which generally falls within the range observed in other studies
from various oceans around the world [98–101]. However, the overall TEP concentrations
obtained in this study were relatively lower than those previously reported for the Southern
Ocean (Table 2).

Table 2. Comparison of the TEP concentrations between this and previous studies from the Southern Ocean.

Region Season Depth (m) TEP Range (Mean) TEPs/Chl-a TEPs–Chl-a
Relationship

References

(μg Xeq. L−1) (Mean) (Log Converted)

Anvers Island summer Surface 10–407 (207) 12–708 (123) Not related Passow et al.
(1995) [35]

Ross Sea summer 0–150 0–2800 (308) 89.1 y = 3.63x + 1.01 Hong et al.
(1997) [36]

Bransfield Strait summer 0–100 0–346 (57) 51 y = 0.32x + 1.63 Corzo et al.
(2005) [97]

Gerlache Strait summer 0–100 0–283 32.7 y = 0.67x + 1.52 Corzo et al.
(2005) [97]

Northern
Weddell Sea summer Surface 39.2–177.6 (102.3) 79.3 y = 0.35x + 1.90 Zamanillo et al.

(2019) [34]

Antarctic Peninsula summer 0–200 0–48.9 (15.4) 0–1492 (40.9) y = 0.38x + 1.08 Ortega-Retuerta
et al. (2009) [29]

Jang Bogo Station summer Surface 45.15–96.1 (73.0) 38.9–404.3 (165.9) y = 0.33x + 1.87 This Study

Jang Bogo Station winter Surface 10–33.5 (17.9) 371.1–2807.5
(1477.9) Not related This Study

The species composition, biomass, and growth conditions of phytoplankton and
environmental factors could have a great influence on the concentrations of TEPs [25,32,34].
Based on the PCA results (Figure 11), the seasonal variation in TEPs was primarily affected
by diatoms and dinoflagellates in our study period. The TEP concentrations were positively
correlated with the abundance of diatoms (r = 0.89, p < 0.01) and dinoflagellates (r = 0.95,
p < 0.01) (Table 1). Similarly, previous studies reported that TEP concentrations in the
Southern Ocean were significantly related to the abundance of diatoms (r = 0.67, p < 0.01)
and dinoflagellates (r = 0.67, p < 0.01) [34]. In contrast, we found that TEP concentrations
had no significant relationship with P. antarctica in our study, which conflicts with a
previous finding that P. antarctica is a major producer of TEPs in the Southern Ocean [36],
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probably because the phytoplankton community was not dominated by P. antarctica in this
study. In fact, TEP production by phytoplankton depends on the species composition of
phytoplankton [25,32]. Hong et al. [36] observed that the concentrations of TEPs measured
during a P. antarctica–dominant bloom were higher than those produced by coastal diatom
blooms in the Ross Sea. The relatively lower TEP concentrations in this study could have
resulted from the diatom-dominant phytoplankton community at the JBS. Additionally, the
lower Chl-a concentrations observed in this study could be another reason for the lower
TEP concentration since a significant relationship was found between the TEPs and Chl-a
concentrations during this study period (Figure 10a). The relationship between TEPs and
Chl-a can be expressed as TEPs = a(Chl-a)b [97]. The slope, a, of the log-converted TEP and
Chl-a relationship in our study (0.33) is comparable to the previously reported values of
0.32, 0.38, and 0.35 for the Antarctic Peninsula, Bransfield Strait, and the Northern Weddell
Sea in the Southern Ocean, respectively [29,34,97]. In comparison, Hong et al. [36] reported
an extremely high value (3.63) when P. antarctica was dominant in the Ross Sea.

TEPs frequently make up a substantial fraction of the POC in the seawater col-
umn [100]. To estimate TEP-C, we used the lowest conversion factor (0.51 μg Xeq. L−1)
commonly used for the diatom-dominated phytoplankton community [51,102]. Consid-
erably large variations in the contribution of TEP-C to the POC stocks were observed
seasonally during our observation period (Figure 9), which was different from the seasonal
pattern in the TEP concentrations. TEP concentrations were highest in summer, but the
contribution of TEP-C to the POC was highest in autumn (26.9% ± 6.1%). This suggests
that TEPs could have a longer residence time than POC in the water column [29]. Previous
studies have shown relatively faster degradation of protein compared to other compo-
nents in the Antarctic Ocean [23,84]. Indeed, a decrease in the protein components of
POC from the spring growth season to the summer and winter seasons was observed in
this study (Figure 7). Therefore, TEP-C could stay longer and accumulate in comparison
to phytoplankton or bacterial cells in the water column [29]. Although there have been
few studies on TEP-C in the Southern Ocean, our average contribution of TEP-C to the
total POC concentration in summer (21.9% ± 7.1%) was lower than that in the north-
ern Weddell Sea (38.8% ± 12.3%) [34] but comparable to that on the Antarctic Peninsula
(18%) [29]. The lower TEP-C contributions to the total POC suggest that relatively more
particulate-based organic carbon materials were available in the water column during our
observation period.
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Abstract: Transparent exopolymer particles (TEPs) are defined as acidic polysaccharide particles
and they are influenced by various biotic and abiotic processes that play significant roles in marine
biogeochemical cycles. However, little information on their monthly variation, relationship and
contribution to particulate organic carbon (POC) is currently available particularly in coastal regions.
In this study, the water samples were collected monthly to determine TEP concentrations and
POC concentrations in a southern coastal region of Korea, Jaran Bay from April 2016 to March
2017. The TEP concentrations varied from 26.5 to 1695.4 μg Xeq L−1 (mean ± standard deviation
(S.D.) = 215.9 ± 172.2 μg Xeq L−1) and POC concentrations ranged from 109.9 to 1201.9 μg L−1

(mean ± S.D. = 399.1 ± 186.5 μg L−1) during our observation period. Based on the 13C stable isotope
tracer technique, monthly carbon uptake rates of phytoplankton ranged from 3.0 to 274.1 mg C m−2 h−1

(mean ± S.D. = 34.5 ± 45.2 mg C m−2 h−1). The cross-correlation analysis showed a lag-time of
2 months between chlorophyll a and TEP concentrations (r = 0.86, p < 0.01; Pearson’s correlation
coefficient). In addition, we observed a 2 month lag-phased correlation between TEP concentrations
and primary production (r = 0.73, p < 0.05; Pearson’s correlation coefficient). In Jaran Bay, the TEP
contribution was as high as 78.0% of the POC when the TEP-C content was high and declined to 2.4%
of the POC when it was low. These results showed that TEP-C could be a significant contributor to
the POC pool in Jaran Bay.

Keywords: TEP; TEP-C; phytoplankton; chlorophyll a; POC; primary production; Jaran Bay

1. Introduction

Transparent exopolymer particles (TEPs) are defined as carbon-rich gel particles, mainly consisting
of acidic polysaccharides, ubiquitous in the marine environment [1–3]. TEPs are formed naturally
from dissolved precursor substances, which contribute considerably to the colloidal dissolved organic
matter (DOM) pool in aquatic systems [2]. TEP formation is very important as the major pathway
through which DOM is converted to particulate organic matter (POM) [2]. These two different forms
of organic matter have specific characteristics and specific roles in the chemistry and biology of the
ocean. TEPs are a significant component of particulate organic carbon (POC) in the ocean, with an
approximate size range of 0.4 to 100 μm [4–6]. The presence of TEPs is influenced by environmental
factors such as temperature, salinity stratification, nutrient conditions, and biological processes that
include phytoplankton and bacteria production [2,4,7–9]. Generally, phytoplankton and bacteria
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have been considered the major producers of TEPs and precursors in aquatic ecosystems [2,3,10].
TEPs and precursors that produced by these aquatic organisms cannot easily be predicted from their
natural abundance because phytoplankton and bacteria do not produce TEPs or precursors equally [2].
For instance, the formation of TEPs by bacteria varies with species composition and growth conditions.
Some phytoplankton species produce TEPs during growth, stationary phase and senescence [3].
According to Passow [2], TEP production by phytoplankton varies as a function of the conditions
related to light, growth rates, and major or minor nutrient depletion. Therefore, the production of TEPs
and precursors depends on the physiological status and growth conditions of the individual organisms.

In recent years, TEPs have received considerable attention in terms of their influence on carbon
cycling [5,11–17]. Given their sticky character, TEPs increase particle aggregation forming marine snow
and enhancing carbon export to deep waters in pelagic/oceanic ecosystems [11,18]. In coastal regions,
coinciding with high biological productivity and phytoplankton biomass, TEP concentrations are also
found to be high [10,12,19–22]. The half-lives of TEPs observed in a coastal environment are less than
1 day when large marine snow aggregates are formed, whereas they are more than 2 days during the
period without large aggregations [23]. Although TEPs play an important role in carbon cycling and
budget in coastal seas [24], little information has been reported on them in coastal seas to date.

Jaran Bay, located on the coast of the South Sea in Korea, is an area of productive bivalve farming
in Korea [25,26]. There is no doubt that the roles of TEPs could be significant, but nothing has been
studied in Jaran Bay. Thus, the present study aimed to (1) investigate the monthly variations in TEP
concentrations for one year for the first time in Jaran Bay on the southern coast of Korea, (2) compare
TEP with POC stocks to understand how much TEPs contribute to POC as a kind of carbon budget
and (3) determine the relationship between the phytoplankton (biomass and productivity) and TEPs in
coastal environmental conditions in Jaran Bay.

2. Materials and Methods

The study site was located in Jaran Bay on the southern coast of Korea, which borders the South
Sea (Figure 1). Water samples were obtained at seven different stations in Jaran Bay monthly from
April 2016 to March 2017 (Figure 1). The study area has a shallow area within 20 m depth. Using a 5 L
Niskin water sampler (General Oceanics Inc., Miami, FL, USA), water samples were collected from two
in-situ different light depths (100 and 1%) to include the depth range of the euphotic zone. The light
depths were calculated by a Secchi disk using a vertical attenuation coefficient (Kd = 1.7/Secchi depth)
from Poole and Atkins [27]. The water temperature and salinity were measured with a YSI-30 (YSI
Incorporated, Yellow Spring, OH, USA). The large zooplankton were removed by 333 μm mesh when
the water samples were collected.

The chlorophyll a concentration was determined by filtering 200 mL of seawater on 0.7 μm pore
sized Whatman glass fiber filters (GF/F; 25 mm, Whatman, Maidstone, UK) and the filters were kept
frozen until analysis. Chlorophyll a pigments were extracted from the filters with 10 mL acetone
(90% v:v) in the dark at 4 ◦C for 24 h and fluorescence was measured with a Turner Designs model
10-AU fluorometer (Turner Designs, San Jose, CA, USA). The method for the chlorophyll a calculation
followed that of Parson et al. [28].

TEP concentrations were estimated following the method of Passow and Alldredge [29]. Fifty
milliliters of water was filtered onto 0.4 μm pore sized Nuclepore polycarbonate membrane filters
(ADVANTEC; 25 mm, Toyo Roshi Kaisha, Tokyo, Japan) at a low and constant vacuum (<10 cm Hg),
because the live cells could be damaged during strong vacuum filtration [29]. The filters were stained
with 0.5 mL of precalibrated (with a xanthan gum solution) Alcian Blue (8GX, Sigma) for 5 s, rinsed
with ultrapure water, frozen immediately and returned to the laboratory at Pusan National University
in South Korea for further analysis. The filters for TEP concentration were soaked in 80% sulfuric acid
for 3 h, and absorbance was read at 787 nm in a spectrophotometer (Hitachi-UH 5300, Hitachi, Tokyo,
Japan). TEPs were quantified by a standard curve prepared with xanthan gum particles, as described
in Passow and Alldredge [29]. The detection limit of the measurements was 0.025 absorbance units
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and the coefficient of variation of the replicates was 12.4%. Three blanks (empty filters stained with
Alcian Blue) were also prepared with every batch of filtered samples every day. TEP concentration
was expressed in terms of xanthan gum equivalents (μg Xeq L−1). Based on the conversion factor
ranging from 0.51 to 0.88 μg Xeq L−1 for a comparison of TEP with POC stocks [12,21], we used the
lowest conversion factor to estimate TEP-C conservatively, since it corresponds to diatom-dominated
ecosystems [12]. The conversion factor of 0.51 μg Xeq L−1 was used to convert from micrograms of
xanthan gum to micrograms of carbon (TEP-C). The water samples (300 mL) were obtained from
100% and 1% light depths and filtered on pre-combusted (4 h, 450 ◦C) GF/F filters (25 mm) for POC
concentrations. The filters were immediately frozen at −20 ◦C until further mass spectrometric analysis
within 3 months.

The estimation of the carbon uptake rates was performed using 13C stable isotope labeling
experiments. Seawater samples at 6 different light depths (100, 50, 30, 12, 5, and 1%) determined
by a Secchi disk were transferred from the Niskin bottles to 1 L polycarbonate incubation bottles
(NALGENE, Rochester, NY, USA), wrapped with neutral density light filters (LEE filters, Andover,
England), to match the desired light levels. Then, the water samples were inoculated with a labeled
carbon (NaH13CO3) solution, and the bottles were incubated in large polycarbonate incubators under
natural light conditions for at least 4 h, or up to 6 h when it was cloudy. To maintain in situ environments,
ambient surface seawater was continuously run through the incubators during incubation. The 4–6 h
incubations were terminated by filtration. The incubated waters were well mixed, and the measured
volume (0.3 L) was filtered through precombusted (450 ◦C) GF/F filters (25 mm).

All filter samples for POC concentration and the abundance of 13C/15N were kept frozen (−20 ◦C)
until the mass spectrometric analysis in a Finnigan Delta+XL mass spectrometer in the stable isotope
laboratory (University of Alaska Fairbanks, Fairbanks, AL, USA) after overnight HCl fuming to remove
carbonate. The measurement uncertainties for δ13C and δ15N were ± 0.06‰ and ± 0.02‰, respectively.
Finally, the carbon uptake rates were calculated based on Hama et al. [30].

Statistical tests were performed using the statistical software IBM SPSS Statistics (t-test, one-way
ANOVA and Pearson’s correlation coefficient).

 
Figure 1. Study area map with the sampling stations in Jaran Bay, Korea.
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3. Results

The monthly average water temperature and salinity were 6.4–28.7 ◦C and 28.7–34.0 during our
sampling period, respectively (Table 1). The water temperature substantially varied, whereas salinity
showed a relatively lower variation. The temporal variations in temperature and salinity showed
patterns typical of those in mid-latitude regions. Water transparency was measured using Secchi disk
depths, ranging between 2 and 10 m in Jaran Bay (Table 1). During the study period, the average
euphotic depth was 8 ± 2 m, ranging from 5 to 18 m.

Table 1. Station-averaged environmental variables observed at the sampling stations in Jaran Bay. N.D.
means no data.

Year Month Light Depth (%) Temperature (◦C) Salinity Secchi Depth (m)

2016

Apr. 100 13.0 ± 0.5 32.8 ± 0.6
6–101 11.8 ± 0.5 33.1 ± 0.3

May 100 20.8 ± 0.5 31.7 ± 0.6
5–91 18.0 ± 0.3 32.4 ± 0.6

Jun. 100 23.6 ± 0.9 29.3 ± 1.9
5–81 20.7 ± 0.7 30.5 ± 2.9

Jul. 100 23.7 ± 1.1 29.6 ± 3.3
2–51 23.4 ± 0.6 32.7 ± 0.7

Aug. 100 28.7 ± 0.8 29.1 ± 1.0
6–101 23.4 ± 0.6 29.5 ± 3.2

Sep. 100 23.9 ± 0.4 N.D.
2–41 23.8 ± 0.3 N.D.

Oct.
100 21.7 ± 0.2 N.D.

3–51 21.8 ± 0.3 N.D.

Nov.
100 16.8 ± 0.8 29.8 ± 2.5

3–51 16.9 ± 1.0 28.7 ± 3.2

Dec.
100 12.2 ± 1.1 32.2 ± 0.4

5–71 12.1 ± 1.1 32.0 ± 0.3

2017

Jan. 100 9.1 ± 0.6 32.0 ± 1.0
5–71 9.2 ± 0.5 32.2 ± 0.5

Feb.
100 6.4 ± 0.7 32.9 ± 0.8

6–71 6.4 ± 0.8 33.4 ± 0.3

Mar.
100 9.6 ± 0.4 33.8 ± 0.1

4–81 9.6 ± 0.6 33.6 ± 0.3

The chlorophyll a concentration at the euphotic depth ranged from 0.2 to 8.4 μg L−1 (mean ± S.D.
= 1.8 ± 1.6 μg L−1) in this study (Figure 2a). The chlorophyll a concentration was averaged from the
two light depths at each station, because they were not significantly different (one-way ANOVA test,
p > 0.05). The monthly chlorophyll a concentration averaged from the two light depths at the 7 stations
ranged from 0.3 ± 0.1 μg L−1 in March 2017 to 4.9 ± 1.6 μg L−1 in October 2016 (Figure 2a). Distinct
temporal variations in chlorophyll a concentrations at 100% and 1% light depths were observed in this
study. Two bloom peaks were found during the study period. The first bloom was initiated at the
100% light depth in July 2016, followed by the bloom at the 1% light depth in August 2016. The second
blooms were at both the 100% and 1% light depths in October 2016, which were relatively higher than
the former blooms (Figure 2a).
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Figure 2. Monthly variations in the (a) transparent exopolymer particles (TEP) (μg Xeq L−1),
(b) chlorophyll a (μg L−1) and (c) particulate organic carbon (POC) (μg L−1) concentrations at the 100%
and 1% light depths averaged from 7 different stations in Jaran Bay.

The overall TEP concentrations ranged from 26.5 to 1695.4 μg Xeq L−1 (mean ± S.D. = 215.9 ±
172.2 μg Xeq L−1) in Jaran Bay from April 2016 to March 2017 in this study (Figure 2b). The TEP
concentrations from the two light depths (100 and 1%) were different during the observation period
(one-way ANOVA test, p < 0.05); the mean concentrations of TEP from the two light depths were
192.0 ± 119.3 μg Xeq L−1 and 239.9 ± 210.4 μg Xeq L−1, respectively. The highest TEP concentrations
monthly averaged from the 7 stations were observed in December 2016 (100% = 332.1 ± 105.9 μg Xeq L−1;
1% = 581.9 ± 527.4 μg Xeq L−1). After the winter peak in December, TEP concentrations decreased
rapidly throughout the month (Figure 2b). TEP-C values were calculated by multiplying the TEP
concentrations by the lowest conversion factor (0.51 μg Xeq L−1), ranging from 13.5 to 864.7 μg C L−1

(mean ± S.D. = 110.1 ± 87.8 μg C L−1) during the study period. The average values of TEP-C at the two
light depths (100 and 1%) were 97.9 ± 60.8 μg C L−1 and 122.3 ± 107.3 μg C L−1, respectively.

POC concentrations ranged from 109.9 to 1201.9 μg L−1, with an average of 399.1 ± 186.5 μg L−1

in this study (Figure 2c). The mean concentration of POC was statistically higher at the 1% light depth
than at the 100% light depth (one-way ANOVA test, p < 0.05). The average concentrations of POC were
368.0 ± 167.7 μg L−1 at the 100% light depth and 430.2 ± 199.8 μg L−1 at the 1% light depth. In this study,
the highest POC concentrations at the euphotic depth were observed in the summer season (100% light
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depth: July 2016; 1% light depth: August 2016) in Jaran Bay (Figure 2c). Monthly TEP, chlorophyll a
and POC concentrations were not significantly correlated (Pearson’s correlation coefficient).

The average TEP-C contributions to POC were 21.4% ± 11.7% at the 100% light depth and
22.0% ± 11.2% at the 1% light depth (Figure 3). The TEP-C contributions to POC were not constant
throughout the different months in this study (one-way ANOVA test, p < 0.05). The monthly average
contribution of TEP-C to POC was relatively high in September (100% light depth: 35.3 ± 23.8%; 1%
light depth: 36.2% ± 19.9%). In contrast, relatively lower TEP-C contributions to POC were found in
May (12.8% ± 6.7%; 100% light depth) and July (10.1% ± 3.9%; 1% light depth) (Figure 3).

Figure 3. Monthly TEP-C contributions to POC at different light depths (100 and 1%) in Jaran Bay.

The monthly mean specific and absolute carbon uptake rates of the phytoplankton in the water
column during this study are presented in Table 2. The specific carbon uptake rates were 0.001–0.112 h−1

at the 100% light depth and 0–0.004 h−1 at the 1% light depth. The absolute carbon uptake rates were
0.2–137.4 μg C L−1 h−1 and 0.0–1.3 μg C L−1 h−1 at the 100% light depth and 1% light depth, respectively
(Table 2). The hourly specific and absolute carbon uptake rates were relatively higher in the surface
waters than at other light depths. The monthly carbon uptake rates of the phytoplankton integrated
from the surface to a 1% light depth (primary production of phytoplankton from the euphotic layer)
ranged from 3.0 to 274.1 mg C m−2 h−1 (mean ± S.D. = 34.5 ± 45.2 mg C m−2 h−1). The highest monthly
primary production was recorded in the early summer (mean ± S.D. = 115.4 ± 97.3 mg C m−2 h−1;
July 2016) and the lowest value was measured in the summer (mean ± S.D. = 5.7 ± 2.3 mg C m−2 h−1;
August 2016) (Table 2).
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Table 2. Station-averaged specific and absolute carbon uptake rates and primary production of
phytoplankton at the 100% and 1% light depths in Jaran Bay.

Year Month
Light Depth

(%)

Specific
Uptake Rate

(h−1)

Absolute
Uptake Rate

(μg C h−1 L−1)

Integral Primary
Production

(mg C m−2 h−1)

2016

Apr. 100 0.0125 ± 0.0114 3.6 ± 3.9
18.3 ± 19.41 0.0004 ± 0.0004 0.1 ± 0.1

May 100 0.0121 ±0.0112 3.9 ± 3.9
21.6 ± 5.21 0.0010 ± 0.0014 0.4 ± 0.4

Jun. 100 0.0210 ± 0.0145 12.7 ± 10.4
43.2 ± 23.71 0.0006 ± 0.0002 0.3 ± 0.2

Jul. 100 0.0532 ± 0.0407 52.8 ± 50.4
115.4 ± 97.31 0.0010 ± 0.0004 0.5 ± 0.2

Aug. 100 0.0065 ± 0.0071 0.6 ± 0.3
5.7 ± 2.31 0.0007 ± 0.0003 0.3 ± 0.2

Sep. 100 0.0080 ± 0.0046 4.6 ± 2.8
12.9 ± 7.21 0.0003 ± 0.0002 0.2 ± 0.1

Oct.
100 0.0458 ± 0.0127 28.0 ± 12.4

93.3 ± 42.71 0.0011 ± 0.0006 0.5 ± 0.2

Nov.
100 0.0242 ± 0.0089 8.5 ± 3.8

29.1 ± 19.71 0.0008 ± 0.0005 0.2 ± 0.1

Dec.
100 0.0091 ± 0.0034 2.9 ± 1.3

16.9 ± 6.41 0.0005 ± 0.0002 0.1 ± 0.1

2017

Jan. 100 0.0198 ± 0.0046 6.3 ± 2.6
31.3 ± 13.51 0.0009 ± 0.0005 0.2 ± 0.2

Feb.
100 0.0047 ±0.0015 2.0 ± 0.7

15.2 ± 7.41 0.0003 ± 0.0002 0.1 ± 0.1

Mar.
100 0.0048 ± 0.0015 1.3 ± 0.3

10.5 ± 4.91 0.0004 ± 0.0002 0.1 ± 0

4. Discussion

The TEP concentrations measured in Jaran Bay during this study ranging from 26.5 to 1695.4μg Xeq L−1

generally fall within the range observed in other studies from various coastal seas and bays to open
oceans around the world (Table 3). However, our TEP concentrations were relatively higher than
those observed in open ocean environments [6,31–33]. In general, TEP concentrations are higher
in coastal waters than in adjacent open ocean waters [2,34]. Since TEPs are mainly formed by
phytoplankton, the general pattern of higher TEP concentrations in coastal oceans are closely related to
the phytoplankton biomass [18]. Similarly, the relatively higher chlorophyll a concentration in this
study (0.3 to 4.9 μg L−1) could be explained by the higher TEP concentrations compared to those of
the open oceans (Figure 2a) [6,9]. Previous studies have shown that TEP production rates are largely
involved in the physiological status of phytoplankton [2,10,23]. To investigate this relationship in this
study, the specific and absolute carbon uptake rates of phytoplankton were used for their physiological
conditions during our research period. Generally, the monthly mean specific and absolute carbon uptake
rates were statistically higher at the 100% light depth than at the 1% light depth (one-way ANOVA test,
p < 0.05). However, neither specific nor absolute carbon uptake rates were significantly correlated with
the TEP concentrations in our study. One of the reasons for the higher TEP concentrations observed in
our study compared with those in previous studies could be related to the phytoplankton community.
Previous studies have reported that extracellular organic matter created from phytoplankton serves as
a precursor for TEPs [18,35,36]. In particular, TEPs are considerably correlated with the abundance of
diatoms, which are considered major producers of TEPs [2,23]. In this study, we found relatively high
chlorophyll a concentrations and carbon uptake rates of phytoplankton. In addition, the dominant
species were diatoms during this study based on the relative contributions of the major phytoplankton
classes in a parallel study (unpublished data). The monthly contributions of diatoms to the total
phytoplankton classes ranged from 19.8% to 96.7%, with an average of 66.4% ± 24.3% in Jaran Bay
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(unpublished data) [26,37]. It was also reported that the predominant species are diatoms in this area.
Specific to these diatom-dominated ecosystems, the overall dominant macromolecular compositions of
POC are carbohydrates (51.8 ± 8.7%) in Jaran Bay [38]. The carbohydrate-dominant phytoplankton
could be a potential reason for the higher TEP concentrations observed in this study, since TEPs
can be produced from dissolved carbohydrate polymers exuded by phytoplankton [2]. Another
potential reason for the higher TEP concentration in this study is that large shellfish aquaculture
farms were intensely implemented in our study areas. In coastal waters, mucus nets of filter feeders
and anthropogenic sources, such as river inputs (urban-industrial release) and aquaculture farms
(macroalgae and shellfish) could be major sources of TEPs [39,40]. There are no major river inputs into
Jaran Bay, so no significant influence of urban-industrial release would be expected. Based on previous
studies, cation availability might be one such important controlling factor on the TEP formation
system [34]. The formation and sustenance of TEP are dependent on cation availability, as cations
(particularly Ca2+ and Mg2+) stabilize the structural integrity of TEP through cation bonding [34,41].
In Jaran Bay, cation availability (Ca2+) might be high because of intensive shellfish (oysters and scallops)
aquaculture conditions. Jaran Bay is a relatively shallow coastal bay with an average water depth of
10 m, which might sustain a high concentration of cations from the relatively easy resuspension of
biodeposition on the top of the sediments underneath aquaculture farms. In fact, oyster soft tissues are
generally reported for high mineral elements such as Ca2+ and Mg2+ [42]. However, this should be
verified in further studies.

During the study period, the TEP/chlorophyll a ratio value ranged from 8 to 1233 μg Xeqμg Chl a−1,
averaging 221 ± 217 μg Xeq μg Chl a−1. High levels of variability in TEP/chlorophyll a ratio values were
observed in this study. These results were similar to those in former studies. The mean TEP/chlorophyll
a ratio values were 206.8 and 281.5 in Otsuchi Bay and the Gulf of Cadiz, respectively [43–45].

TEPs often make up a large fraction of the POC in the water column [4]. Although TEPs play a key
role in the sequestration of excess carbon to deeper waters in open oceans, TEP-C is also an important
part in understanding the carbon budget as an additional carbon source in coastal marine food webs [2].
Previous studies have reported significant relationships between TEP and POC concentrations [9,17].
However, no significant correlation was found between TEP and POC concentrations in this study,
which is similar to the result of Ortega-Retuerta et al. [22] in the coastal NW Mediterranean Sea.
Considering the TEP-C and POC values reported herein, we estimated the TEP-C contribution to the
POC pool in Jaran Bay during our study period. In the present study, we used the lowest conversion
factor (0.51 μg Xeq L−1), which corresponds to diatom-dominated phytoplankton ecosystems, to
estimate TEP-C. The same conversion factor has been used to investigate the TEP-C contribution to the
total organic carbon pool in the upper surface water column in open deep oceans [6,21]. In the present
study, the estimated TEP-C contribution to the total POC ranged from 2.4 to 67.3%, with an average of
21.7% ± 11.4% (Table 4). In comparison, the TEP-C contribution to the total POC based on the highest
conversion factor (0.88 μg Xeq L−1) ranged from 4.1% to 78.0% (31.4% ± 13.8%). The contribution of
TEP-C to the total POC in Jaran Bay during our research period was within the range observed in
previous studies in different bays, ranging from 7% to 32%. Furthermore, Bhaskar and Bhosle [46]
reported that TEP-C could constitute 7% of the total POC in Dona Paula Bay, and Malpezzi et al. [4]
found that TEP-C averaged 32% of the total POC in the Chesapeake Bay. In contrast to the values in
bays, the TEP-C contributions can be higher in relatively deeper environmental conditions [9,17,23].
Moreover, Parinos et al. [17] observed that TEP-C represented 70% of the POC, on average, in the NE
Aegean Sea. Notably, Zamanillo et al. [9] reported that the monthly mean TEP contribution to POC
was 73% of the POC pool in the southwestern Atlantic Shelf, and Ortega-Retuerta et al. [22] found
that TEP-C averaged 77% of the POC in coastal NW Mediterranean Sea in early summer. Higher TEP
concentrations, as discussed previously, but lower TEP-C contributions to the total POC pools, indicate
relatively more POC-based carbon available under coastal or bay environmental conditions, compared
to that under open ocean environmental conditions. TEP production and formation rates are largely
dependent on physiological conditions, especially nutrient stress, of phytoplankton and bacteria [23].
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In general, relatively better phytoplankton nutrient conditions in bay systems than in deeper ocean
could be a major reason for the lower contribution of TEP-C to the total POC. Another potential
explanation might be different degrees of overestimation from different pore sized filters for TEP and
POC measurements. Typically, 0.4 μm pore-sized filters are used for TEP concentration, while 0.7 μm
pore-sized filters are used for POC. Therefore, the TEP-C contribution to the total POC could potentially
be overestimated by methodological sampling approaches. However, TEPs smaller than 0.7 μm might
be more abundant in open ocean conditions than in coastal or bay environments with active TEP
formation conditions, as discussed previously, which could result in increased overestimations of
TEP-C in open oceans. Verification for this concept could be conducted in future studies.

Table 3. Comparison of the TEP concentrations between this and previous studies from various regions.

Region Season Depth (m)
TEP Range (Mean)

(μg Xeq L−1)
Reference

Western Arctic Ocean Summer 0–200 37–130 (120) [6]
Eastern tropical and eastern subarctic,

North Pacific Ocean Summer Above mixed layer
depth 78–970 [33]

Western and central Pacific Ocean
(subtropical and equatorial regions) Summer and winter 0–200 5–40 (25) [6]

Northeast coast of Japan Spring and winter 0–15 136–2321 [43]
Tokyo bay All year 0–20 14–1774 [47]

Changjiang estuary Spring, summer
and autumn 0–80 37–1227 [48]

Mediterranean Sea Spring Upper mixed layer 19–53 (29) [32]
Coastal NW (rocky shore)

Mediterranean Sea All year Surface 5–91 [49]

Baltic Sea Summer 40 145–322 [50]
Bransfield Strait Summer 0–100 0–346 [45]

Southern Ibrian coasts Spring Mixed layer 507–560 [51]
Neuse River estuary All year Surface 805–1801 [34]

Chesapeake bay All year 0–24 37–2820 [4]
Northeast Atlantic Ocean Spring 0–10 20–420 [31]

Western North Atlantic Ocean and
Sargasso Sea Spring 2–5 100–200 [52]

Jaran bay (Southern coast of Korea) All year Euphotic depth 27–1695 (222) This study

In this study, monthly TEP and chlorophyll a concentrations were not significantly coupled
(Figure 2a,b). Previous studies reported strong interrelationships between TEP and chlorophyll a
concentrations for some time series [17,24,53,54]. In contrast, no strong relationships were found [46,55],
or some correlations were observed for certain periods of the year [22,56]. Ortega-Retuerta et al. [22]
observed a 4-month lag phase between chlorophyll a and TEP concentration peaks in the coastal NW
Mediterranean Sea (r = 0.48, p < 0.04). In the present study, the cross-correlation analysis indicated a
lag-time of two months between chlorophyll a and TEP concentration peaks to a significant degree
(r = 0.86, p < 0.01; Pearson’s correlation coefficient) (Figure 4a). Moreover, we observed a two-month
lag-phased correlation between TEP concentrations and primary production (r= 0.73, p< 0.05; Pearson’s
correlation coefficient) (Figure 4b). Previous studies reported that the lag-phase between chlorophyll
a and TEP concentration peaks could be caused by an enhancement in the TEP production rate
under nutrient-limiting conditions of phytoplankton after phytoplankton blooms [23]. Based on the
concentrations and molar ratios of nutrients [57–59]; no major nutrient limiting conditions were found
in this study area except in May 2016 [26]. In coastal areas, TEP production and removal/consumption
processes are influenced by various biotic factors (e.g., phytoplankton biomass and community
structure, growth, grazing, and heterotrophy) and abiotic (e.g., stratification, current, tidal, land run-off,
and sorption to sediments) processes [43,46]. In addition, nutrient limitations to phytoplankton growth
enhance TEP production rates [23,60]. Therefore, the lag-phase patterns between chlorophyll a and
TEP concentration and primary production and TEP concentration could not be controlled by any
single factor.
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Figure 4. Lag-phased correlations between (a) chlorophyll a and TEP concentration and (b) primary
production and TEP concentration.

Table 4. Comparison of the TEP-C contribution to the POC (%) between this and previous studies.

Region Season TEP-C/POC % Reference

NE Aegean Sea Early spring, summer and autumn 70 [17]
Coastal NW Mediterranean Sea Early summer 77 [22]
Epipelagic Mediterranean Sea

Spring
75

[61]Deep Mediterranean Sea 50
North East Atlantic Ocean 85

Open Atlantic Ocean Spring and fall 66 [9]
Southwestern Atlantic Shelf Spring 73

Dona Paula Bay All year 7 [46]
Chesapeake Bay Early and late spring, fall and winter 32 [4]

Jaran bay (Southern coast of Korea) All year 22 This study

5. Conclusions

This study reported the spatiotemporal dynamics and relative POC contributions of TEP in Jaran
Bay, South Korea, based on monthly field measurement data. This study clearly showed that the
large monthly variation in TEP is mainly driven by phytoplankton biomass, such as chlorophyll a
concentration and their photosynthetic productivity, with 2-month lag phases in Jaran Bay. Although
the TEP carbon contribution to the POC pool can be as high as up to approximately 70% at some
sampling sites, the overall TEP contribution was 21.7% (± 11.4%) in Jaran Bay, which is consistent with
the results of previous studies. Generally, high TEP concentrations but relatively lower TEP carbon
contributions in coastal or bay environments suggest that POC-based carbon could be more available
in shallow waters than in deep open oceans. However, some of the different sampling methods that
we discussed should not be ignored because of the potential possibilities for the discrepancy between
TEP concentrations and their carbon contributions. In this study, relatively higher TEP concentrations
were observed in Jaran Bay than in other bays. This could be due to the diatom-dominant coastal
environments in Jaran Bay, with overall monthly contributions of diatoms > 60% based on a parallel
study. The relatively higher TEP concentration in Jaran Bay could be due to the many shellfish
aquaculture farms with potentially high cation availability (Ca2+), which should be verified in further
studies. This result contributes to a comprehensive understanding of the seasonal dynamics of TEPs
and their potential roles in the organic carbon pool in coastal or bay environments. In particular, this
study contributes to providing the background for using TEPs to evaluate phytoplankton responses to
ongoing changes in coastal ecosystems associated with global climate change.
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Abstract: Foodmaterial (FM)derivedfrombiochemicalcomponents (e.g., proteins, lipids, andcarbohydrates)
of phytoplankton can provide important quantitative and qualitative information of the food available to
filter-feeding animals. The main objective of this study was to observe the seasonal and spatial variations
of the biochemical compositions of phytoplankton and to identify the major controlling factors of FM
as a primary food source in Jaran Bay, a large shellfish aquaculture site in South Korea. Base d on
monthly sampling conducted during 2016, significant monthly variations in the depth-integrated
concentrations of major inorganic nutrients and chlorophyll a within the euphotic water column
and a predominance (49.9 ± 18.7%) of micro-sized phytoplankton (>20 μm) were observed in Jaran
Bay. Carb ohydrates were the dominant biochemical component (51.8 ± 8.7%), followed by lipids
(27.3 ± 3.8%) and proteins (20.9 ± 7.4%), during the study period. The biochemical compositions
and average monthly FM levels (411.7 ± 93.0 mg m−3) in Jaran Bay were not consistent among
different bays in the southern coastal region of South Korea, possibly due to differences in controlling
factors, such as environmental and biological factors. Acco rding to the results from multiple linear
regression, the variations in FM could be explained by the relatively large phytoplankton and the P*
(PO4

3− − 1/16 ×NO3
−) and NH4

+ concentrations in Jaran Bay. The macromolecular compositions
and FM, as alternatives food source materials, should be monitored in Jaran Bay due to recent changes
in nutrient concentrations and phytoplankton communities.

Keywords: phytoplankton; biochemical compositions; carbohydrates; proteins; lipids; Jaran Bay

1. Introduction

Bays are important aquatic systems that provide food resources for fisheries and aquaculture
since they provide habitats and prey for various marine organisms. Rece ntly, mollusk farming,
including bivalves, has contributed greatly to global farming production [1]. The present study site,
Jaran Bay, is one of the largest shellfish aquaculture regions for oysters and scallops in South Korea [2],
and these filter-feeding oysters and scallops feed mainly on water-dwelling phytoplankton for their
growth and reproduction [3,4].

The growth and physiological conditions of phytoplankton can vary depending on environmental
conditions [5–7]. In particular, phytoplankton synthesize biochemical components through photosynthesis
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and are therefore highly dependent on light conditions and quality [8–10], temperature [11],
species composition [12,13] and nutrient availability [5,8,14]. Rece ntly, Lee et al. [5] reported that
dissolved inorganic nitrogen loading from river discharge is a major factor that controls the photosynthetic
biochemical compositions (e.g., carbohydrates, proteins and lipids) of phytoplankton in Gwangyang Bay.
More over, the community structure and, consequently, biochemical composition of phytoplankton
can be altered by differences in nutrient inputs due to river discharge [7]. Diff erences in the
biochemical compositions of phytoplankton can lead to differences in nutritional qualities for potential
consumers [5,15–17]. Ther efore, the biochemical compositions of phytoplankton, as natural food
resources, are very important for phytoplankton-grazing herbivores. In agreement with this finding,
Yun et al. [16] reported a strong positive relationship between the lipid composition in phytoplankton
and protein content in the mesozooplankton community in the northern Chukchi Sea, indicating that a
high lipid content in phytoplankton can be important for protein synthesis for zooplankton growth.

Food material (FM) is represented as the sum of the concentrations of proteins, lipids and
carbohydrates [18,19]. FM indicates the quantity of food that is available to potential consumers [19]
and is also used as a food index of food quality [20]. Seas onal and spatial variations in the quantity and
quality of the natural diet available to filter feeders could be important for their grazing characteristics [20].
Nava rro and Thompson [20] observed that the seasonal trends in FM dynamics are closely correlated
with the trends of the chlorophyll a concentration in Logy Bay, southeast Newfoundland, Canada.
Rece ntly, Kang et al. [21] found that small-sized cells of phytoplankton could assimilate higher amounts
of FM per unit of chlorophyll a concentration compared to large-sized cells of phytoplankton in the
East/Japan Sea based on size fractionation filtering methods. Simi lar results from Gwangyang Bay,
Korea, were also in agreement with this consistent observation [7].

Previously, most biochemical composition studies have been conducted once a year or, at most,
seasonally [5,7,21]. Cons idering the importance of phytoplankton as a primary food source for
filter-feeding aquaculture animals, the present study aimed to observe monthly and spatial variations
in biochemical compositions as a food quality indicator of phytoplankton and to determine the major
environmental controlling factors of FM available to shellfish, such as oysters and scallops, growing in
Jaran Bay as a large aquaculture site in South Korea.

2. Materials and Methods

2.1. Water Sampling and Analysis

Using a 5 L Niskin sampler (General Oceanics Inc., Miami, FL, USA), water samples for the
determination of the nutrient and chlorophyll a concentrations were obtained from three different light
depths (e.g., 100, 30 and 1% of photosynthetic active radiation (PAR), determined by using a Secchi
disk) at seven different stations (Figure 1). The study area Jaran Bay is a relatively shallow coastal bay
with an average water depth of 10 m [2]. Samp ling was conducted monthly from January to December
2016. The depth-averaged values were obtained from the three light depths (e.g., 100, 30 and 1% PAR),
and monthly observed values were obtained from all depths and stations.

The water samples (0.2 L) used for determining the dissolved inorganic nutrient concentrations
were filtered through a 47 mm GF/F filters (0.7-μm pore size, Whatman, Maidstone, UK), and the
filtrates were stored at −20 ◦C for further analysis using an Auto Analyzer (Quaatro, Bran+Luebbe,
Germany) at the National Institute of Fisheries Science (NIFS), Korea. For determining the total
chlorophyll a concentration as a proxy for biomass, water samples (0.2 L) were filtered through 25-mm
GF/F filters (0.7-μm pore size, Whatman, Maidstone, UK). The water samples (0.6 L) were filtered
sequentially through 47-mm Nucleopore filters (20- and 2-μm) and 47-mm GF/F filters (0.7-μm pore
size, Whatman, Maidstone, UK) to determine size-fractionated chlorophyll a concentrations of different
cell-sized phytoplankton communities [22,23]. The filters retained chlorophyll a and were immediately
frozen and preserved at −70 ◦C for chlorophyll a extraction at the home laboratory at Pusan National
University, South Korea. The chlorophyll a concentrations were measured using a previously calibrated
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10-AU fluorometer (Turner Designs, San Jose, CA, USA) after extraction (approximately 24 h, 4 ◦C)
with 90% acetone and centrifugation at 4480 g for 20 min [24].

 
Figure 1. Sampling stations in Jaran Bay, South Sea of Korea.

The water samples that were used for determining the macromolecular compositions
(e.g., carbohydrates, proteins and lipids) of particulate organic matter (POM) were filtered through
47 mm GF/F filters, and the filters were immediately preserved at−70 ◦C until further spectrophotometric
analysis. The samples were filtered under a constant vacuum (<10 cm Hg) because live cells could
be damaged during the strong vacuum filtration [23]. Carb ohydrate extraction was performed
by following Dubois et al. [25]. The preground POM-retained filter paper was transferred to a
polypropylene (PP) tube. Afte r the addition of 1 mL deionized water, 1 mL of a 5% phenol solution
was added and allowed to rest for 40 min. Then , 5 mL of sulfuric acid (H2SO4) was added and allowed
to stand for 10 min. Next , the solutions were centrifuged at 3430 g for 10 min. The absorbance of the
supernatant was measured at 490 nm. A glucose solution (1 mg mL−1, Sigma Aldrich) was used as the
standard for determining the carbohydrate concentration.

For protein extraction, each preground sample filter was transferred to a 12-mL glass tube with
1 mL deionized water (DH2O) and was added to 5 mL of an alkaline copper solution. Afte r the solution
was well mixed, 0.5 mL of diluted Folin–Ciocalteu phenol reagent (1:1, v/v) were added and allowed
to sit for 1 h 30 min at room temperature. Then , the solutions were centrifuged for 10 min at 2520 g.
The absorbance of the supernatant was measured at 750 nm. Bovi ne serum albumin (2 mg mL−1,
Sigma Aldrich) was used as the standard for determining the protein concentration based on previous
works in various oceans [5–7,16,17,21].

Last, the filters used for lipid extraction were transferred into a 16-mL glass tubes, ground with
3 mL of chloroform-methanol (1:2, v/v) and stored at 4 ◦C for 1 h. Afte r the solution was homogenized
with 4 mL of DH2O, the lower (chloroform) phase of the solution was dried at 40 ◦C for 48 h and then
heated at 200 ◦C for 15 min with 2 mL of H2SO4. An additional 3 mL of DH2O was added to the
chloroform phase in the glass tubes and then they were allowed to rest for 10 min. The absorbance of
the supernatant was measured at 375 nm, and a tripalmitin solution (Sigma Aldrich) was used as the
standard for determining the lipid concentration. Afte r each extraction process, the concentration
of each biochemical component was determined using a UV spectrophotometer (Hitachi-UH5300,
Hitachi, Tokyo, Japan).
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2.2. Statistical Analysis

Principal component analysis (PCA) was performed on our field-obtained data of the chemical
and biological variables (i.e., nutrient concentrations and phytoplankton biomass) for their relative
significance and interrelationship patterns among the various biochemical conditions measured during
our sampling period. Bart lett’s sphericity tests were used to determine the validity of the PCA
(p < 0.01) [26,27]. Fact or analysis was conducted to obtain various factors selected by the principal
component method with varimax rotation [28]. Due to the strong dependency between PO4

3− and
NO3

− (r = 0.56, p < 0.01; Pearson’s correlation coefficient), PO4
3− was excluded but included P*

(PO4
3− − 1/16 × NO3

−) in the PCA. P * reflects the excess (or deficiency) of PO4
3− versus NO3

− [29,30].
To determine the major factors controlling the macromolecular composition and FM of POM,

multiple linear regression analysis was conducted in this study based on the PCA results. The multiple
linear regression equation of Pedhazur [31] is as follows:

Y = α+ b1X1 + · · ·+ bkXk + e (1)

where Y denotes a dependent variable and the FM of POM is estimated from the independent variables
(predictors), X1· · ·Xk. Para meter α is a constant, b1· · · bk are the regression coefficients for the predictors
(FM in this study), and e is an error term.

Insignificant variables for the controlling the FM variation were stepwise eliminated from the
model by stepwise variable selection after multiple linear regression analysis. Stat istical analysis
was performed with IBM SPSS software version 12.0 (SPSS Inc., Chicago, IL, USA). t statistics were
conducted for testing the regression coefficients and values of the coefficient of determination (R2)
were obtained for measure of goodness of fit for the FM in this study.

3. Results

3.1. Monthly Concentrations of Nutrients and Chlorophyll a

The monthly depth-integrated nutrient concentrations within the euphotic water column from
100 to 1% light depths during the present study period are summarized in Table 1. The ranges of
the NH4

+, NO2
− + NO3

−, PO4
3− and Si(OH)4

2− concentrations were 4.0−47.5, 10.9−80.0, 0.5−6.0 and
20.9−166.9 μm, respectively, in Jaran Bay from January to December 2016. The concentration ranges
varied significantly during the observation period, and the highest concentrations were detected in
September, except for the Si(OH)4

2− concentrations, which showed the largest peak in June and a
secondary peak in September.

Table 1. Monthly variations in the water column-integrated major nutrient concentrations averaged
from seven different stations in Jaran Bay.

Integrated Nutrients

NH4
+ NO2

− +NO3
− DIP SiO2-Si

mmol m−2

Jan. 8 ± 5 21 ± 19 3 ± 2 64 ± 46
Feb. 4 ± 3 8 ± 6 2 ± 1 21 ± 11
Mar. 4 ± 2 7 ± 6 1 ± 1 22 ± 7
Apr. 7 ± 2 12 ± 5 2 ± 1 47 ± 5
May 6 ± 1 7 ± 2 0.5 ± 0.2 74 ± 14
Jun. 8 ± 3 12 ± 8 1 ± 1 167 ± 48
Jul. 11 ± 4 15 ± 10 2 ± 1 161 ± 31

Aug. 9 ± 4 8 ± 4 2 ± 1 90 ± 46
Sep. 48 ± 19 33 ± 13 6 ± 2 146 ± 37
Oct. 6 ± 2 22 ± 23 1 ± 2 72 ± 70
Nov. 11 ± 4 44 ± 24 4 ± 2 102 ± 46
Dec. 9 ± 4 46 ± 31 4 ± 2 106 ± 66
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The total monthly chlorophyll a concentration averaged from the three light depths at seven
stations ranged from 0.77 μg L−1 in September to 4.89 μg L−1 in October, with an average of
2.13 μg L−1 (S.D. = ± 1.18 μg L−1) (Figure 2). Base d on the different size-fractionated chlorophyll a
concentrations (Figure 3), the compositions of the micro- (> 20 μm), nano- (2−20 μm) and pico-sized
chlorophyll a concentrations (0.7−2 μm) varied significantly in Jaran Bay among the different months.
The compositions of the micro-sized chlorophyll a concentrations ranged from the lowest value
in April (23.8 ± 18.7%) to the highest value in January (77.8 ± 6.8%), whereas the nano-sized
chlorophyll a compositions ranged from the lowest value in January (14.3 ± 7.0%) to the highest
value in June (50.3 ± 21.3%). In comparison, the compositions of pico-sized chlorophyll a were
lowest in January (7.9 ± 4.4%) and highest in April (46.0 ± 18.1%). Seas onally, the compositions
of the micro-sized chlorophyll a concentrations steadily increased from spring (March−May) to
winter (December−February), although significant monthly variations were present. In contrast,
the compositions of the pico-sized chlorophyll a concentrations steadily decreased from spring to winter.
The compositions of the nano-sized chlorophyll a concentrations were highest in summer (June−August)
and lowest in winter. On average, micro-sized (>20 μm) cells contributed 49.9% (± 18.7%) of the total
chlorophyll a concentration in Jaran Bay during our observation period. In comparison, the nano- and
pico-sized chlorophyll a compositions contributed 28.5% (± 12.4%) and 21.6% (± 11.2%), respectively.
A strong positive relationship was found between the micro-sized chlorophyll a concentrations
and total chlorophyll a concentrations integrated from the euphotic water columns in this study
(y = 1.31x + 5.74, r2 = 0.82; Figure 4).

3.2. Spatial and Temporal Variations of the Macromolecular Compositions of POM

Figure 5 shows the average of three light depth values of each macromolecular composition of
POM in Jaran Bay from January to December 2016. No distinctive spatial variations were detected
in the macromolecular compositions among the different stations; however, they significantly varied
among the different months. Carb ohydrates were the predominant biochemical component during
our observation period from January to December, with monthly proportions of carbohydrates ranging
from 40.9% to 66.4%. In comparison, the protein and lipid proportions were 11.1–31.0% and 22.5–35.1%,
respectively. The lipid proportion appeared to decrease steadily from January to December. Seas onally,
the carbohydrate proportion were relatively variable compared to the protein and lipid proportions.
The carbohydrate proportion was lowest during summer (45.6 ± 1.4%) and highest during autumn
(59.1 ± 10.9%). In comparison, the protein proportion was lowest during winter (17.5 ± 5.7%) and
highest during summer (28.1 ± 2.7%), while the lipid proportion was lowest in autumn (23.1 ± 0.6%)
and highest in winter (31.1 ± 3.7%).

The monthly FM concentrations ranged from 297 to 630 mg m−3, with an average of 411.7 mg m−3

(S.D. = ± 93.0 mg m−3), in this study (Table 2). No noticeable monthly variations were observed for
the FM concentrations. Spat ial variations in the FM concentrations were not noticeable for the seven
stations during the observation period except for March, April and June, which had considerably
higher FM concentrations at several stations (Figure 6). The monthly calorific values and FM contents
of FM averaged from the three light depths at the seven stations did not vary significantly and ranged
from 5.5–6.3 Kcal g−1 and 1.7–3.7 Kcal m−3, respectively, in Jaran Bay (Table 2).
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Figure 4. Relationship between the euphotic depth-integrated micro-sized chlorophyll a concentrations
and the integrated total chlorophyll a concentrations in Jaran Bay.

Figure 5. Biochemical compositions of POM relative to the total FM at the sampling stations in Jaran Bay.
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Figure 6. Water column-integrated the total FM concentrations at the sampling stations in Jaran Bay.

3.3. Principal Component Analysis (PCA)

The PCA results for our field-observed biochemical parameters are summarized in Table 3. Thre e
PCs were selected for multiple linear regression analysis in this study. The variables shown in
bold indicate the highest correlations among the 12 variables and the corresponding components.
The nano-sized chlorophyll a concentrations, carbohydrates, proteins, lipids and FMs had the highest
correlations with PC1, whereas the concentrations of NH4

+, NO3
−, P* and Si(OH)4

2− were highest
correlated with PC2. For PC3, temperature and the micro- and pico-sized chlorophyll a concentrations
showed the highest correlations. Base d on the PCA results in Table 3, multiple linear regression
analysis was performed to obtain the major controlling factors for the variation in the FM in Jaran Bay
(Table 4). The nano- and micro-sized chlorophyll a concentrations and P* and NH4

+ concentrations
were found to be the major factors for controlling the FM in Jaran Bay during our observation period
(Table 4). The concentrations of nano- and micro-sized chlorophyll a and NH4

+ had positive effects
whereas the P* concentration had a negative impact on the FM in Jaran Bay during the study period.
In other word, a total increase in the concentrations of nano- and micro-sized chlorophyll a and NH4

+

could bring an increase in the FM. On the other hand, an increase in P* concentration could lead to a
decrease in the FM.
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4. Discussion

The monthly-averaged concentrations of the depth-integrated nutrient concentrations measured
were within the ranges previously reported from regions near Jaran Bay [32–35]. The present study
indicates that each nutrient concentration showed significant seasonal variations. For example, the DIN
concentrations were relatively higher during the period from September to December, whereas the
silicate concentrations were higher in June−September compared to other months (Table 1).

The monthly depth-integrated total chlorophyll a concentrations within the euphotic water column
from 100% to 1% light depths ranged from 5.2 to 36.7 mg m−2 (mean ± S.D. = 17.0 ± 9.2 mg chl-a m−2)
during the study period from January to December 2016. The largest peak was observed in October
immediately, followed by the nutrient peaks observed in September (Table 1). Howe ver, the seasonal
chlorophyll a concentrations did not vary greatly and ranged from 15.8 to 17.8 mg m−2. Gene rally,
the spatial variation of the total chlorophyll a concentrations appeared to be low among the seven stations
in Jaran Bay during the observation period except for March (Figure 2). Over all, the phytoplankton
community was dominated by micro-sized phytoplankton based on the size-fractionated chlorophyll
a concentration results during our observation period. Prev ious studies have reported that the
predominant species in this area consisted of diatoms [23,36]. In general, the spatial and seasonal
variations of the total chlorophyll a concentrations were strongly related to the micro-sized (> 20 μm)
chlorophyll a concentrations (Figure 4). This finding suggests that micro-sized cells greatly contributed
to the total chlorophyll a concentration in Jaran Bay. In other words, 49.9% (± 18.7%) of total chlorophyll
a was from micro-sized cells (Figure 3) during our observation period.

The overall dominant macromolecular composition of POM was carbohydrates (51.8 ± 8.7%),
followed by lipids (27.3 ± 3.8%) and proteins (20.9 ± 7.4%), during our observation period (Figure 5).
The macromolecular compositions obtained from the present study fell in a similar range to those
obtained from Geoje-Hansan Bay by Kim et al. [6], in which their study area was close to our research
site. Howe ver, the compositions in Jaran and Geoje-Hansan bays were considerably different from
those in Gwangyang Bay. The mean compositions in Gwangyang Bay were 26.4% (± 9.4%), 37.8%
(± 16.1%), and 35.7% (± 13.9%) carbohydrates, proteins, and lipids, respectively [5]. Thes e differences
may have been due to the influence of river-borne nutrients. The protein and lipid proportions are
largely dependent on the input of dissolved inorganic nitrogen from the Seomjin River in Gwangyang
Bay [5]. In comparison, there are no large river inputs in the Jaran and Geoje-Hansan bays. For coastal
management plans, e.g., artificial dam construction, the potential influence of river inputs on the
dominant cell size and photosynthetic end-products of phytoplankton should be considered [7].

Although the macromolecular compositions between Jaran and Geoje-Hansan Bays [6] in south
Korea are similar, the monthly FM concentrations were relatively lower in Jaran Bay and ranged from
297 to 630 mg m−3 with an average of 411.7 mg m−3 (S.D. = ± 93.0 mg m−3), than in Geoje-Hansan Bay,
which had a range of 346−1280 mg m−3 (615.5 ± 291.7 mg m−3; Table 5). Howe ver, the average monthly
FM concentration (411.7 ± 93.0 mg m−3) of POM in Jaran Bay during our observation period was similar
to that in Gwangyang Bay (434.5 ± 175.5 mg m−3) [5] despite the large difference in macromolecular
compositions between the two bays. Base d on the fact that FM concentrations are derived from the
total concentrations of carbohydrates, proteins and lipids [18,19] and that their relative compositions
can be affected by various environmental and biological factors [5,8–14], different macromolecular
compositions are unlikely to be strongly related to the FM concentrations of POM. Inst ead of the
compositions of the chlorophyll a concentrations, which are often used to represent phytoplankton
biomass, would be more appropriate for comparisons. Howe ver, no strong relationship between the
FM concentrations and total chlorophyll a concentrations was found in the present study, although a
strong correlation was found in Gwangyang Bay by [7]. Simi larly, no significant linear relationship
was observed between the FM and total chlorophyll a concentrations among the different bays in South
Korea (Table 5). The average chlorophyll a concentrations were 2.13 μg L−1 (S.D. = ± 1.18 μg L−1,
this study), 4.34 μg L−1 [6] and 3.45 μg L−1 [5] in the Jaran, Geoje-Hansan and Gwangyang Bays,
(Table 5). Thes e bays are all in the South Sea of South Korea. In the Garolim-Asan Bay, Yellow Sea [37],
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the average chlorophyll a concentration (2.81 ± 2.12 μg L−1) was within the low range (2.13−4.34 μg L−1)
among the three bays, but the average FM concentration (781.4 ± 228.2 mg m−3) was highest among
the bays in this study. The chlorophyll a concentration has been used as a proxy for biomass, but may
not be completely representative of phytoplankton biomass since the chlorophyll a concentration is
greatly influenced by light and nutrient conditions, physiological status and species composition of
phytoplankton [38–41]. Inst ead of the chlorophyll a concentration, Lee et al. [5] and Kim et al. [7]
suggested that the FM concentration of POM, mainly phytoplankton, could be an alternative proxy for
food sources available to higher trophic levels in bay or coastal marine ecosystems. Ther efore, the
FM concentration could have a quantitatively complementary value for the amount of various food
material sources available to potential consumers in estuarine or bay ecosystems [7,21]. With respect
to energy aspects, the calorific content, which depends on the different macromolecular compositions
of the FM concentration, should be considered as representative of the physiological or ecological
conditions of higher trophic levels of consumers [5,7,21].

Table 5. Comparison of the total chlorophyll a concentrations and FM concentrations of POM among
different Korean bays.

Region Period

Total Chlorophyll
a Concentration

FM Concentration
Reference

(μg L−1) (mg m−3)

Gwangyang Bay, Korea Seasonally, 2012–2013 3.45 (±2.81) 434.5 (±175.5) [5]
Geoje-Hansan Bay, Korea Monthly, 2015 4.34 (±2.42) 615.5 (±291.7) [6]
Garolim-Asan Bay, Korea Seasonally, 2015–2016 2.81 (±2.12) 781.4 (±228.2) [37]

Jaran Bay, Korea Monthly, 2016 2.13 (±1.18) 411.7 (±93.0) This study

According to the PCA results, spatiotemporal variations in FM are primarily governed by the
nano-sized chlorophyll a concentrations, carbohydrates, proteins and lipids since FM is the sum
of the concentrations of the three different macromolecules. Howe ver, the positive relationship
between the nano-sized chlorophyll a concentration and FM would not be predictable. In Jaran Bay,
the spatiotemporal change of the total chlorophyll a concentration was primarily controlled by the
micro-sized chlorophyll a concentrations because of their high contribution to the total chlorophyll a
concentration. In comparison, nano-sized chlorophyll a compositions contributed 28.5% (± 12.4%)
of the total chlorophyll a concentration in this study, although their monthly contributions varied
somewhat broadly and ranged from 14.3% (±7.0%) in January to 50.3% (±21.3%) in June (Figure 3).
In PC2, the positive correlations among the major inorganic nutrient concentrations (e.g., NH4

+,
NO3

−, P* and Si(OH)4
2−) were reasonable. Temp erature and the micro- and pico-sized chlorophyll a

concentrations in PC3 indicate positive correlations among the three variables in Jaran Bay (Table 3).
PCA was used in this study for ranking their relative significance (Table 3) among our field-observed
biochemical parameters for multiple linear regression analysis and deriving major controlling factors
(Table 4) of the FM in our study site. In this approach, we could predict the FM in our study site based
on the multiple linear regression analysis. Acco rding to the multiple linear regression, approximately
60% of the variation in FM could be explained by the nano- and micro-sized chlorophyll a concentrations
and P* and NH4

+ concentrations in Jaran Bay (Table 4). With this approach, the four major controlling
factors were determined for the observed FM variations in Jaran Bay during our observation period
from January to December 2016. Howe ver, the somewhat low prediction of up to 60% suggests that
other potential factors in addition to our observed parameters should be investigated to improve the
spatiotemporal variation in the FM in Jaran Bay. Sinc e this study was a pilot study, some of important
parameters were not considered. For example, grazing effects from predators, such as aquaculture
shellfish and zooplankton, could be highly correlated with FM, which is a main food source available
to them.
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5. Conclusions

A detailed spatiotemporal evaluation of the biochemical compositions and FM of POM of
phytoplankton communities and a set of multiple linear regression analyses were conducted in Jaran
Bay to understand their major controlling factors. Base d on this research, the variations in FM
representing food source materials could be explained by large-cell-sized phytoplankton (>2 μm) and
major inorganic nutrient concentrations. Kim et al. [42] observed progressive decreases in dissolved
inorganic nutrients in the southern coastal region of South Korea in recent decades. A progressive
decline of the chlorophyll a concentration has been consistently reported in several regions in the
southern coastal region of South Korea [43]. At this point, we cannot assume that the changes of
the species compositions or size compositions of phytoplankton are correlated with the decreases
of the concentrations of nutrients and chlorophyll a. Howe ver, we may expect greater numbers of
small-sized phytoplankton cells than of large cell-sized phytoplankton cells under these conditions.
Thes e changes in nutrient concentrations and dominant phytoplankton communities could cause
changes in FM and further alterations in potential consumers. Jara n Bay is one of the largest shellfish
aquaculture sites in the South Sea of Korea. Furt her studies on the spatial and temporal variations in
the macromolecular compositions and FM of POM in regard to various environmental conditions are
needed to better understand the quality and quantity of the primary food source available to higher
trophic animals.
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Abstract: The macromolecular concentrations and compositions of phytoplankton are crucial for
the growth or nutritional structure of higher trophic levels through the food web in the ecosys-
tem. To understand variations in macromolecular contents of phytoplankton, we investigated the
macromolecular components of phytoplankton and analyzed their spatial pattern on the Chukchi
Shelf and the Canada Basin. The carbohydrate (CHO) concentrations on the Chukchi Shelf and the
Canada Basin were 50.4–480.8 μg L−1 and 35.2–90.1 μg L−1, whereas the lipids (LIP) concentrations
were 23.7–330.5 μg L−1 and 11.7–65.6 μg L−1, respectively. The protein (PRT) concentrations were
25.3–258.5 μg L−1 on the Chukchi Shelf and 2.4–35.1 μg L−1 in the Canada Basin. CHO were the
predominant macromolecules, accounting for 42.6% on the Chukchi Shelf and 60.5% in the Canada
Basin. LIP and PRT contributed to 29.7% and 27.7% of total macromolecular composition on the
Chukchi Shelf and 30.8% and 8.7% in the Canada Basin, respectively. Low PRT concentration and
composition in the Canada Basin might be a result from the severe nutrient-deficient conditions dur-
ing phytoplankton growth. The calculated food material concentrations were 307.8 and 98.9 μg L−1,
and the average calorie contents of phytoplankton were 1.9 and 0.6 kcal m−3 for the Chukchi Shelf
and the Canada Basin, respectively, which indicates the phytoplankton on the Chukchi Shelf could
provide the large quantity of food material and high calories to the higher trophic levels. Overall,
our results highlight that the biochemical compositions of phytoplankton are considerably different
in the regions of the Arctic Ocean. More studies on the changes in the biochemical compositions of
phytoplankton are still required under future environmental changes.

Keywords: macromolecules; phytoplankton; Chukchi Shelf; Canada Basin; food material

1. Introduction

The Arctic Ocean is one of the most affected geographical locations in the world due
to global climate change. In the Arctic, there has been a rapid decline of sea ice for several
decades [1,2], which can be visualized by the downward trend of sea ice range through
continuous satellite observations over the past decade [3–5]. In the last 30 years, the density
of sea ice has decreased by about 9% every 10 years, and the sea ice thickness has also
decreased [6]. With the disappearance of sea ice, various physico-chemical processes are
likely to be altered [7–9].

Recent and rapid changes in the marine environment in the Arctic Ocean have been
revealed to have significant impacts on the phytoplankton community [10–12]. For example,
Kahru et al. [13] revealed that early phytoplankton blooms were caused by a decrease in sea
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ice in the Arctic Ocean. According to Ardyna et al. [14], the lengthening of the open water
season in the Arctic Ocean was correlated with the increasing occurrence of the autumn
bloom. In the areas of the Arctic Ocean where sea ice was absent, satellite observations have
shown a significant increase in annual net primary production (NPP) [15–17]. Other than
the quantitative changes of phytoplankton, the physiological conditions of phytoplankton
appear to be affected by the recent environmental conditions [18–20].

In general, the organic matter produced by phytoplankton is composed of carbohy-
drates (hereafter, CHO), proteins (hereafter, PRT), and lipids (hereafter, LIP). The composi-
tion and synthesis of these major macromolecules of phytoplankton can provide important
clues to the physiological status under the environment in which phytoplankton grow
since they reflect the rapid adjustment of environmental conditions [21–23]. Furthermore,
the relative amount of each macromolecular component in phytoplankton indicates the
quality, or nutritional value, of phytoplankton as a food source [24]. The determination of
the energy content for phytoplankton can be important since it could be transferred to the
marine herbivores and the higher trophic levels and consequently determine the growth of
higher trophic levels.

Previously, some studies on the macromolecular composition of phytoplankton were
reported to understand their physiological conditions in the Polar Oceans [23,25–32]. The
comparison of macromolecular compositions between phytoplankton and microzooplank-
ton was conducted in the Arctic Ocean [27]. Kim et al. [28] revealed that the Antarctic phy-
toplankton indicated high protein composition under sustained high nutrient conditions,
whereas the Arctic phytoplankton produced more lipids [19,20,27] or carbohydrates [30,31].
These studies mainly focused on the macromolecular compositions of or their vertical
distributions within the euphotic zone or related environmental factors. Although the
macromolecular composition of phytoplankton could be largely affected by environmen-
tal conditions in the regions, very little information is available on the spatial pattern of
macromolecular concentration, composition, and nutritional value within the regions of
the Arctic Ocean.

In this study, we examined the composition and concentration of the macromolecular
pool (CHO, PRT, and LIP) of phytoplankton to understand the energy content of Arctic phy-
toplankton. In addition, we investigated how the spatial variation of the macromolecular
composition is linked to physicochemical and biological parameters in different domains.
Finally, the energy content of phytoplankton was calculated to estimate the nutritional
value, which could be transferred to the organisms in the higher trophic levels in the
Arctic ecosystem.

2. Materials and Methods

2.1. Research Area and Sampling

From 31 July to 23 August 2014, 21 survey stations on the Chukchi Shelf and the
Canada Basin were occupied onboard R/V Araon. The samples for the macromolecular
components were collected from 10 stations of shelf area (hereafter, Chukchi Shelf) and
11 stations of basin area (hereafter, Canada Basin) during the cruise period (Figure 1).
The physical data were obtained through CTD (a Sea-Bird 911+) at each station, and
seawater samples were obtained by using rosette samplers. A vertical irradiance profile
(photosynthesis active irradiance (PAR), 400–700 nm) was obtained using an LI-COR
underwater optical sensor mounted on a CTD/rosette sampler to determine the light depth.

2.2. Nutrients and Chlorophyll-a Analysis

Seawater samples for nutrient measurements were obtained from different photic
depths (100%, 30%, and 1% depths of surface PAR) determined from the underwater PAR
sensor. Samples were collected from all of the corresponding light depths, and the sur-
face water collected was used for 100% light treatment. The nutrient concentrations were
measured immediately using an automatic nutrient analyzer (SEAL, QuAAtro, Norderst-
edt, Germany).
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Total chlorophyll-a concentrations (Whatman GF/F filter, ø = 24 mm) were analyzed
using the method in [33]. The filters (Whatman GF/F filter, ø = 24 mm) were immediately
frozen at −80 ◦C in each petri dish wrapped in aluminum foil until chlorophyll-a extraction
at Pusan National University, South Korea. All the samples for chlorophyll-a concentrations
were extracted with 90% acetone at −5 ◦C for 24 h, and the concentrations were measured
using a fluorometer (Turner Designs, 10-AU, San Jose, CA, USA), which was calibrated
before the analysis.

Figure 1. Map of the study area with functional regions highlighted in different colors. The red and
blue colors indicate the sampling stations of the Chukchi Shelf and Canada Basin, respectively.

2.3. Macromolecular Concentration Analysis

Seawater samples (1L) were obtained from 100%, 30%, and 1% depths of surface PAR
for the macromolecular concentration in the euphotic zone. The water sample was filtered
through a 47-mm Whatman GF/F filter and then immediately stored at −80 ◦C until further
analysis was performed at the home laboratory of Pusan National University. To extract
CHO, PRT, and LIP, the phenol-sulfuric acid method [34], modified PRT method [35], and
column method [36,37] were used, respectively. The detailed methods are available in [38].

2.4. Caloric Content Calculation

The Winberg [24] formula was used to calculate the calorie content (Kcal m−3) of food
material (FM; the sum of PRT, LIP, and CHO concentrations [39]).

Calorie content (Kcal m−3) = Kcal g FM−1 × g FM m−3

3. Results

3.1. Temperature and Salinity Properties

Figure 2 shows the distributions of water temperature and salinity in the upper ocean.
The range of water temperature and salinity of the entire study area varied from −1.8 to
9.7 ◦C and 26.7 to 32.4 psu, respectively. Regionally, the range of water temperature is from
−1.4 to 9.7 ◦C (1.8 ± 3.4 ◦C) on the Chukchi Shelf and from −1.8 to 0.2 ◦C (−0.9 ± 0.5 ◦C)
in the Canada Basin, showing a large difference between the Chukchi Shelf and the Canada
Basin. The salinity ranges were 27.2–32.3 psu (30.1 ± 1.9 psu) on the Chukchi Shelf
and 26.7–32.4 psu (30.1 ± 1.8 psu) in the Canada Basin, respectively. According to the
distribution of salinity, a decreasing tendency was found to the north across the Chukchi
Sea (Figure 2).
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Figure 2. Vertical profiles of salinity (left panel) and temperature (right panel) in the stations of the study area.

3.2. Dissolved Inorganic Nutrients

The vertical patterns of dissolved inorganic nutrients showed spatial variations de-
pending on the stations on the Chukchi Shelf, while they were relatively uniform in
the Canada Basin (Figure 3). On the Chukchi Shelf, the concentration ranges of PO4,
NO2 + NO3, NH4 and SiO2 were 0.1–2.1, 0–14.3, 0–3.3, and 0.1–51.0 μM, respectively
(Figure 3 upper panel). The average concentrations of PO4, NO2 + NO3, NH4, and SiO2 are
0.7 ± 0.4, 1.7 ± 4.0, 0.5 ± 0.8, and 8.7 ± 10.1 μM, respectively. NO2 + NO3 was depleted at
the upper layers on the Chukchi Shelf, and NH4 showed low concentration rather than
being depleted. In comparison, the concentration ranges of PO4, NO2+NO3, NH4, and SiO2
in the Canada Basin were 0.5–1.6, 0–12.3, 0, and 1.6–31.5 μM, respectively (Figure 3 lower
panel). The average concentrations of PO4, NO2 + NO3, NH4, and SiO2 were 0.8 ± 0.3,
2.3 ± 3.8, 0 ± 0, and 7.3 ± 6.6 μM, respectively. Similar to what was observed on the
Chukchi Shelf, NO2+NO3 was depleted at the surface of the Canada Basin. Furthermore,
NH4 was depleted in the entire water column.

Figure 3. Vertical profiles of dissolved inorganic nutrients in stations of the Chukchi Shelf (upper panel) and the Canada
Basin (lower panel).
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3.3. Total Chlorophyll-a Concentration

During the cruise, the integrated chlorophyll-a concentration from the surface to
1% light depth in the entire study area was 66.3 ± 84.3 mg m−2, with the total chlorophyll-
a concentration showing a large regional variation as it ranged from 5.5 (station 27) to
376.2 mg m−2 (station 1) (Figure 4). The average concentration of chlorophyll-a on the
Chukchi Shelf was 98.6 ± 104.3 mg m−2, which was approximately three times that
(30.3 ± 31.5 mg m−2) in the Canada Basin.

Figure 4. Spatial distribution of the chlorophyll-a concentration integrated from the surface to
1% light depth.

3.4. Vertical Distribution of Macromolecular Concentration and Composition on the Chukchi Shelf

Quantitative concentrations and relative ratios of CHO, PRT, and LIP on the Chukchi
Shelf are summarized in Tables 1–3. The range of CHO, PRT, and LIP concentrations
of phytoplankton was 48.2–409.3, 35.4–123.3, and 25.7–326.7 μg L−1, respectively, at the
surface of the Chukchi Shelf (Table 1). The average CHO concentration at each station was
114.7 ± 106.8 μg L−1 with a 43.6% contribution, being the dominant macromolecule found
in phytoplankton. LIP (86.4 ± 93.1 μg L−1) and PRT (60.2 ± 26.5 μg L−1) contributed to
29.3% and 27.1% of the total compositions, respectively. The range of FM concentration
was 117.6–859.3 μg L−1 (261.3 ± 221.2 μg L−1). At 30% light depth (Table 2), the range
of CHO concentration was determined to be 43.8–919.4 μg L−1 (167.3 ± 267.9 μg L−1), in
which the macromolecule accounted for 42.4% of the total composition. The range and
contribution of LIP concentration were 19.2–546.4 μg L−1 (116.5 ± 161.3 μg L−1) and 30.1%,
respectively, and the range and contribution of PRT concentration were 27.2–586.8 μg L−1

(107.6 ± 170.8 μg L−1) and 27.5%, respectively. Both the average concentration and contri-
bution of LIP and PRT tended to increase compared to those at the surface layer. The range
of FM concentration was 90.1–2052.6 μg L−1 (391.5 ± 597.0 μg L−1), which was consider-
ably higher than that at the surface. Compared to 30% light depth, the average composition
of CHO concentration was slightly reduced to 41.7%, and its range was 34.9–259.0 μg L−1

(101.4 ± 64.0 μg L−1) at 1% euphotic depth (Table 3). At this depth, the ranges of LIP and
PRT concentrations were found to be 12.0–256.7 (90.5 ± 79.7 μg L−1) and 10.0–185.8 μg L−1

(78.7 ± 52.8 μg L−1). Consequently, the LIP contributed to 29.7% of the overall composition
while PRT contributed to 28.6%, respectively. The CHO synthesis continued to decrease,
whereas the PRT synthesis increased with depth. The range of FM concentration was
56.9–701.6 μg L−1 (270.6 ± 183.2 μg L−1) at the 1% depth.
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Table 1. Concentrations and compositions of macromolecular components (carbohydrates: CHO, proteins: PRT, and lipids:
LIP), food material (FM), and calorie content of phytoplankton at 100% light depth on the Chukchi Shelf.

Station
Light

Depth (%)
CHO

(μg L−1)
PRT

(μg L−1)
LIP

(μg L−1)
FM

(μg L−1)
CHO/FM

(%)
PRT/FM

(%)
LIP/FM

(%)

Calorific
Content

(Kcal m−3)

1 100 409.3 123.3 326.7 859.3 47.6 14.3 38.0 5.5
2 100 80.1 54.3 135.9 270.3 29.6 20.1 50.3 1.9
3 100 139.1 77.6 123.9 340.6 40.8 22.8 36.4 2.2
5 100 62.0 67.5 43.0 172.6 35.9 39.1 24.9 1.0
8 100 113.6 70.0 53.8 237.4 47.8 29.5 22.6 1.4
9 100 65.6 38.2 29.5 133.3 49.2 28.7 22.1 0.8

10 100 74.0 40.4 26.9 141.3 52.4 28.6 19.1 0.8
11 100 48.2 43.6 25.7 117.6 41.0 37.1 21.9 0.7
12 100 82.3 51.5 40.1 173.9 47.4 29.6 23.0 1.0
13 100 73.1 35.4 58.1 166.7 43.9 21.2 34.9 1.0

Average 114.7 60.2 86.4 261.3 43.6 27.1 29.3 1.6
SD 106.8 26.5 93.1 221.2 6.9 7.6 10.1 1.4

Table 2. Concentrations and compositions of macromolecular components (carbohydrates: CHO, proteins: PRT, and lipids:
LIP), food material (FM), and calorie content of phytoplankton at 30% light depth on the Chukchi Shelf.

Station
Light

Depth (%)
CHO

(μg L−1)
PRT

(μg L−1)
LIP

(μg L−1)
FM

(μg L−1)
CHO/FM

(%)
PRT/FM

(%)
LIP/FM

(%)

Calorific
Content

(Kcal m−3)

1 30 919.4 586.8 546.4 2052.6 44.8 28.6 26.6 12.2
2 30 88.9 62.5 54.2 205.7 43.2 30.4 26.3 1.2
3 30 199.7 126.2 215.4 541.3 36.9 23.3 39.8 3.6
5 30 78.9 62.2 76.2 217.3 36.3 28.6 35.1 1.4
8 30 96.8 67.2 45.0 209.1 46.3 32.1 21.5 1.2
9 30 53.7 40.4 22.8 116.8 45.9 34.6 19.5 0.7

10 30 59.6 36.5 28.3 124.4 47.9 29.3 22.8 0.7
11 30 43.8 27.2 19.2 90.1 48.6 30.1 21.3 0.5
12 30 70.2 37.2 74.4 181.8 38.6 20.4 40.9 1.2
13 30 62.3 30.4 83.4 176.1 35.4 17.3 47.4 1.2

Average 167.3 107.6 116.5 391.5 42.4 27.5 30.1 2.4
SD 267.9 170.8 161.3 597.0 5.1 5.4 9.9 3.5

Table 3. Concentrations and compositions of macromolecular components (carbohydrates: CHO, proteins: PRT, and lipids: LIP), food
material (FM), and calorie content of phytoplankton at 1% light depth on the Chukchi Shelf.

Station
Light

Depth (%)
CHO

(μg L−1)
PRT

(μg L−1)
LIP

(μg L−1)
FM

(μg L−1)
CHO/FM

(%)
PRT/FM

(%)
LIP/FM

(%)

Calorific
Content

(Kcal m−3)

1 1 113.6 65.4 118.4 297.4 38.2 22.0 39.8 2.0
2 1 73.8 74.3 158.3 306.5 24.1 24.3 51.7 2.2
3 1 92.0 144.0 157.9 394.0 23.4 36.6 40.1 2.7
5 1 65.9 57.9 36.1 159.9 41.2 36.2 22.6 0.9
8 1 77.3 60.8 36.7 174.7 44.2 34.8 21.0 1.0
9 1 85.0 30.4 18.8 134.2 63.4 22.6 14.0 0.7

10 1 259.0 185.8 256.7 701.6 36.9 26.5 36.6 4.5
11 1 59.1 52.9 52.6 164.6 35.9 32.1 31.9 1.0
12 1 152.9 105.1 57.7 315.7 48.4 33.3 18.3 1.8
13 1 34.9 10.0 12.0 56.9 61.3 17.6 21.1 0.3

Average 101.4 78.7 90.5 270.6 41.7 28.6 29.7 1.7
SD 64.0 52.8 79.7 183.2 13.4 6.8 12.1 1.2
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3.5. Vertical Distribution of Macromolecular Concentration and Composition in the Canada Basin

The range and contribution of CHO concentration of phytoplankton at the surface
layer in the Canada Basin were dominant, being 28.8–177.2 μg L−1 (70.9 ± 42.3 μg L−1) and
61.9%, respectively (Table 4). LIP concentration contributed to 29.7% of the total composi-
tion with a concentration range of 10.9–81.0 μg L−1 (34.2 ± 26.3 μg L−1), and the range of
PRT concentration was 3.2–13.6 μg L−1 (8.0 ± 3.2 μg L−1) with a contribution of 8.4% at the
surface layer. The range of FM concentration was 55.5–250.2 μg L−1 (113.1 ± 51.5 μg L−1).
At 30% euphotic depth (Table 5), CHO contributed to 57.6% of the total macromolecular
composition and had a concentration range of 35.0–77.1 μg L−1 (48.2 ± 13.1 μg L−1). Com-
pared to the surface layer, the concentration of CHO was significantly reduced, and its
contribution was somewhat decreased. On the other hand, the contribution of LIP concen-
tration was 32.7%, which was increased compared to that at the surface, with a range of
10.4–58.7 μg L−1. However, the average concentration of LIP was reduced to 29.3 μg L−1

(±18.7 μg L−1) and smaller compared to that at the surface. The range and content of PRT
concentration were 2.9–15.4 μg L−1 (8.4 ± 3.8 μg L−1) and 9.8%, respectively, and it was
identified to be greater than what was found at the surface. The range of FM concentration
was between 56.0 and 110.0 μg L−1 (85.9 ± 19.1 μg L−1). At 1% light depth (Table 6),
both the range (33.3–92.9 μg L−1) and content (62.2%) of CHO concentrations increased.
The range and contribution of LIP concentration were determined to be 9.0–92.5 μg L−1

(32.2 ± 28.6 μg L−1) and 29.9%, respectively. A decrease in the range and contribution of
PRT concentration was observed. The range of PRT concentration was 0.7–83.8 μg L−1

(11.4 ± 24.1 μg L−1) with a total contribution of 7.9% and the range of FM concentration
was 46.8–269.2 μg L−1 (97.5 ± 63.1 μg L−1) at 1% light depth in the Canada Basin.

Table 4. Concentrations and compositions of macromolecular components (CHO, PRT, and LIP), food material (FM), and
calorie content of phytoplankton at 100% light depth in the Canada Basin.

Station
Light

Depth (%)
CHO

(μg L−1)
PRT

(μg L−1)
LIP

(μg L−1)
FM

(μg L−1)
CHO/FM

(%)
PRT/FM

(%)
LIP/FM

(%)

Calorific
Content

(Kcal m−3)

14 100 51.1 13.6 14.4 79.1 64.6 17.2 18.2 0.4
15 100 177.2 3.6 69.5 250.2 70.8 1.4 27.8 1.4
17 100 28.8 3.2 66.1 98.1 29.3 3.3 67.4 0.8
19 100 55.7 10.0 81.0 146.7 38.0 6.8 55.2 1.1
23 100 50.1 6.4 24.0 80.5 62.3 8.0 29.7 0.5
26 100 98.7 4.7 17.4 120.8 81.7 3.9 14.4 0.6
27 100 83.2 9.8 17.0 110.0 75.6 8.9 15.5 0.6
28 100 35.9 8.7 10.9 55.5 64.7 15.7 19.6 0.3
29 100 93.1 9.4 12.7 115.2 80.8 8.2 11.1 0.6
30 100 69.7 7.3 18.5 95.4 73.0 7.6 19.4 0.5
32 100 37.1 10.9 45.1 93.1 39.9 11.7 48.4 0.6

Average 70.9 8.0 34.2 113.1 61.9 8.4 29.7 0.7
SD 42.3 3.2 26.3 51.5 18.1 4.9 18.8 0.3

Table 5. Concentrations and compositions of macromolecular components (CHO, PRT, and LIP), food material (FM), and
calorie content of phytoplankton at 30% light depth in the Canada Basin.

Station
Light

Depth (%)
CHO

(μg L−1)
PRT

(μg L−1)
LIP

(μg L−1)
FM

(μg L−1)
CHO/FM

(%)
PRT/FM

(%)
LIP/FM

(%)

Calorific
Content

(Kcal m−3)

14 30 36.4 6.8 55.4 98.6 37.0 6.9 56.1 0.7
15 30 47.3 2.9 14.6 64.8 73.0 4.4 22.6 0.3
17 30 35.0 5.0 58.7 98.8 35.5 5.1 59.5 0.7
19 30 54.7 15.4 12.6 82.7 66.2 18.6 15.3 0.4
23 30 39.9 5.7 10.4 56.0 71.2 10.2 18.6 0.3
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Table 5. Cont.

Station
Light

Depth (%)
CHO

(μg L−1)
PRT

(μg L−1)
LIP

(μg L−1)
FM

(μg L−1)
CHO/FM

(%)
PRT/FM

(%)
LIP/FM

(%)

Calorific
Content

(Kcal m−3)

26 30 38.7 4.7 32.6 76.0 50.9 6.2 42.9 0.5
27 30 60.7 10.5 28.2 99.4 61.1 10.6 28.3 0.6
28 30 36.6 7.6 14.8 59.0 62.0 12.9 25.0 0.3
29 30 77.1 12.0 12.5 101.7 75.9 11.8 12.3 0.5
30 30 56.9 11.6 29.3 97.8 58.2 11.9 29.9 0.6
32 30 46.6 9.8 53.6 110.0 42.4 8.9 48.7 0.8

Average 48.2 8.4 29.3 85.9 57.6 9.8 32.7 0.5
SD 13.1 3.8 18.7 19.1 14.3 4.1 16.5 0.2

Table 6. Concentrations and compositions of macromolecular components (CHO, PRT, and LIP), food material (FM), and
calorie content of phytoplankton at 1% light depth in the Canada Basin.

Station
Light

Depth (%)
CHO

(μg L−1)
PRT

(μg L−1)
LIP

(μg L−1)
FM

(μg L−1)
CHO/FM

(%)
PRT/FM

(%)
LIP/FM

(%)

Calorific
Content

(Kcal m−3)

14 1 38.7 3.6 24.4 66.6 58.1 5.4 36.6 0.4
15 1 45.9 0.7 18.2 64.8 70.8 1.1 28.1 0.4
17 1 41.8 4.6 72.1 118.5 35.2 3.9 60.8 0.9
19 1 47.7 8.2 9.0 64.9 73.4 12.7 13.9 0.3
23 1 70.2 4.6 57.0 131.8 53.3 3.5 43.2 0.9
26 1 81.0 2.9 22.6 106.5 76.1 2.7 21.2 0.6
27 1 33.3 2.5 10.9 46.8 71.3 5.4 23.3 0.3
28 1 55.3 6.5 9.4 71.2 77.6 9.2 13.2 0.4
29 1 92.9 83.8 92.5 269.2 34.5 31.1 34.3 1.7
30 1 39.1 3.6 10.1 52.9 74.0 6.9 19.2 0.3
32 1 47.3 4.4 28.0 79.7 59.4 5.5 35.1 0.5

Average 53.9 11.4 32.2 97.5 62.2 7.9 29.9 0.6
SD 19.2 24.1 28.6 63.1 15.7 8.3 14.1 0.4

3.6. Temperature, Salinity, Nutrients, and Macromolecular Concentration along the
Shelf/Basin Gradient

The transect from station 10 to station 15 was run to understand the variability of
environmental conditions and macromolecular concentrations along the shelf/basin gra-
dient (Figure 5). Due to sea ice, the water column was in a freezing condition toward the
basin. Based on the salinity and temperature distributions, station 12 was determined
as the sea-ice edge. The dissolved inorganic nutrients at the depths around the sea-ice
edge were distinctly high and decreased toward the basin. The chlorophyll-a distribution
gradually decreased toward the basin. The chlorophyll-a concentration at the shelf was
lowest at the surface and increased with depth.

The highest CHO concentration was observed at station 10 (>200 μg L−1). Similarly,
the LIP was highest at station 10. The upper layer of the basin showed a high LIP concen-
tration. The distribution of PRT concentration was also similar to those of CHO or LIP, but
PRT concentration at the ice-covered stations of the basin (from station 13 to station 15)
was distinctly low. Interestingly, CHO and PRT concentrations were two or three times
lower at the stations of the basin compared to the shelf area.
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Figure 5. The temperature (a), salinity (b), DIN concentration (c), PO4 concentration (d), SiO2

concentration (e), chlorophyll-a concentration (f), CHO concentration (g), PRT concentration (h), and
LIP concentration (i) distributions in the vertical section from the Chukchi shelf to Canada Basin in
the Arctic Ocean.

3.7. Spatial Distribution of the Macromolecular Composition

No statistically significant difference in the relative percentage of each macromolec-
ular component was found among the different light depths (t-test, p > 0.05). Thus, each
component was averaged from three different light depths. Figure 6 shows a spatial dis-
tribution of the macromolecular composition over the euphotic zone during this study
period. The contribution of CHO was the lowest at station 2 and highest at station 15. The
LIP component accounted for 18.5–62.6% of the total macromolecular composition among
the stations. The PRT contributed to 2.3–34.6% of the total macromolecular composition.
Over the entire study area, CHO was identified as the biggest contributor (52.0%) to the
overall average composition of phytoplankton, which was followed by LIP (30.3%) and
PRT (17.8%). Regionally, the CHO contributed to 42.6% and 60.5% of the total macro-
molecular compositions for the Chukchi Shelf and the Canada Basin, respectively. The LIP
contributions were 29.7% on the Chukchi Shelf and 30.8% in the Canada Basin, respectively.
The average PRT composition was significantly low (t-test, p < 0.05) in the Canada Basin
(8.7% of total) compared to the Chukchi Shelf (27.7% of total) (Figure 6).
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Figure 6. Spatial distribution of the macromolecular compositions of phytoplankton during the 2014
expedition.

4. Discussion

4.1. Major Controlling Factors for the Spatial Variation in Macromolecular Composition

In this study, the major macromolecule contributing to the overall average composition
of phytoplankton was determined to be CHO on the Chukchi Shelf and the Canada Basin
(Figure 7). It is interesting compared to those previously reported from the other regions of
the polar oceans. For example, Yun et al. [27] observed a higher rate of LIP (58%) compared
to CHO or PRT in the phytoplankton in the northern Chukchi Sea. In the Antarctic Ocean,
Fabiano et al. [40,41] reported a high contribution, of 50% or more, of PRT to the total
FM. Kim et al. [28] also found the high contribution of PRT (67%) to the macromolecular
composition of phytoplankton in the Amundsen Sea due to the high concentrations of
nitrate + nitrite. In general, the composition of PRT in the phytoplankton increases un-
der nitrogen saturation conditions [40,42]. When the nitrogen or phosphorus is limited,
triglycerides, which are energy stores, increase and are converted from PRT metabolism
to LIP or CHO metabolisms [23,43,44]. Since CHO and LIP are not nitrogen-derived sub-
strates, the accumulation of these storage compounds can be a reaction mechanism under
nitrogen-deficient conditions [45]. In particular, LIP acts as a secondary storage material for
the survival of long-term nitrogen conditions due to the fat synthetase system [46]. Thus,
photosynthesis products are converted from CHO to LIP synthesis in a nitrogen-depleted
environmental condition for an extended period [45,46], even though preferred accumula-
tion in CHO or LIP compounds as a reservoir appears to be specific to species [45]. Some
oily diatom species assimilate LIP as a major storage component under nitrogen or silicon
restrictions [47,48]. Indeed, Ahn et al. [31] observed a sharp increase in LIP concentration
with an increase in micro-phytoplankton in the Arctic Ocean. However, Harrison et al. [49]
and Wear et al. [50] reported that diatoms have a relatively constant LIP under nitrogen
deficiency while rapidly increasing CHO content and decreasing PRT. Therefore, the high
CHO and moderate LIP compositions in the present study might have been due to the
deficient nutrient conditions, which is consistent with previous findings [49,51], while PRT
production predominates under nitrogen-rich conditions [40,42]. Consequently, it implies
that major inorganic nutrients, especially nitrogen, are important controlling factors for the
macromolecular composition of phytoplankton.
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Figure 7. Contribution of each macromolecular component at three light depths on the Chukchi Shelf (a) and in the Canada
Basin (b).

During the cruise, the phytoplankton in the Canada Basin were observed to have a
significantly lower PRT (8.7%) compared to that of the Chukchi Shelf. This might be related
to different conditions of nutrient limitation. Normally, nutrient deficiency can be indi-
cated following as; nitrogen limit condition with N/P ratio with < 10 and Si/N ratio > 1,
phosphorus restriction under N/P ratio > 22 and Si/P ratio > 22, and silicon limitation
in Si/N ratio < 1 and Si/P ratio < 10 [52]. In terms of macromolecular composition, val-
ues with a higher PRT/CHO ratio (>1) are observed in the areas with high productivity
or nitrogen-rich blooms [40], while the lower ratios (<1) are in nitrogen deficiency con-
ditions [39]. Thus, low N/P ratios, PRT/CHO ratios, and PRT/LIP ratios indicate that
nitrogen is particularly limited in the environment. In this study, the average molar ratio
of (NO3 + NO2 + NH4):PO4 and SiO2:(NO3 + NO2 + NH4) in the euphotic zone was
3.0:1 and 3.9:1 on the Chukchi Shelf, respectively, and 3.4:1 and 2.8:1 in the Canada Basin,
respectively. Overall, the ratio of N/P was significantly lower than the Redfield ratio [53].
The PRT/CHO ratio and PRT/LIP ratio of the Canada Basin are 0.16 and 0.33, respectively,
which are significantly lower (t-test, p < 0.05) than the PRT/CHO ratio (0.68) and PRT/LIP
ratio (1) of the Chukchi Shelf. These results elucidate that the deficiency of nitrogen in the
study area was present during the cruise, and it was especially noticeable that the nitrogen
utilization by the phytoplankton in the Canada Basin was severely restricted. Therefore,
the substantially low PRT composition of phytoplankton in the Canada Basin could be
caused by the result of severe nitrogen deficiency during phytoplankton growth.

According to Suárez et al. [54], the light condition could act as an important factor for
determining different macromolecular compositions of phytoplankton. The macromolecu-
lar composition of phytoplankton can vary depending on the amount of light [55,56]. For
example, an increase in PRT is observed with a decrease in light intensity because of the
lower illuminance saturation level of PRT in comparison to other macromolecules [54,57].
In contrast, the productions of CHO and LIP as storage materials can be observed under
an excessive energy supply condition [54,58]. Suárez et al. [54] also reported that lower
irradiance was more relevant in PRT synthesis than in LIP synthesis. However, no distinct
pattern of macromolecular compositions was observed among three different light depths
in this study (mentioned in Section 3.7), although the relatively higher protein concentra-
tions were observed at deeper depths (30% and 1% light levels) than at the surface. In
addition, the stations in the ice-covered Canada Basin showed significantly low PRT com-
position, even though it was thought to be a low light condition (Figure 5). Thus, we could
conclude that the light condition might be insignificant in controlling the macromolecular
composition during this study period.

4.2. The Implication of Macromolecular Composition as Energy Content Aspect

In this study, the concentration ranges of CHO, LIP, and PRT were substantially higher
on the Chukchi Shelf than in the Canada Basin (Table 7). As a result, the average FMs
were 307.8 μg L−1 on the Chukchi Shelf and 98.9 μg L−1 in the Canada Basin, respectively.
The average calorie content of phytoplankton for the Chukchi Shelf and the Canada Basin
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during the cruise was 1.9 kcal m−3 and 0.6 kcal m−3, respectively (Table 7). The overall FM
concentration and calorie content of phytoplankton were three times higher on the Chukchi
Shelf than in the Canada Basin, which implies that the phytoplankton on the Chukchi Shelf
could provide higher FM and calories to the upper trophic levels in the Arctic ecosystem.

According to previous studies, the average calorie contents were 1.0 and 1.2 kcal m−3

in the northern Chukchi Sea of the Arctic Ocean [59,60]. Fabiano et al. [41] reported the calo-
rie content of 1.6 kcal m−3 in the Ross Sea of the Antarctic Ocean. Recently, Kim et al. [32]
observed the different calorie contents of phytoplankton between the two different periods
in the Ross Sea of the Antarctic Ocean, indicating 1.3 kcal m−3 during the ice-free period
and 0.6 kcal m−3 during the ice-covered season. Although Kim et al. [29] reported the
exceptionally high-calorie content in the productive polynyas of the Amundsen Sea, the
calorie content from our study is in a similar range with the previous studies in the polar
oceans (Table 7). According to Kim et al. [32], the PRT concentration during the ice-free
period in the Ross Sea of the Antarctic Ocean was 20 times increased than that during
the ice-covered period, even though CHO or LIP concentrations showed a slight increase
(Table 7). If it can be applied in the Arctic Ocean, the PRT concentration than other com-
ponents might be largely increased under a decrease in sea ice conditions in the Arctic
Ocean. Subsequently, the PRT composition that predominates as sea ice decreases could
lead to a potential change in the calorie content from an energy point of view. In particular,
the macromolecular composition or calorie content of the phytoplankton in ice-covered
regions, such as the Canada Basin, might be anticipated to be changed. Consequently,
the rich protein-containing FM might be transferred to the upper trophic levels under
ongoing and future sea-ice decrease conditions. Thus, the potential effects of the different
macromolecular compositions of phytoplankton on the upper trophic levels need to be
further evaluated. Above all, in terms of sea ice change, the variability of macromolecular
concentration, composition, and calorie content could be important in the Arctic Ocean
under ongoing environmental changes.

Table 7. Comparison of carbohydrates (CHO), proteins (PRT), lipids (LIP), food material (FM) concentrations, and calorie
content of phytoplankton at different regions of the Polar Oceans. Given were range or mean values.

Region Season (Period)
CHO

(μg L−1)
PRT

(μg L−1)
LIP

(μg L−1)
FM

(μg L−1)

Caloric
Content

(kcal m−3)
References

Northern Chukchi Sea 30 July–19 August 2011 21.8–146.7 0.7–86.3 50.2–105.0 149.2 ± 36.5 1.0 ± 0.2 Kim et al.
(2015) [59]

Northern Chukchi Sea 1 August–10 September
2012 15.9–88.0 9.2–183.1 37.0–147.4 156.4 1.2 ± 0.2 Yun et al.

(2015) [27]

Chukchi Sea 7–24 August 2017 29.9–406.4 9.7–573.8 5.4–169.1 180.5 ± 195.3 - Kim et al.
(2020) [61]

Laptev and East Siberian Seas 21 August–22
September 2013 29–161 22–132 15–71 - - Ahn et al.

(2019) [30]

Northern Kara Sea
18 August–30

September 2015

45.9–67.7 22.0–50. 8 15.4–44.0 - -
Ahn et al.
(2020) [31]Laptev Sea 44.4–72.2 9.8–22.0 20.3–37.1 - -

Western East Siberian Sea 55.7–115. 5 1.7–30. 5 24.7–67.6 - -

Amundsen Sea 11 February–14
March 2012 2.8–216.0 5.9–396.2 13.2–36.9 219.4 ± 151.1 - Kim et al.

(2016) [28]

Amundsen Sea 31 December 2013–10
January 2014 89.3–991.1 69.9–360.5 25.4–199.3 671.5 ± 311.8 3.7 ± 1.6 Kim et al.

(2018) [29]

Ross Sea 25 November 1989–7
January 1990 18–279 18–650 2–94 294.4 ± 228.1 - Fabiano et al.

(1993) [40]

Ross Sea (Terra Nova Bay) austral summer 32–444 108–632 3–64 374.3 1.6 ± 1.3 Fabiano et al.
(1996) [41]

Ross Sea (Terra Nova Bay)

February 2015
(ice-free period)

April–October 2015
(ice-covered period)

142.9 ± 55.9 143.6 ± 80.5 100.3 ± 59.1 386.9 ± 194.2 2.3 ± 1.2 Kim et al.
(2021) [32]

89.0 ± 23.0 7.4 ± 7.8 23.7 ± 4.6 121.1 ± 24.6 0.6 ± 0.1

Chukchi Shelf
31 July–24 August 2014

50.4–480.8 25.3–258.5 23.7–330.5 307.8 ± 284.0 1.9 ± 1.8 This study

Canada Basin 35.2–90.1 2.4–35.1 11.7–65.6 98.9 ± 26.6 0.6 ± 0.2 This study
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5. Conclusions

This study reported the spatial distributions of macromolecular concentrations, com-
positions, and energy contents of phytoplankton on the Chukchi Shelf and in the Canada
Basin. CHO was the major macromolecular component of phytoplankton in the study area,
accounting for 41.5% on the Chukchi Shelf and 58.4% in the Canada Basin. The LIP was
moderate in both regions. Interestingly, the PRO composition was significantly different
between the two regions, showing a low contribution in the Canada Basin (8.7%) and a
relatively high contribution on the Chukchi Shelf (27.7%). Severe nutrient-deficient condi-
tions for phytoplankton growth appear to be a major reason for the low PRT composition
of phytoplankton in the Canada Basin. In terms of FM concentration and calorie content,
a large quantity of high-calorie content food is available in the productive Chukchi Shelf
compared to the Canada Basin.

Under the ongoing changes in Arctic environments, the concentration or composition
of macromolecules of phytoplankton would be expected to change significantly. Since the
different concentrations and compositions determine phytoplankton energy content and
consequently regulate the growth and/or nutritional structure of upper trophic levels in the
Arctic ecosystem, it is needed to monitor the variability of macromolecular concentration
and compositions of phytoplankton. In particular, the macromolecular measurements of
phytoplankton with different ocean conditions should be required to better understand
how phytoplankton’s energy content and its transfer to higher trophic levels are different
in the regions of the Arctic Ocean. Recently, using satellite data, Roy et al. [62] tried to
estimate the concentrations of CHO, PRT, and LIP and energy values of phytoplankton
in the world’s oceans. In situ measurement data in various oceans would be useful for
improving the global scale estimation based on satellite-derived data.
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Abstract: Rapid climate warming and the associated melting of glaciers in high-latitude open fjord
systems can have a significant impact on biogeochemical cycles. In this study, the uptake rates of
carbon and nitrogen (nitrate and ammonium) of total phytoplankton and picophytoplankton (<2 μm)
were measured in Kongsfjorden in early May 2017 using the dual stable isotope technique. The daily
uptake rates of total carbon and nitrogen ranged from 0.3 to 1.1 g C m−2 day−1, with a mean of
0.7 ± 0.3 g C m−2 day−1, and 0.13 to 0.17 g N m−2 day−1, with a mean of 0.16 ± 0.02 g N m−2 day−1.
Microphytoplankton (20–200 μm) accounted for 68.1% of the total chlorophyll a (chl-a) concentration,
while picophytoplankton (<2 μm) accounted for 19.6% of the total chl-a, with a high contribution to the
carbon uptake rate (42.9%) due to its higher particulate organic carbon-to-chl-a ratio. The contributions
of picophytoplankton to the total nitrogen uptake rates were 47.1 ± 10.6% for nitrate and 74.0 ± 16.7%
for ammonium. Our results indicated that picophytoplankton preferred regenerated nitrogen, such as
ammonium, for growth and pointed to the importance of the role played by picophytoplankton in the
local carbon uptake rate during the early springtime in 2017. Although the phytoplankton community,
in terms of biovolume, in all samples was dominated by diatoms and Phaeocystis sp., a higher
proportion of nano- and picophytoplankton chl-a (mean ± SD = 71.3 ± 16.4%) was observed in the
relatively cold and turbid surface water in the inner fjord. Phytoplankton production (carbon uptake)
decreased towards the inner fjord, while nitrogen uptake increased. The contrast in carbon and
nitrogen uptake is likely caused by the gradient in glacial meltwater which affects both the light regime
and nutrient availability. Therefore, global warming-enhanced glacier melting might support lower
primary production (carbon fixation) with higher degrees of regeneration processes in fjord systems.

Keywords: phytoplankton productivity; carbon and nitrogen; stable isotopes; Kongsfjorden; Svalbard

1. Introduction

Marine phytoplankton play a critical role in global carbon and nitrogen cycling [1,2]. They uptake
carbon dioxide from the atmosphere through photosynthesis and transform it into organic matter as well
as uptaking nitrogen and other nutrients (e.g., phosphorous, silicate, trace metals), and they contribute
approximately 50% of global primary production (carbon fixation) [3]. In marine systems, production
depends on allochthonous inputs of nutrients (new production based on nitrate), while the remainder
is mainly driven by the remineralization of nutrients (regenerated production; based on ammonium
and urea) [4]. This distinction provides useful information for the proportion of the organic carbon
exported out of the euphotic zone or into higher trophic levels because new production is assumed to
be equivalent to the fraction of total production under steady-state conditions [5].
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Climate change is expected to considerably influence the upper ocean in marine ecosystems,
such as through rising temperatures and declining ice cover, altering the structure of phytoplankton
communities, magnitudes of carbon, nitrogen, and export production, and the efficiency of the
biological carbon pump [6–10]. Particularly, changes are more pronounced in the Arctic [11,12].
For example, patterns of increasing picophytoplankton (<2 μm) biomass and a decline in larger
cells (2–20 μm) were found in the Canada Basin due to strong vertical stratification with a lower
nitrate supply [11]. Although smaller phytoplankton is more competitive under low nutrient
concentrations, picophytoplankton-dominated systems do not provide large carbon exports to the
deep sea (carbon sequestration). Because picophytoplankton have a high surface-area-to-volume ratio
and are more resistant (they do sink, form aggregates and such). As a result, picophytoplankton is
considered a critical component of carbon and nitrogen cycling in high-latitude marine ecosystems
and likely more important in warmer freshened ocean [11,13,14].

Our study area, Kongsfjorden, is located in the open fjords in western Spitsbergen and
geographically belongs to the Arctic. The hydrological condition of this area is characterized by Atlantic
water (T > 3 ◦C, S > 34.9), glacial meltwater, and Arctic water (T = 0.5–2 ◦C, S = 34.7–34.9) ([15–17] and
references therein). The mixing process of these water masses influences the spatial and temporal
variation in the food web [18,19]. Generally, phytoplankton biomass in Kongsfjorden begins to increase
in early spring (March) and then decreases dramatically in late summer and early autumn [16,20].
The progress of the spring bloom is controlled by light and grazing pressure [21], and the primary
production of phytoplankton can influence zooplankton production [22,23]. Therefore, knowing the
local primary production and the contribution of the picophytoplankton fraction to the total primary
production in the Arctic Ocean is useful for assessing the potential impacts caused by environmental
changes, such as an intense ice melt season [12,24,25]. A number of studies have reported the
composition of coupled pico- and nanoplankton communities (including heterotrophic bacteria) in water
masses and/or phytoplankton bloom dynamics in Kongsfjorden [20,26,27]. Unfortunately, only a few
in situ measurements of primary production have been conducted in Kongsfjorden [16,20,21,28].
Hence, the purposes of this study were (i) to investigate spatial variation in the phytoplankton
community structure and the rates of carbon and nitrogen uptake and (ii) to estimate the contribution
of picophytoplankton to the total biomass and carbon and nitrogen uptake rates during the spring
period in Kongsfjorden, Svalbard.

2. Materials and Methods

2.1. Study Area and Sampling

Kongsfjorden is a fjord in western Spitsbergen and is located on the Svalbard archipelago. All of the
samples except for the carbon and nitrogen uptake rates were collected at a total of ten stations in
Kongsfjorden from 4–8 May 2017 onboard the Teisten (Figure 1 and Table 1). Our sampling stations
were divided into three zones based on species distribution, substrate and the overriding environmental
gradient described by Hop et al. [16]: the inner zone (St. 1, St. 2, and St. 3), the transition zone
(St. 4, St. 5, and St. 6), and the middle zone (St. 7, St. 8, St. 9, and St. 10) (Table 1). At each station,
we used a conductivity-temperature-depth (CTD) system with a turbidity sensor and Niskin bottles
to obtain the water temperature, turbidity, and water samples, respectively. The water samples for
the nutrients, chl-a concentrations, and taxonomy were obtained using a Niskin sampler from the
surface to a depth of up to 100 m (Table 1). The characteristics of each station are summarized in
Table 1. To estimate the daytime uptake rate, daily solar irradiance (W m−2) data were obtained from
the Baseline Surface Radiation Network (BSRN) for the sampling period. The daily solar irradiance
was calculated using a 1 h resolution. One percent of the surface irradiance was defined as the euphotic
zone, and different light levels were determined (100, 50, 30, 12, 5, and 1%) by a Secchi disc using the
vertical attenuation coefficient (Kd = 1.7/Secchi depth) from Poole and Atkins [29]. The euphotic depth
was measured only at experiment stations (St. 3, St. 5, St. 7, St. 9, and St. 10).
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Figure 1. (A) Sampling stations in Kongsfjorden. The blue dots indicate productivity stations. Surface
distribution of (B) water temperature (◦C), (C) chlorophyll a (chl-a) (mg·m−3), and (D) turbidity (FTU)
in Kongsfjorden (Ocean Data View (ODV) version 5.1.0) (AWI, Bremerhaven, Germany, Schlitzer, R.).

Table 1. Sample location with corresponding sampling depth for nutrient, chl-a, andphytoplankton
taxonomy samples in Kongsfjorden in 2017.

Station
Latitude

(◦N)
Longitude

(◦E)
Date

(Day, Month Year)
Bottom

Depth (m)
Euphotic

Depth (m)
Sampling
Depth (m)

Zone

St. 1 78.91 12.39 4 May 2017 63 - 0, 10, 30, 50 Inner
St. 2 78.93 12.39 4 May 2017 47 - 0, 10, 20, 40 Inner
St. 3 78.98 12.32 7 May 2017 55 16 0, 4, 16, 40 Inner
St. 4 78.96 12.22 7 May 2017 14 - 0, 5, 10 Transition
St. 5 78.93 12.15 4 May 2017 110 22 0, 6, 22, 80 Transition
St. 6 79 12.02 7 May 2017 63 - 0, 10, 20, 50 Transition
St. 7 78.96 11.92 7 May 2017 357 27 0, 7, 27, 80 Middle
St. 8 78.98 11.91 8 May 2017 226 - 0, 10, 40, 100 Middle
St. 9 79.03 11.75 8 May 2017 211 27 0, 7, 27, 50, 100 Middle
St. 10 78.99 11.65 8 May 2017 287 19 0, 5, 19, 50, 100 Middle

2.2. Major Inorganic Nutrient Analysis

The seawater samples for nutrients were collected in 250 mL acid-cleaned polythene bottles directly
from CTD spigots without the use of a tube and filtered through a precombusted (450 ◦C, 4 h) glass fiber
filter (GF/F, 47 mm in diameter, Whatman, Marlborough, MA, USA). The filtered seawater samples
were preserved at approximately −20 ◦C until analysis in our laboratory. The major inorganic nutrients
(nitrite and nitrate, ammonium, phosphate, and silicate) were measured using a 4-channel continuous
AutoAnalyzer (QuAAtro, SEAL Analytical, Southampton, UK) with the settings recommended by the
manufacturer’s manual. Standard curves were run with each batch of samples using freshly prepared
standards that spanned the range of concentrations in the samples.

2.3. Chlorophyll a, Identification and Counts of Phytoplankton

Water samples (1 L) for measuring the total chl-a concentrations of phytoplankton were filtered
using a 0.7 μm pore-size Whatman GF/F (47 mm) at all stations during the cruise. The phytoplankton in
this study were divided into 3 categories: micro- (>20 μm), nano- (2.0–20 μm), and picophytoplankton
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(0.7–2.0 μm). For the size-fractionated chl-a concentrations, samples (1 L) were passed sequentially
through 20 and 2 μm Nucleopore filters (47 mm, Whatman, UK) and 0.7 μm GF/F filters (47 mm).
The chl-a concentrations were determined using a Trilogy fluorometer (Turner Designs, USA) after
a 24 h extraction in 90% acetone at 4 ◦C [30].

To identify and count phytoplankton, aliquots of 125 mL were preserved with glutaraldehyde
(final concentration: 1%). Phytoplankton net tows (20 μm mesh) were used to gather additional
samples, which were preserved with glutaraldehyde (final concentration: 2%). Sample volumes of
50 to 100 mL were filtered through Gelman GN-6 Metricel filters (0.45 μm pore size, 25 mm diameter;
Gelman Sciences, Inc., Port Washington, NY, USA). The filters were mounted on microscopic slides
in a water-soluble embedding medium (HPMA, 2-hydroxypropyl methacrylate) in our laboratory.
The HPMA slides were used for identification and estimation of the cell concentrations. Identification
by light microscopy is time consuming and requires a high level of taxonomic skill but is still the most
reliable method of microalgal identification [31]. Therefore, at least 300 cells were identified from each
sample with an optical microscope (BX53TR-32FB3F0 microscope, Olympus, Inc., Tokyo, Japan) using
a combination of light and epifluorescence microscopy at 400×magnification for microphytoplankton
and at 1000×magnification for pico- and nanophytoplankton [32]. The genera were identified using
the keys provided by Tomas [33]. The cell counts were converted into cell concentrations according to
the method of Kang et al. [34].

2.4. Carbon and Nitrogen Uptake Experiments

The carbon and nitrogen uptake rates of phytoplankton were measured using 13C-15N dual isotope
tracer techniques [14] at five in situ carbon and nitrogen uptake experiment stations (St. 3, St. 5, St. 7,
St. 9, and St. 10; hereafter productivity stations). The samples were transferred into 1 L polycarbonate
bottles wrapped with different neutral density screen films (LEE Filters, UK; Garneau et al. [35]) to
simulate different light levels (100, 50, 30, 12, 5 and 1%) and then were enriched with 13C (H13CO3)
and 15N (K15NO3 or 15NH4Cl) isotopes. The 13C and 15N enrichments made up approximately 5–10%
of the total inorganic carbon and nitrogenous nutrients in the ambient water [4,36]. For phytoplankton
incubation, the bottles containing isotopes were placed in incubators, surrounded by ambient seawater.
After incubation (4–5 h), the samples were transferred into the laboratory and filtered onto precombusted
(450 ◦C, 4 h) 25-mm GF/F (Whatman, 0.7 μm pore) filters to assess the carbon and nitrogen uptake rates
of total phytoplankton. For the carbon and nitrogen uptake rates of small-sized cell (picophytoplankton)
separations, the incubated samples were first filtered through 2-μm Nucleopore filters (47 mm) and
then onto the GF/F filters (25 mm). The particulate organic carbon (POC) and nitrogen (PON) samples
for the total phytoplankton and picophytoplankton were also obtained through the abovementioned
filtration process. The filters were immediately stored at −80 ◦C until further analysis. The POC and
PON concentrations and carbon and nitrogen isotope concentration were determined using a Finnigan
Delta + XL mass spectrometer in the stable isotope laboratory at the University of Alaska Fairbanks,
USA, after HCl fuming overnight to remove the carbonate. The carbon and nitrogen uptake rates were
calculated according to Hama et al. [37] and Dugdale and Goering [4], respectively (Equation (1)).

Carbon (or nitrogen) uptake rate =
(ais − ans)

(aic − ans)
× P(t)

t
(1)

where ais is the 13C atom% of the POC in the incubated sample, ans is the 13C atom% of the POC in the
natural sample, P is the POC, aic is the total dissolved inorganic carbon, and t is the incubation time
period. Similarly, the nitrogen (nitrate or ammonium) uptake rates were calculated using the same
equation, where P denotes the particulate organic nitrogen, and ais and ans are the 15N atom% of PON
in the incubated and natural samples, respectively. aic is the ambient dissolved inorganic nitrogen
(nitrate or ammonium). The specific carbon (or nitrogen) uptake rates (photosynthetic rate; h−1) are
defined as the nutrients taken up per unit of POC (PON) and per unit of time, and the absolute carbon
(nitrogen) uptake rates (expressed in mg C (or N)·m−3·h−1) are the product of the specific carbon
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(nitrogen) uptake rate and the POC (or PON). The uptake rate of the large-size fraction (>2 μm; micro-
and nanophytoplankton) was calculated by subtracting the picophytoplankton value from the total
phytoplankton uptake rate. The water column-integral chl-a concentrations and hourly carbon and
nitrogen uptake rates at each station were estimated using trapezoidal integrations of volumetric
values from 100 to 1% light levels [38].

2.5. Relative Preference Index and Turnover Time of Picophytoplankton

To estimate the utilization of a nitrogen compound, the relative preference index (RPI) value and
turnover times were calculated using the equations of McCarthy et al. [39] (Equation (2)) and Gu and
Alexander [40] (Equation (3)), respectively. For example, the RPI and turnover time for nitrate were
calculated as follows:

RPInitrate =
[nitrate uptake rate]/[nitrogen uptake rate]

[NO3−]/[DIN]
(2)

Turnover timenitrate =
[NO3

−]
[nitrate uptake rate]

(3)

where the RPInitrate of picophytoplankton is the nitrogen uptake rate in the combined nitrate and
ammonium uptake rates for picophytoplankton. NO3

− and DIN are the ambient nitrate concentration
and dissolved inorganic nitrogen concentration (nitrate + nitrite + ammonium), respectively.
The turnover time for the nitrogen substrate in picophytoplankton was calculated by assuming
the consumption of the substrate.

2.6. Statistical Analysis

A t test was used to determine whether there was a significant difference between the
two independent groups. Correlations between the investigated variables were examined parametrically
using Pearson’s correlation. Statistical analysis was performed with a significance threshold of p < 0.05.

3. Results

3.1. Physical and Nutrient Properties in Kongsfjorden

The stations experienced a gradient of influence from a primarily oceanographic influence to
a primarily glacier influence towards the inner zone of the fjord. Water temperature ranged from
−0.7 to 2.6 ◦C with an average of 2.0 ◦C (standard deviation (SD) = ± 0.8 ◦C) from the surface to depth
of 100-m deep. The middle zone (mean ± SD = 2.4 ± 0.1 ◦C) of the fjord was composed of relatively
warmer water than the inner zone (mean ± SD = 0.8 ± 0.7 ◦C). In particular, the cold water temperatures
(<0 ◦C) observed in the surface water at St. 6 and in 30–50 m of St. 1, respectively, were related to the
extent of input from the melting of land-based ice during the sampling period because sea ice was rare
in the fjord (Figure 1B). Overall, warm water has been intruding into the fjord, and meltwater flows
out the fjord in Kongsfjorden.

As observed for water temperature, there was a clear difference in nutrient concentration between
the inner and remaining parts of the fjord. The phosphate and nitrite + nitrate concentrations were
0.2–0.6 μM and 1.5–8.1 μM from the surface to 100-m water depth, respectively (Figure 2). The silicate
concentration ranged from 3.4 to 5.0 μM with a mean of 4.5 μM (SD = ± 0.3 μM) (Figure 2). Most of
the concentrations of nitrite and nitrate, phosphate, and silicate gradually increased with depth in
the inner zone and were nearly constant throughout the water in the transition and middle zones.
However, ammonium did not show a specific trend and ranged from 0.6 to 1.9 μM with a mean of
1.0 μM (SD = ± 0.3 μM) (Figure 2).

During the survey period, the measured daily solar irradiance ranged from 24 to 543 W m−2,
with a mean of 247.8 ± 146.4 W m−2; the variability and trend of the daily solar irradiance remained
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consistent except for on 4 May. At the productivity stations, the vertical light attenuation coefficient
(Kd) ranged from 0.17 to 0.28 m−1 (mean ± SD = 0.22 ± 0.05 m−1), leading to a shift in depth from 16 m
at St. 3 to 27 m at St. 7 and St. 9, with an average depth of approximately 22.2 m (SD = ± 4.9 m) (Table 1).
The spatial distribution of turbidity (FTU) at the sampling stations is shown in Figure 1D. The turbidity
ranged from 0.3 to 6.1 FTU, with an average of 1.1 ± 1.0 FTU at a 100-m depth. In near-glacier stations
(St. 1, St. 2, St. 3, St. 4, and St. 6), turbidity exceeds 1.7 FTU at the surface and then decreases with a
depth of ~20 m, whereas in the rest of stations (except St. 7; no vertical data) is low (mean of 0.5 FTU)
throughout the water column (within 100-m depth) (data not shown). Therefore, the turbidity of the
surface water was used to analyze the amount of inorganic particles from glacial runoff in this study.

Figure 2. Vertical patterns of phosphate (μM), nitrite + nitrate (μM), ammonium (μM), and silicate
(μM) concentrations from the surface to the 100-m water depth at sampling stations.

3.2. Chlorophyll a, Size Distribution, and Community of Phytoplankton

At a surface to depth of 100 m, the concentration of chl-a varied by an order of magnitude from
high chl-a (0.09 to 1.52 mg m−3, with a mean of 0.80± 0.33 mg m−3). The phytoplankton community was
dominated by microphytoplankton (20–200 μm), which accounted for 63.3% (SD = ± 16.0%) of the total
chl-a concentration, followed by pico- (0.7–2.0 μm; mean ± SD = 20.5 ± 8.8%) and nanophytoplankton
(2.0–20 μm; mean ± SD = 16.2 ± 8.8%) in Kongsfjorden (Table 2). The surface chl-a increased from
0.3 mg m−3 in the inner part to 0.9 mg m−3 in the middle part, which was accompanied by a relative
increase in the micro- and decrease in nano- and picophytoplankton fractions (28.7 to 78.6%, 42.2 to 6.9%,
and 29.1 to 14.5% from the inner to middle, respectively). In contrast, the other depths in Kongsfjorden
showed that microphytoplankton were dominant, with a mean value of 65.3 ± 10.8%. The total chl-a
concentration was integrated from the surface to a 1% light level and ranged from 14.6 to 26.1 mg
chl-a m−2, with a mean of 19.7 mg chl-a m−2 (SD = ± 4.9 mg chl-a m−2) at the productivity stations
(Figure 3). Among the productivity stations, St. 3 had the lowest microphytoplankton composition
(<40%) at the surface (100% light level), while microphytoplankton was dominant throughout the
euphotic zone.

The number of phytoplankton species ranged from 7 to 27 species, including unidentified
micro-, nano-, and picophytoplankton within 100 m, and the cell abundance ranged from 1.9 × 105

to 3.9 × 106 cells L−1, with a mean of 1.6 × 106 ± 8.8 × 105 cells L−1 (data not shown). Diatoms
(Bacillariophyceae) and Prymnesiophyceae (only Phaeocystis sp. were identified) dominated the
phytoplankton community in the samples (Figure 4). The most abundant species were Phaeocystis sp. and
the diatom Fragilariopsis cylindrus, with maximum cell concentrations of 3.1× 106 and 2.9 × 105 cells L−1,
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respectively. At most stations, the diatoms and Phaeocystis sp. contributed approximately 88.3
and 77.9% of the total abundance and biovolume of phytoplankton, respectively (Figure 4).
Notably, the unidentified picophytoplankton contributed up to 40.1% of the total phytoplankton
abundance at St. 6 (Figure 4). The proportions of the total biovolume showed that the diatoms
(mean ± SD = 51.2 ± 4.7%) were higher than those of Phaeocystis sp. (mean ± SD = 33.1 ± 7.3%) in
the inner part of fjord, whereas the phytoplankton community was characterized by the prevalence
of Phaeocystis sp. (mean ± SD = 64.8 ± 4.8%) in the middle part of fjord (Figure 4). However,
in abundance, the Phaeocystis sp. was higher than diatoms at all stations of fjord. At the productivity
stations, the diatom (Bacillariophyceae) was positively correlated between N/P (DIN to phosphate)
and Si/P (silicate to phosphate) molar ratios (r = 0.59, p < 0.05 and r = 0.69, p < 0.001, n = 14,
respectively), and a negative correlation existed between diatom abundance and temperature (r = −0.92,
n = 14, p < 0.001) within the euphotic zone, while no relationship was found in Pheaocystis sp.
(Prymneosiophyceae).

Table 2. The relative contribution of chl-a in the different size fractions from surface to 100-m depth.

Station Depth (m) Microphytoplankton (%) Nanophytoplankton (%) Picophytoplankton (%)

St. 1

0 38.1 37.6 24.2
10 54.0 26.0 20.0
30 71.6 13.5 14.9
50 80.0 11.2 8.8

St. 2

0 9.7 53.5 36.8
10 48.3 21.3 30.3
20 79.2 5.7 15.1
40 73.8 12.7 13.5

St. 3

0 38.2 35.4 26.4
4 52.7 28.6 18.8
16 61.1 21.9 17.0
40 57.0 38.7 4.3

St. 4
0 64.1 19.3 16.6
5 75.5 10.8 13.7
10 73.6 14.8 11.6

St. 5

0 78.8 6.5 14.7
6 82.1 7.3 10.6
22 81.5 5.4 13.1
80 57.8 9.8 32.4

St. 6

0 29.5 48.8 21.7
10 55.1 37.0 7.9
20 71.5 9.9 18.6
50 53.1 24.2 22.7

St. 7

0 80.1 7.8 12.1
7 68.1 9.5 22.4
27 69.6 7.1 23.3
80 52.7 11.2 36.0

St. 8

0 86.5 4.4 9.1
10 57.0 9.6 33.4
40 47.3 10.3 42.3
100 60.5 13.0 26.5

St. 9

0 81.4 4.2 14.5
7 61.1 9.5 29.4
27 75.1 6.2 18.7
50 74.4 7.5 18.1
100 74.3 6.5 19.2

St. 10

0 66.6 11.2 22.2
5 68.6 10.5 20.9
19 56.3 13.5 30.3
50 53.8 13.3 32.9
100 75.9 7.7 16.4
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Figure 3. The distribution of chl-a concentrations (mg chl-a m−2) integrated from the surface to 1%
light depth at productivity stations.

Figure 4. Relative abundance and biovolume of the phytoplankton taxa.
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3.3. Carbon Uptake Rates of Phytoplankton

The total absolute and specific carbon uptake rates of phytoplankton in Kongsfjorden are shown in
Figure 5. The absolute rate varied from 0.2 to 3.2 mg C m−3 h−1 (with a mean of 1.4 ± 0.9 mg C m−3 h−1)
and the specific rate varied from 0.0006 and 0.0105 h−1 (mean ± SD = 0.0046 ± 0.0030 h−1). The total
absolute carbon uptake rate was lowest at the surface or a 1% light level. Likewise, the highest specific
carbon uptake rate was also observed in the absolute uptake rate profile (Figure 5).

The average total hourly carbon uptake rate integrated from 100 to 1% was 30.5 mg C m−2 h−1

(SD = ± 12.5 mg C m−2 h−1) in this study (Figure 6). The lowest uptake rate was 11.5 mg C m−2 h−1 at
St. 3, whereas the highest uptake rate was 46.1 mg C m−2 h−1 at St. 9. The range of hourly carbon
uptake rates of picophytoplankton (<2 μm) ranged from 5.4 (St. 3) to 15.5 (St. 7) mg C m−2 h−1,
with a mean value of 12.7 mg C m−2 h−1 (SD = ± 4.3 mg C m−2 h−1) (Figure 6). The picophytoplankton
contributed 42.9% (± 5.9%) of the total carbon production. The highest contribution of the large size
fraction was found at St. 9 (Figure 6).

Figure 5. The vertical pattern of (A) absolute and (B) specific carbon uptake rates for total and
picophytoplankton at each light depth (100, 50, 30, 12, 5, and 1% light depth).
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Figure 6. Hourly carbon, nitrate and ammonium uptake rates of phytoplankton integrated from the
surface to 1% light depth at the productivity stations.

3.4. Nitrogen Uptake Rates of Phytoplankton

The absolute total nitrate uptake rates (new production) ranged between 0.003 and
0.450 mg N m−3 h−1 (mean ± SD = 0.127 ± 0.107 mg N m−3 h−1). The absolute total ammonium uptake
rates ranged between 0.013 and 0.423 mg N m−3 h−1 (mean ± SD = 0.120 ± 0.092 mg N m−3 h−1).
The specific total nitrate and ammonium uptake rates ranged between 0.0002 and 0.0112 h−1

(mean ± SD = 0.0039 ± 0.0027 h−1) and 0.0005–0.0125 h−1 (mean ± SD = 0.0037 ± 0.0027 h−1),
respectively (Figure 7). The absolute total uptake rate generally showed a similar pattern to that of
the specific total uptake rate (Figure 7). The temperature and ammonium concentrations showed
a significant negative and positive correlation with the absolute and specific ammonium uptake
rates, respectively (p < 0.05) (Table 3). In contrast, there was no significant difference between the
nitrate concentration and the nitrate uptake rate (p > 0.05). The specific uptake rates of nitrate and
ammonium were identical, thus suggesting that the utilization of nitrate and ammonium are similar
for phytoplankton growth.
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Figure 7. The vertical pattern of (A) absolute and (B) specific nitrogen (nitrate and ammonium) uptake
rates for total and picophytoplankton at each light depth (100, 50, 30, 12, 5, and 1% light depth).

The total hourly nitrate and ammonium uptake rates integrated from 100 to 1% light levels were
2.0–5.0 mg N m−2 h−1 and 2.0–5.0 mg N m−2 h−1, respectively, at the productivity stations (Figure 6).
The average nitrate uptake rate was 3.8 mg N m−2 h−1 (SD=± 1.2 mg N m−2 h−1), which was higher than
2.7 mg N m−2 h−1 (SD=± 1.3 mg N m−2 h−1) for ammonium, but the rates were not significantly different
(t test, p > 0.05). The total nitrogen (nitrate and ammonium) uptake rates of the total phytoplankton and
picophytoplankton ranged from 5.3 to 7.2 mg N m−2 h−1 (mean ± SD = 6.5 ± 0.8 mg N m−2 h−1) and 2.6
to 5.0 mg N m−2 h−1 (mean ± SD = 3.8 ± 0.9 mg N m−2 h−1), respectively (Figure 6). The contributions
of picophytoplankton to the total nitrogen uptake rates were 47.1 ± 10.6% for nitrate and 74.0 ± 16.7%
for ammonium (Figure 6).
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4. Discussion

4.1. Environmental and Phytoplankton Community Characteristics of Early Springtime in Kongsfjorden

In Kongsfjorden, the bloom timing and dominant species varied from April to the end of May in
relation to the environmental factors (i.e., sea ice, glacier and Atlantic water inflow events) [16,41,42].
During the spring bloom, the phytoplankton community was dominated by diatoms, with high
integrated chl-a concentrations (up to 35 mg chl-a m−2) and nutrient-depleted conditions (<1.0 μM for
silicate and <0.2 μM for nitrate) at depths of less than 50 m, while the dominant species shifted from
Fragilariopsis spp. and diatoms in April and mid-May to Phaeocystis pouchetii colonies after mid-May
with the low nutrient concentrations (level of spring bloom) [41]. This finding was consistent with that
of von Quillfeldt [43], who found that diatoms dominated the early phytoplankton spring bloom.

In our study, the mean integrated chl-a value (ca. 20 mg chl-a m−2) in the euphotic zone was
similar to that on 8 May (after peak bloom; 22 mg chl-a m−2 for 20 m) in Hodal et al.’s study [41]
and higher than the winter values (6–7 mg chl-a m−2) in Eilertsen et al.’s study [21]. The observed
values for nitrate and nitrite (mean ± SD = 4.2 ± 1.1 μM) were approximately half of the winter values
(10–12 μM; Hop et al. [16]). The silicate (mean ± SD = 4.5 ± 0.2 μM) concentration was similar to that
of the maximum level (4.8 μM) of early springtime (9 April to 12 May 2008) [44]. In addition, the N/P
molar ratio (mean ± SD = 12.8 ± 1.4) at depths of less than 50 m was slightly lower than the Redfield
ratio (16; Redfield [45]) and higher than that reported by Iversen and Seuthe [20] for the upper 50 m
of the water column (3.2) during the spring bloom in Kongsfjorden. Although the Si/P molar ratio
(mean ± SD = 11.1 ± 2.7) was less than the Redfield ratio (15:1) during the sampling period, this finding
is not an indication of severe nutrient deficiency for phytoplankton growth because the proportion of
microphytoplankton was approximately 68.1% of the total chl-a concentration. It is generally considered
that communities dominated by large cells are responsible for phytoplankton biomass accumulation in
nutrient-replete conditions, while small cells are typical of oligotrophic systems [46].

Previous studies indicated that in spring blooms, diatoms were the most important components
of the phytoplankton communities in the fjord ([16,41] and references therein). However, the major
contributor to the phytoplankton assemblage was Phaeocystis sp., which accounted for more than
40% of the total phytoplankton abundance in our study. The lower presence of the diatom compared
to P. pouchetii and generally very low values of chl-a (<1 mg m−3) relative to the enhanced inflow
of warm Atlantic water during the spring bloom were features observed in Kongsfjorden [41,42].
In fact, the waters of the middle zone (St. 7, St. 8, St. 9, and St. 10) at depths of less than
100 m were composed of warmer water (>2 ◦C), which was coincidental with a higher abundance
of Phaeocystis sp. than the inner zone (St. 1, St. 2, and St. 3; mean ± SD = 0.9 ± 0.7 ◦C) in
our study. The relative abundance of diatoms showed an inverse relationship with temperature.
These relationships reflected the spatial distribution and taxonomic composition of phytoplankton
communities and water masses. An advection of the haptophyte P. pouchetii into Kongsfjorden was
suggested by van De Poll et al. [47]. In addition, the unidentified sp. (pico size; <2 μm) was quite
important in terms of abundance in Kongsfjorden (~40%) at St. 6, which is near the glacier. A higher
proportion of nano- and picophytoplankton (mean ± SD = 71.3 ± 16.4%) with relatively cold surface
water was observed at the inner fjord, suggesting that glacial influence may have a predominant effect
on phytoplankton size classes. The observed size classes of phytoplankton were in agreement with
Piquet et al. [44], who conducted sampling near the Kongsfjorden glacier during early spring. Hence,
we inferred that the sampling period was considered the early phase of the spring bloom and not
a post-bloom state in Kongsfjorden based on chl-a nutrient data. The phytoplankton community
was affected by glacial meltwater input and influenced by Atlantic waters (presumably as a result of
warmer water).
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4.2. Total Carbon and Nitrogen Uptake Rates of Phytoplankton

Generally, the carbon and nitrogen uptake rates reflected the light conditions, biomass, ambient
nutrient concentration, size class, composition, and physiological state of the phytoplankton and
their bloom timing [48–50]. The integrated carbon uptake rates of phytoplankton and chl-a decreased
towards the inner part of the fjord and were even completely suppressed at the stations closest to
the glacier (St. 3), which may have been caused by glacial sediment. The melting glacier releases
particles into the fjord, leading to a lower euphotic zone and highly unfavorable conditions for
phytoplankton growth [17,47,51,52]. In our study, due to their location and the nearest tidewater glacier
in Kongsfjorden, the inner stations showed high turbidity (Figure 1D). This finding was consistent
with that of Piquet et al. [44]; the relatively high Kd values near the Kongsfjorden glacier were
caused by enriched sediment particles as a result of the early onset of glacial meltwater during early
spring. Van de Poll et al. [53] also demonstrated that reduced light penetration into the water column
associated with glacial sediments limits the buildup of depth-integrated chl-a in the inner Kongsfjorden.
In this sense, at St. 3 in the observation area, the euphotic depth (16 m) was the lowest, which suggests
that increases in meltwater influx led to increased turbidity and reduced light penetration into the
water, resulting in a lower carbon uptake rate.

More specifically, phytoplankton were less active in shallow water than in deep water within the
euphotic zone. As shown in Figure 5, the maximum total carbon uptake rates were relatively high
between 10 and 30 m, where the chl-a concentrations were highest. The specific carbon uptake of the total
phytoplankton, except for the phytoplankton biomass (particulate organic matter; POC), also showed
a similar trend. This result mirrored the findings of Hodal et al. [41] in Kongsfjorden; they reported
that a high primary production and low biomass of phytoplankton were observed at 5 or 10 m and at
the surface, respectively, due to photoinhibition during mid-May. Notably, at St. 3 (which had high
turbidity), the maximum total carbon uptake rate was observed in surface water, which coincided
with the high picophytoplankton uptake rate and relatively low contribution of microphytoplankton
(38.2%). There is a positive relationship between the contribution of picophytoplankton chl-a and
turbidity in surface data (r = 0.75, n = 10, p < 0.05). From these results, it has been suggested that smaller
phytoplankton have a competitive advantage over microphytoplankton under turbidity as a strategic
response to light. This potential mechanism aligned with the finding that absorption efficiency was
higher in smaller cells than in larger cells due to their reduced chromophore self-shading [54–56].
Unlike the carbon uptake rate, the absolute concentration of inorganic nutrients, except for ammonium,
was constant within the euphotic zone in this study. As a result, there was no statistical significance
between the nutrient parameters and carbon uptake rate (p > 0.05) (Table 3). Likewise, they did not
show any relationship between species composition. In this sense, the high turbidity, which represented
low light conditions across transects, was the primary factor influencing light attenuation among
stations in our study.

In this study, the daily uptake rates were calculated based on the daylight duration (24 h). The mean
carbon uptake rate (0.7 g C m−2 day−1) was up to two times lower than that reviewed by Hop et al. [16]
(0.8–1.4 g·C·m−2 day−1) during July 1996 and much higher than that of Eilertsen et al. [21] in the
transitional zone of Kongsfjorden (0.03 g C·m−2 day−1 for 26 July 1979 and 0.17 g C m−2 day−1 for
31 July 1980) (Table 4). In May, Hodal et al. [41] observed the carbon uptake rate of total phytoplankton
during the peak bloom in 2002 (1 May; 1.5 g C m−2 day−1 for 30 m), and their mean value (0.5 g·C·m−2

day−1 from 1–22 May) was slightly lower than the values reported in our data. Similarly, Iversen and
Sethue [20] and van de Poll et al. [53] observed low values (0.5 g C·m−2·day−1) at the end of May and
in June, respectively. The variability in these data reflected large spatial and temporal abundance and
the physiological state of phytoplankton and their bloom timing. Previous studies have reported that
the carbon uptake rate ranges from 0.01 to 1.5 g C m−2 day−1 and is very variable in Kongsfjorden;
the highest values are observed in April or May and then diminish [16,20,21,41].
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Table 4. Investigations of daily carbon uptake rate in Kongsfjorden.

Sampling Period
Daily Carbon Uptake
Rate (g C m−2 day−1)

Reference Remarks

July 1979 0.128 Eilertsen et al. [21]
Daily mean production rate 76% of noon;

calculated by Hop et al. [16]July 1980 0.024

July 1996 0.8–1.4 Hop et al. [16] and
references therein

Night production 32% of daytime
production; calculated by Hop et al. [16]

1–22 May 2002 0.466 Hodal et al. [41] Integrated to 30 m

23–27 July 2002 0.088 Piwosz et al. [28] Integrated to 30 m, daily production was
calculated based on 24 h

18 March 2006 0.004

Iversen and Seuthe [20] Integrated to 50 m
25 April 2006 0.405
30 May 2006 0.445
4 July 2006 0.155

16 September 2006 0.080

Jun 2015 0.528 van De Poll et al. [53] Integrated to euphotic zone (defined as the
depth interval down to 0.1% irradiance)

4–8 May 2017 0.733 This study Integrated to 1% light depth

The assimilation index (integrated carbon uptake rates to integrated chl-a concentrations) provides
a useful indicator of the physiological state of phytoplankton [38,41,57]. It is mainly dependent on
light conditions, nutrient supply, and/or phytoplankton species composition [58]. In Kongsfjorden,
14–36 mg·C (mg chl-a)−1 day−1 was documented, demonstrating good growth conditions [41]. The value
that we calculated for the assimilation index ranged from 19.0 to 47.4 (mg C (mg chl-a)−1 day−1),
with a mean of 37.1 mg·C (mg chl-a)−1 day−1 (SD = ± 13.7 mg C (mg chl-a)−1 day−1); the integrated
value (16~27 m) was higher than that of a marginal ice zone during a bloom in the northern Barents
Sea (Hodal and Kristiansen [38]; 3–10 mg C (mg chl-a)−1 day−1) and the values of Kongsfjorden during
May (mean ± SD = 22.6 ± 8.3 mg C (mg chl-a)−1 day−1, integrated to 30 m (Hodal et al. [41]). The result
of the assimilation index indicated a phytoplankton community that is not in a poor physiological
condition. Despite the good growth conditions, the difference between the daily carbon uptake rate
(0.7 g C m−2 day−1) in this study and that of Hodal et al. [41] (0.5 g C m−2 day−1) could be an indication
of a difference between sampling periods. Hodal et al. [41] conducted measurements at one point
station and covered peak- and post-bloom values, unlike our study.

In this study, the uptake rates of total nitrogen (nitrate and ammonium) were on average
0.16 ± 0.02 g·N·m−2·day−1, which was similar to that of the non-polynya area of the Amundsen
Sea, Antarctica (0.2 g N·m−2 day−1; Lee et al. [59]), and slightly lower than those of the Northeast
Atlantic fjord, Faroe Islands (May–September; 0.27 g N·m−2·day−1; Gaard et al. [60]). Compared
to the rates previously reported in the Arctic Ocean [61–64], our values were relatively high.
Lee and Whitledge [61] found that the average total nitrogen uptake rates were 0.03 g N m−2 day−1

(SD = 0.02 g N·m−2·day−1) in the Canada Basin, whereas Lee et al. [62] obtained various values (ranging
from 0.02 to 0.5 g·N·m−2·day−1) from the Chukchi Sea during summer. In contrast, Yun et al. [63]
found relatively low average rates (0.005 g·N·m−2·day−1) in the Canada Basin. The lower uptake rates
in the Arctic Ocean compared to in the fjord area and the Southern Ocean may be due to the lower
nitrogen availability because the Arctic Ocean is a nitrogen-limited system [65].

Overall, the daily total nitrate uptake rates (mean ± SD = 0.09 ± 0.03 g N m−2 day−1) were slightly
higher than the ammonium uptake rates (mean ± SD = 0.07 ± 0.03 g N m−2 day−1), which implies
that the ecosystem has potentially near-equal contributions from new and regenerated production to
the total productivity within the euphotic zone. Generally, strong new production is observed in the
exponential growth phase of phytoplankton, whereas regenerated production appears post-bloom due
to the nutrients released by grazing and microbial processes (bacterial degradation and viral lysis) [4].
Considering that zooplankton abundance is low in spring in Kongsfjorden [66,67], the phytoplankton
were not in the exponential growth phase, at least during our observation period. However, St. 3 had
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a somewhat unexpectedly high depth-integrated ammonium uptake rate with the lowest euphotic
depth. In particular, the absolute and specific ammonium uptake rates coincided with peaks in ambient
ammonium concentration and lower temperature in our study. These results suggest that the nitrogen
uptake rate of phytoplankton was more strongly correlated with nutrients (with ammonium being of
particular importance) than with light conditions. According to Halbach et al. [68], tidewater glacier
and subglacial discharge, Atlantic water, and nutrient release from the seafloor can have both direct
and indirect effects on the nutrient dynamics in Kongsfjorden. In this sense, supply from glacial
discharge and induced upwelling with ammonium released from the seafloor could be considered
possible sources of the observed ammonium at St. 3.

4.3. Contribution of Picophytoplankton to Carbon and Nitrogen Uptake Rates

Although the importance of picophytoplankton (<2 μm) as a major primary producer is well
established in oligotrophic [69] and high-latitude environments, little is known about the abundance
and carbon uptake rates of the picophytoplankton response to environmental forcing in Kongsfjorden.
Recently, the contribution of picophytoplankton to total primary production has been highly variable
and was reported to be up to 90% of the carbon fixation in the Atlantic Ocean [70] and 60% of that
in the Kara, Laptev, and East Siberian Seas [71]. Picophytoplankton abundance is high in the Arctic
Ocean [72,73] and accounts for 60–90% of the chl-a concentration in the eastern Fram Strait [74].

In this study, the depth-integrated carbon uptake rates of the picophytoplankton in Kongsfjorden
ranged from 0.1 to 0.4 g C m−2 day−1 and decreased from the middle zone (St. 7, St. 9, and St. 10)
to the inner zone (St. 3). Microphytoplankton (>20 μm) accounted for >60% of the phytoplankton
chl-a, whereas picophytoplankton (<2 μm) was a minor primary producer, contributing approximately
20% of the total chl-a. However, the contribution of picophytoplankton to the total carbon uptake
rates ranged from 32.6 to 46.5%, with a mean of 42.9 ± 5.9% (Figure 6), which was higher than the
contribution of chl-a. In the Arctic Ocean, the mean contribution values for this study were similar to
those of Hodal and Kristiansen [38] (46% for <10 μm-sized cells) in the marginal ice zone of the northern
Barents Sea during the spring bloom, whereas these values were lower than those of the western
Canada Basin (64.0 ± 9.1%; Yun et al. [75]) and higher than those in the Chukchi Sea (31.7 ± 23.6%) for
0.7–5 μm-sized phytoplankton [14].

Despite the low contribution of chl-a, it had a relatively high contribution to production due to
the higher particulate organic carbon (POC)-to-chl-a ratio of picophytoplankton (867.8 ± 218.8) than
that of larger phytoplankton (>2 μm; 270.6 ± 37.6). This finding was consistent with Lee et al. [14].
These authors reported that chl-a as a proxy for total phytoplankton biomass may not be as
effective as a proxy for biomass in picophytoplankton. Additionally, the carbon-to-chl-a ratio
of phytoplankton is highly regulated in response to the nutrient, temperature, and irradiance
conditions [26]. In our study, we could not find any trend between total carbon uptake rates and the
contribution of picophytoplankton chl-a, whereas a small negative correlation (r = −0.60) was observed
with the picophytoplankton contribution to POC. Therefore, if we consider carbon to be the basis
for phytoplankton biomass, the contribution of picophytoplankton is expected to decrease the total
primary production in Kongsfjorden.

The nitrate uptake rates of picophytoplankton ranged from 0.02 to 0.06 g N m−2 day−1, with a mean
of 0.04 g N m−2 day−1 (SD = ± 0.01 g N m−2 day−1), whereas the ammonium uptake ranged from
0.03 to 0.10 g N m−2 day−1, with a mean of 0.05 g N m−2 day−1 (SD = ± 0.03 g N m−2 day−1). Overall,
the contributions of picophytoplankton to the total nitrogen uptake rates were 47.1 ± 10.6% for
nitrate and 74.0 ± 16.7% for ammonium (Figure 6). Consistent with this observation, the relative
preference index (RPI) of picophytoplankton for ammonium and nitrate ranged from 1.3 to 7.0 with
a mean of 2.9 (SD = ± 1.4) and 0.1 to 0.9 with a mean of 0.5 (SD = ± 0.3), respectively (Figure 8).
The RPI and turnover time values can be valuable tools for estimating the utilization of a nitrogen
compound. RPI > 1 indicates positive nutrient selection for phytoplankton nitrogen uptake, and RPI < 1
indicates the opposite. Assuming little change in nitrate and ammonium concentrations during spring
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and only use by picophytoplankton, the mean turnover time for nitrate and ammonium was 105.8
(SD = ± 197.0 days) and 9.1 days (±6.6 days), respectively (Figure 8). Therefore, the RPI and turnover
time of picophytoplankton suggested a predominance of ammonium uptake. This result was consistent
with those of several studies [14,48,49,76], which found that large cells used nitrate for growth, whereas
small phytoplankton (<5 μm) preferred regenerated nitrogen, such as ammonium. As suggested below,
the ambient ammonium concentration may also have been an inhibitor of nitrate uptake.

Figure 8. The relative preference index (RPI) and turnover time (TT; day) for picophytoplankton. An
RPI > 1 indicates positive nutrient selection for phytoplankton nitrogen uptake.

The regulation and inhibition of the nitrate uptake rate of ammonium have been reported in
many studies ([77–79] and references therein). More specifically, Goeyens et al. [77] found that nitrate
uptake rates decrease when ammonium stocks exceed 1.7% of the total inorganic nitrogen in Southern
Ocean marginal ice zones. Various threshold concentrations of inhibition have been reported in
different studies, with a wide range of 0.1 to 2 μM [50,80–83]. In particular, the ammonium inhibition
of nitrate uptake by picophytoplankton (<2 μm) was more pronounced than that of large (>2 μm)
fractionated phytoplankton in the northeastern basin of the Atlantic [84]. In our study, the contribution
of ammonium to the total inorganic nitrogen ranged from 11.1 to 45.0%, with a mean of 21.3% (±10.0%).
Regardless of the phytoplankton cell size, there was no significant relationship between the ammonium
contribution (%) and the absolute and specific nitrate uptake rates, which differed from the findings
of Goeyens et al. [77]. However, as shown in Figure 6, the highest ammonium and lowest nitrate
uptake rates of picophytoplankton at St. 3 in the fjord coincided with a relatively high concentration
(approximately 1.5 μM) and contribution (39.2 ± 6.5%) of ammonium to the total inorganic nitrogen.
Our results agreed with previous studies that reported that the ammonium uptake rate at >1 μM
ammonium was higher than that at concentrations below 1 μM [50,77,79,82]. Hence, it was speculated
that a major determinant of ammonium and nitrate uptake rates in this region may be the result of the
ammonium concentration, suggesting that ammonium levels are capable of suppressing nitrate uptake.

However, our samples (<2 μm) contained not only phytoplankton but also microorganisms, such
as bacteria, which can play a role in nitrogen uptake. In our study, the bacterial biomass within the
euphotic zone was not quantified, but to verify this hypothesis, we compared the δ13C (−27.1 ± 1.4%
and −26.2 ± 0.5% in total and pico-POC, respectively) and the carbon-to-nitrogen molar ratio (C/N)
values (9.2 ± 1.7 and 9.6 ± 1.4) of the POC in this study. The observed values were within the ranges
that were previously published. According to earlier studies, generally, the δ13C and C/N values
of phytoplankton ranged between −27.5 and −25.6% and from 6 to 10, respectively ([85–88] and
references therein). In addition, heterotrophic systems usually have low nutrient concentrations or
nutrient-limited conditions. Based on the δ13C, C/N and nutrient conditions, we assumed that POC was
mainly derived from phytoplankton in this study [14,64,87–90]. However, Fouilland et al. [91] reported
that heterotrophic bacteria accounted for a large portion of the total uptake of nitrogen (up to 78%) in the
North Water polynya. Nitrate and ammonium uptake by heterotrophic bacteria accounted for 4–14%
and 22–39% during the North Atlantic spring bloom, respectively (May 1989; Kirchman et al. [92]).
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In Kongsfjorden, the heterotrophic bacteria accounted for 17% of the total POC in May [20]. Therefore,
further investigations are needed to understand the regulation of nitrogen uptake by phytoplankton
and bacteria in fjord ecosystems, as well as their interaction under nitrogen-limited conditions.

5. Summary and Conclusions

This present study investigated the carbon and nitrogen uptake rates of phytoplankton and
the contribution of picophytoplankton to total production in Kongsfjorden. Our results suggest that
low light availability by glacier melt inputs with high turbidity has an important negative effect on
springtime primary production, restricting large phytoplankton productivity. The picophytoplankton
contributed most to the uptake of ammonium (74.0 ± 16.7%) than nitrate (47.1 ± 10.6%) and carbon
(42.9 ± 5.9%). This finding indicated that picophytoplankton was largely based on regenerated
nutrients (ammonium as a nitrogen source) and a slightly lower assimilation of carbon than in large
phytoplankton (>2 μm). During the study period, diatoms and Phaeocystis sp. were clearly the most
important producers in Kongsfjorden, but if they were replaced by the nano- and picophytoplankton
size classes, then the fjord ecosystem would become less productive, which would not sustain higher
trophic levels of biomass (e.g., zooplankton).
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Abstract: The elemental ratios in phytoplankton are important for predicting biogeochemical cycles
in the ocean. However, understanding how these elements vary among different phytoplankton taxa
with physiological changes remains limited. In this paper, we determine the combined physiological–
elemental ratio changes of two phytoplankton species, Scrippsiella trochoidea (Dinophyceae) and
Heterosigma akashiwo (Raphidophyceae). Our results show that the cell growth period of S. trochoidea
(26 days) was significantly shorter than that of H. akashiwo (32 days), with an average cell abundance
of 1.21 × 104 cells·mL−1 in S. trochoidea and 1.53 × 105 cells·mL−1 in H. akashiwo. The average
biovolume of S. trochoidea (9.71 × 103 μm3) was higher than that of H. akashiwo (0.64 × 103 μm3). The
physiological states of the microalgae were assessed based on elemental ratios. The average ratios of
particulate organic nitrogen (PON) to chlorophyll-a (Chl-a) and particulate organic carbon (POC)
to Chl-a in S. trochoidea (57.32 and 168.16) were higher than those of H. akashiwo (9.46 and 68.86);
however, the ratio of POC/PON of the two microalgae was nearly equal (6.33 and 6.17), indicating
that POC/Chl-a may be lower when the cell is actively growing. The physiological variation, based
on the POC/Chl-a ratio, in different phytoplankton taxa can be used to develop physiological models
for phytoplankton, with implications for the marine biogeochemical cycle.

Keywords: Scrippsiella trochoidea; Heterosigma akashiwo; biovolume; chlorophyll-a; particulate organic
nitrogen; particulate organic carbon

1. Introduction

Phytoplankton is the basis of the marine food web, accounting for more than 50% of
the primary production [1]. The cell size, chlorophyll-a (Chl-a) content, and elemental com-
position of microalgae (i.e., organic carbon and organic nitrogen) are important indicators
for assessing biomass, as they have strong influences on the food web structure and the
biogeochemical cycling of carbon, as well as cell growth rates [2–4]. However, these indica-
tors vary with physical environmental parameters (i.e., irradiance and nutrient availability)
and the growth phase of microalgae [5,6]. Such variations in physiological changes and
elemental ratios depend on how efficiently phytoplankton biomass is remineralized by
bacteria, deep ocean export flux, or utilization by consumers [7,8]. In such cases, these
variations may provide a mechanistic basis for modeling phytoplankton growth, elemental
ratios, and quantifying the flow energy among organisms in an ecosystem [9].

Estimation of chlorophyll is an easy technique to assess the fundamental photosyn-
thetic performance (mainly in photosystems II) of microalgae under various environmental
conditions, which reflects the photosynthetic performance of the microalgae [10]. Therefore,
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it can be used as a tool to estimate phytoplankton productivity. The elemental composition
of cells and the content of their constituent organic matters are two important physiolog-
ical indicators for phytoplankton [11]. Particulate organic matters (POM) can influence
processes such as transport, transformation, and removal of elements, which subsequently
determine biological life processes and primary productivity. Thus, it is an important
parameter for evaluating marine productivity [12]. Therefore, we can provide a prelimi-
nary view for evaluating the productivity of the sea based on the analysis of physiological
parameters and elemental ratios.

Phytoplankton produces organic carbon by absorbing nutrients from seawater and, in
turn, nutrients are returned to the seawater through remineralization. It is well-understood
that studies on particulate organic carbon and nitrogen (POC/PON) have great significance
for productivity modeling and the quantification of carbon in the ocean [13]. However,
particulate organic nitrogen (PON) and particulate organic carbon (POC) in microalgae
cells cannot be distinguished from zooplankton and non-living organic matter, so their
contents are not directly available in the ocean [14,15]. Therefore, previous studies have
commonly used chlorophyll content to estimate changes in intracellular carbon content, as
it accurately reflects microalgae growth and photosynthetic rates [16,17]. Interestingly, the
ratio between POC and Chl-a varies. Earlier studies have demonstrated that POC/Chl-a
ratios are influenced by nitrogen concentrations [5]. This ratio decreases when phytoplank-
ton are exposed to low light levels, as well as nutrient-rich zones [18,19]. Furthermore,
the POC/Chl-a ratio has been found to be lower in an estuary, compared to the open
ocean [5]. Moreover, Sathyendranath et al. studied the POC/Chl-a of phytoplankton using
high-performance liquid chromatography (HPLC) and observed that the ratio ranged
from 15 to 176 [20]. Most recent studies have examined POC/Chl-a and elemental content
changes in phytoplankton with respect to the changes in coastal ecosystems, especially
focusing on seasonal variation. However, there is scant information regarding the changes
in carbon and nitrogen content during phytoplankton growth [21].

S. trochoidea (Dinophyceae) and H. akashiwo (Raphidophyceae) are two widely dis-
tributed harmful algal species in Chinese coastal waters. They have significant physiolog-
ical differences (e.g., cell size and growth) due to variation in their taxonomic positions.
Most studies have focused on growth rates and biomass under different environmental
conditions, such as temperature or nutrients. For example, Qi Yu et al. studied the life
history of S.trochoidea and found that the emergence of cysts and its reproduction rate
were closely related to nitrogen concentration [22]. Furthermore, Xiao et al. pointed out a
relationship between the cysts of S. trochoidea and vegetative cells in Daya Bay, showing
that formation of cysts led to a reduction in vegetative cells [23]. Futhermore, some inves-
tigations have explained the effects of physicochemical methods for S. trochoidea under
environmental conditions. These methods include heating, ultraviolet (UV) radiation,
and others [24]. Similarly, a variation in pH also influenced the carbon assimilation and
acquisition of H. akashiwo, along with physiological changes of growth rate [25]. Despite
the fact that these studies have provided significant contributions, very few studies have
examined the elemental ratios of these two important species in different stages of their
growth phase [26,27].

The objective of this study was to explore the variations in POC and PON during
the entire growth cycles of S. trochoidea and H. akashiwo. To accomplish this, we estimated
the physiological changes (cell abundance, cell volume, Chl-a), element ratios (POC and
PON), and inferred POC/Chl-a ratios from S. trochoidea and H. akashiwo during different
life phases. We hope that our results provide comprehensive information on how elemental
composition varies with the size difference of phytoplankton. This may be useful for
marine biogeochemical modeling.
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2. Material and Methods

2.1. Microalgal Species and Pre-Culture Conditions

S. trochoidea and H. akashiwo used in the present study were isolated, in 96-well mi-
croplates, from the coastal waters of Qinhuang Island, China. They were subsequently iden-
tified and maintained in our laboratory. Microalgal cells were cultured in f/2 medium [28]
under the following culture conditions: 25 ± 1 ◦C; 12 h:12 h for light-dark ratio; and
200 ± 10 μmol photons m−2 s−1 for irradiance, which ensured that they were not limited
by light intensity.

2.2. Determination of Microalgal Growth

Microalgae cells were collected in a sterile bench when they reached the exponential
phase of growth. The collected microalgae cells were then centrifuged at 5000 rpm for 5 min
and washed with sterile seawater for another 5 min for the same treatment [29]. In this
way, we removed the interference of the original medium on the concentration of the new
medium. The collected cells were then transferred into 2000 mL conical flasks containing
1500 mL of f/2 medium, again under the above-mentioned light conditions. The initial
cell abundances of the two microalgal cell cultures were approximately 360 cells·mL−1

and 3000 cells·mL−1 at the beginning of the experiment, based on the consistent in vivo
fluorescence values. Algal cells were then placed into an algal shaker with a speed of
180 rpm/min. Aliquots of approximately 100 μL of microalgae solution were transferred
into a blood cell counting chamber and counted immediately using an inverted microscope
(XS-213). The different growth phases of both of the considered algae were determined
based on the in vivo fluorescence values and cell abundances.

2.3. Sample Analyses

Individual growth rates and doubling times of single species cultured in the laboratory
were calculated based on the following equations [30]:

Specific growth rate (μ, d−1) = (ln Nb − ln Na)/(tb − ta)

Doubling time (Td, t) = ln 2/μ

where Nb and Na denote the algal cell abundance (cells·mL−1) at times tb and ta, respectively.
Cell volume was determined by constructing a geometric simulation graph [31].

Micrographic photos are presented in Figure 1. Chl-a was determined using a CE Turner
Designs Fluorometer [32,33]. The PON and POC contents of the microalgae were analyzed
using a Costech Elemental Analyzer (ECS4010, Milan, Italy).

 

Figure 1. Light micrographic photos of two microalgae. (a) S. trochoidea; (b) H. akashiwo.

97



Water 2021, 13, 132

2.4. Date Analyses

All measured data are presented as mean ± standard deviation, plotted using the
GraphPad Prism 8.0.2 software. Furthermore, all parameters (cell abundance, cell vol-
ume, Chl-a, and elements) between different species and growth phases were statistically
analyzed using the SPSS software (version 21.0). Student’s t-test was applied to test the
differences between S. trochoidea and H. akashiwo. One-way analysis of variance (ANOVA)
was used to analyze the difference of growth phases (e.g., lag, exponential, stationary, and
degradation) for the two species. The levels of significance of the difference were set as
p < 0.05 and p < 0.01.

3. Results

3.1. Growth Profiles of Scrippsiella trochoidea and Heterosigma akashiwo

During the experiment, the cell abundance of S. trochoidea significantly increased
(p < 0.01, Figure 2a) from 360 cells·mL−1 to 2.60 × 104 cells·mL−1. Similarly, the cell
abundance of H. akashiwo also showed significant variation (p < 0.01, Figure 2b), from
3000 cells·mL−1 to 2.79 × 105 cells·mL−1. However, the specific growth rates of S. trochoidea
(0.86 ± 0.17 d−1) and H. akashiwo (1.52 ± 0.38 d−1) did not show any significant differences
(p > 0.05). The doubling times of the two microalgae, S. trochoidea (0.80 d−1) and H. akashiwo
(0.45 d−1), also had a statistically significant difference (p < 0.05). To simulate the growth
curves of the two microalgae, the beta growth and decay model was applied in this
study (Table 1). With this model, we estimated the environmental capacities of these two
species as 2.19 × 104 cells·mL−1 and 2.59 × 105 cells·mL−1, respectively (Table 1). The R2

values of the two fitting equations were 0.87 and 0.97, respectively, illustrating good fitting
results. The average cell volumes of S. trochoidea and H. akashiwo were 9.71 × 103 μm3 and
0.64 × 103 μm3, respectively. As shown in Figure 2c,d, a clear distinction was observed
between the lag, exponential, and stationary phases (p < 0.01).

Table 1. The growth curve models of two microalgal species.

Species Model Formula R-Squared K (104·mL−1) T (d) Tm (d)

Scrippsiella trochoidea Beta growth then decay Yt = K × (1+ (Tm − t)/(Tm − T)) ×
(t/Tm)ˆ(Tm/(Tm − T))

0.872 2.185 7.21 24.09
Heterosigma akashiwo 0.970 25.88 9.55 16.60

Yt, cell abundance during a given day; K, environmental capacity; T, time of maximum specific growth rate; Tm, time of maximum cell
abundance. t, time of culture.

3.2. Chlorophyll-a Content of Two Microalgal Species

The Chl-a content of the two microalgae showed similar variation (Figure 2e). In both
species, Chl-a values increased initially and then decreased. S. trochoidea reached a maxi-
mum of 0.43 mg·L−1 at day 16, whereas the higher value (1.25 mg·L−1) for H. akashiwo was
observed on day 15. Nevertheless, the Chl-a concentration of H. akashiwo was significantly
higher than that of S. trochoidea (p < 0.05).

3.3. POC and PON Content in Two Microalgal Species

For S. trochoidea and H. akashiwo, the POC and PON per milliliter contents showed a
similar trend, accumulating with the growth of the microalgae. The POC and PON contents
of S. trochoidea reached their maximum range during the stationary phase, at 19.15 μg·mL−1

and 4.37 μg·mL−1 respectively. Surprisingly, a similar phenomenon occurred in H. akashiwo,
with 85.42 μg·mL−1 for POC content and 10.33 μg·mL−1 for PON content (Figure 3a,b).

The POC content per cell of S. trochoidea decreased significantly during the first six
days of the experiment, with a minimum value of 0.83 × 103 pg·cell−1 (exponential) and
a maximum value of 3.78 × 103 pg·cell−1 (degradation) (Table 2). However, there was
no significant difference between the exponential and stationary phase in terms of POC
content per cell. Moreover, in terms of POC, the lag, exponential, and stationary phases
were significantly lower than the degradation phase (p < 0.05) (Figure 3c). The lowest POC
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value per cell of H. akashiwo was 0.12 × 103 pg·cell−1 in the stationary phase, whereas the
highest value was 0.50 × 103 pg·cell−1 in the degradation of incubation (Table 2). Therefore,
it is obvious that the POC value per cell of H. akashiwo accumulated across the degradation
phase. Moreover, although the POC content per cell of H. akashiwo in the first three phases
(lag., exp., and stat.) declined gradually, the rate of decreases was very low.

Figure 2. The growth process of S. trochoidea and H. akashiwo. (a) The growth curve of S. trochoidea;
(b) the growth curve of H. akashiwo; (c) the cell volume of S. trochoidea; (d) the cell volume of
H. akashiwo; (e) the Chl-a of two microalgal species; ** p < 0.01.

The PON content per cell of two species showed unusual differences during the
experiment. The PON content per cell of S. trochoidea increased during the initial four
days and remained relatively stable over the following 16 days, with an average value of
0.25 × 103 pg·cell−1 (Figure 3c). Similar to the POC content per cell of H. akashiwo, PON
content accumulation occurred towards the end of the growth phase, with an average
value of PON of 0.04 × 103 pg·cell−1 and a maximum of 56.66 pg·cell−1 (Table 2).

The PON and POC densities of the two species also showed a consistent trend. For
example, the PON density in exponential and stationary phases was lower than that in
the degradation phase. Interestingly, the POC density was significantly higher in the
degradation phase than the other three phases (p < 0.05, Figure 3e,f). However, the average
PON (0.03 pg·μm−3) and POC (0.15 pg·μm−3) density of S. trochoidea was lower than the
PON (0.06 pg·μm−3) and POC (0.40 pg·μm−3) of H. akashiwo (Table 2).

The PON/Chl-a ratios of S. trochoidea and H. akashiwo had different trends throughout
the growth stage, with average values of 57.32 and 9.46, respectively. The PON/Chl-a
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ratio for S. trochoidea showed a maximum value on day 16, then decreased rapidly in the
following days (Figure 4a). The PON/Chl-a ratio of H. akashiwo changed very little during
the first 20 days and rapidly increased to 25.80 on day 26 (Figure 4b). The POC/Chl-a ratio
of both microalgal species showed similar trends throughout the growth phases. Moreover,
the POC/Chl-a ratio of S. trochoidea was significantly higher than that of H. akashiwo.
Both S. trochoidea and H. akashiwo showed an increasing trend in POC/PON during the
degradation phase, which may be due to the PON loss rate being higher than that of POC
(Figure 4c).

Figure 3. The organic cell composition of two species varied in different growth phases. (a) Cell nitrogen and carbon
contents per unit milliliter of S. trochoidea; (b) cell nitrogen and carbon contents per unit milliliter of H. akashiwo; (c) nitrogen
and carbon contents per unit cell of S. trochoidea; (d) nitrogen and carbon contents per unit cell of H. akashiwo; (e) cellular
nitrogen density content of two species; (f) cellular carbon density content of two species; ** p < 0.01.
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Table 2. Result of POC, PON quotas, and densities of two microalgal species in different growth phases.

POC
Quotas

(Average ± SD)
/pg·Cell−1

PON
Quotas

(Average ± SD)
/pg·Cell−1

POC
Densities

(Average ± SD)
/pg·μm−3

PON
Densities

(Average ± SD)
/pg·μm−3

S. trochoidea

lag 1285.3 ± 126.55 a 210.21 ± 57.92 a 0.0947 ± 0.0093 a 0.0159 ± 0.0043 a

exponential 825.98 ± 21.70 b 187.65 ± 18.50 b 0.0768 ± 0.0020 a 0.0175 ± 0.0017 a

stationary 830.35 ± 41.80 b 189.60 ± 17.71 b 0.1168 ± 0.0058 b 0.0267 ± 0.0023 b

degradation 3778.90 ± 497.56 c 683.53 ± 97.55 c 0.5101 ± 0.0671 c 0.0532 ± 0.0076 c

H. akashiwo

lag 202.18 ± 18.73 a 38.86 ± 2.73 a 0.2376 ± 0.0220 a 0.0457 ± 0.0032 a

exponential 148.46 ± 10.00 b 29.20 ± 2.33 b 0.2298 ± 0.0155 a 0.0452 ± 0.0036 a

stationary 116.92 ± 2.06 b 18.09 ± 2.36 c 0.2415 ± 0.0043 a 0.0374 ± 0.0049 a

degradation 503.83 ± 129.22 c 56.66 ± 9.69 a 0.8958 ± 0.2297 b 0.1007 ± 0.0172 b

The different letter represents a significant difference in value within the same column. (p < 0.05).

Figure 4. The change of ratios relationship for S. trochoidea, H. akashiwo in different growth phases; ** p < 0.01. (a) The ratio
of PON/Chl-a and POC/Chl-a for S. trochoidea; (b) the ratio of PON/Chl-a and POC/Chl-a for H. akashiwo; (c) the ratio of
POC/PON for two species.

4. Discussion

Our results showed a notable difference between the specific growth rate and cell
abundance of two different phytoplankton taxa isolated from the Bohai sea. The specific
growth rate results were relatively close to those of earlier reports by Xu et al. [34] and
Ono et al. [35]. They noted that the maximum specific growth rate of S. trochoidea, under or-
thogonal test results, was 0.76 d−1 [34], while that of H. akashiwo did not exceed 2 d−1 under
optimal conditions in the laboratory [35]. However, our results showed that the maximum
growth rates of S. trochoidea and H. akashiwo were 0.863 d−1 and 1.524 d−1, respectively.
Interestingly, the highest abundances of S. trochoidea and H. akashiwo in this experiment
were only 2.60 × 104 and 2.79 × 105 cells·mL−1, respectively. Earlier studies have shown
that, during “red tide”, the cell abundances of S. trochoidea at Daya Bay and H. akashiwo
at Dalian Bay reached 4.06 × 104 and 72 × 104 cells·mL−1, respectively [23,36]. In these
coastal ecosystems, the cell abundance is influenced by many environmental factors, such
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as the light intensity of surface water, temperature, and nutrients. Cell abundance reaches
its maximum when these environmental factors are optimal [37]. Futhermore, Daya Bay
and Dalian Bay have special geographical characteristics of semi-enclosed coastal inlets,
which has led to increased nutrient loading by rapidly expanding mariculture and hu-
man population growth in these regions [37,38]. However, the nutrients were depleted
by microalgae during batch culture in the lab. Therefore, the cell abundances of the two
microalgae species in Daya Bay and Dalian Bay were higher than those under laboratory
incubation. Compared with the larger-sized S. trochoidea in the same culture conditions,
we observed that the smaller H. akashiwo presented high cell abundance values. A similar
phenomenon was observed, by Marañón, for the relationship between cell abundance and
cell size in the surface waters of a coastal site. It has been demonstrated that cell abundance
decreased with increased cell volume in different microalgae species [2]. Past studies have
shown that cell size can determine the nutrient diffusion and nutrient requirements of mi-
croalgae cells. Small cells can easily maintain their growth in low-nutrient conditions [39].
Therefore, the cell abundance under large biovolume was lower than that of smaller cells
in similar conditions.

Microalgae can transform inorganic matter into organic matter through photosyn-
thesis, which plays an important role in the ocean carbon sink. In addition to Chl-a,
intracellular carbon and nitrogen content were also used as indicators to characterize
the abundances of microalgae [23]. In this experiment, the maximum Chl-a values of
S. trochoidea and H. akashiwo were preceded by the maximum cell abundance. A similar
result has been found in the varied N/P ratios of microalgae growth by past studies. The
trend could be explained by good adaptation of microalgae in new experiments. This
adaptation, in advance, could supply cellular substances for further proliferation [40].
Furthermore, the Chl-a concentration is also an important parameter for characterizing
algal blooms. As the two algae in this study were isolated from Qinhuangdao Island during
blooming conditions, the Chl-a concentration of the natural population in the coastal water
likely reached a maximum before the cell abundance. Therefore, the Chl-a concentration
exceeding a certain threshold may serve as an indicator for microalgae blooms. POC and
PON content per cell of two microalgae increased in the degradation phase. As observed
previously, cell division slowed down in the stationary phase, and energy began to ac-
cumulate [21,41]. For microalgae in their natural environment, the accumulated POC
remains in living and non-living organisms. Eventually, it is deposited on the seafloor,
thus completing the biological carbon sink [1]. In this study, the carbon content per cell
of both microalgae species was reduced at the beginning of culture. Microalgae have two
fundamental mechanisms of physiological characteristics in the environment, including
absolute and relative adaptation [42]. Culture studies have shown that microalgae have a
relative adaptation period when nutrients are not limited in a new environment, which
leads to an ability to synthesize organic matter slowly for algae at the beginning of the
culture [40]. Interestingly, the POC content per unit cell of S. trochoidea was higher than
that of H. akashiwo, while the POC and PON density content of S. trochoidea were lower
than those of H. akashiwo. We hypothesize that such variations lead to the contributions
of different species to algal blooms. According to a study by Finkel et al., small cells have
more elemental stoichiometry density content, which has a larger side effect than larger
individuals [39]. However, Emilio et al. concluded that blooms are dominated by large,
rather than small, cells [2]. Due to the large size of the cell, it has higher metabolic rates
than small individuals [43]. Some observations have implied that resource acquisition and
assimilation rates can be maximized by microalgae with higher biovolume. Meanwhile,
they can minimize loss and material transport rates in order to survive in pelagic ecosys-
tems [44]. Compared with large individuals, small cells have a longer growth cycle and
are more easily preyed upon by consumers [45]. Based on earlier studies regarding algal
bloom occurrence in the Qingdao sea, we observed that the frequency of algal blooms
in this area was more severe with respect to S. trochoidea compared to H. akashiwo [46].
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Therefore, compared with H. akashiwo, we can further extend this explanation and conclude
that S. trochoidea may dominate the algal bloom.

The amount of carbon in phytoplankton is influenced by the cell size, as well as
environmental factors [47]. However, it is difficult to directly determine the carbon biomass
of phytoplankton, as zooplankton and non-living organic matter may interfere in its
measurement. Therefore, it is important to estimate the biomass of phytoplankton by using
the ratio of carbon to Chl-a content [20]. Our results suggest that the POC/Chl-a values of
microalgae increased in the degradation phase. This is due to the depletion of nutrients
while the microalgae were growing. This led to a decrease in biological activity and the
accumulation of carbon content. Several studies support our findings that low values of
POC/Chl-a exist in active microalgae cells [48]. Interestingly, we found that the POC/Chl-a
value of S. trochoidea was higher than that of H. akashiwo. In our results, the cell biovolume
tended to decrease during the growth period. In eukaryotes, renewable components, such
as membranes and nucleic acids, are increased with microalgal growth. This leads to a
decline in other renewable and catalytic components of the cytoplasmic proportion, such
as enzyme activity and the synthesis of organic matter. Therefore, compared to larger cells,
small individuals transfer nutrients to biomass at a slow rate and have low POC/Chl-a
values [49].

The POC/PON ratio of the phytoplankton community in seawater has been found
to be 106:16 [50]. However, this ratio is not consistent between lab cultures and during
the process of microalgae blooming in the ocean. Although the POC/PON values for the
two microalgae decreased in the exponential phase, they were close to the Redfield ratio in
the degradation phase. The chemometrics of deviation states have been associated with
changes in the structural elements of microalgae. Different intracellular chemometrics
have different properties, which reflect differences in their ability to store intracellular
nutrients during the metabolic process [51]. Mature cells can increase their allocation of
nutrients in the exponential phase. Under nutrient-restricted conditions, they resynthesize
substances from other parts of the cell [52]. Therefore, we observed high values during the
degradation phase.

5. Conclusions

Our findings demonstrated both physiological and elemental variations in two differ-
ent phytoplankton, which can serve to strengthen efforts to mechanistically quantify and
assess biogeochemical processes. The similar variation of the growth curve, biomass, and
elements in this study may present a useful constraint for predicting variability of phyto-
plankton POC, PON, POC/Chl-a, and PON/Chl-a values in cellular trait-based models.
We also demonstrated taxonomic variation in POC and PON accumulation mechanisms,
highlighting the impacts that biochemical traits and the biogeography of Dinophyceae and
Raphidophyceae may have on ocean element patterns, which may be valuable for marine
biogeochemical modeling based on Dinophyceae and Raphidophyceae.
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Abstract: Analysis of the biochemical composition (carbohydrates, CHO; proteins, PRT; lipids,
LIP) of particulate organic matter (POM, mainly phytoplankton) is used to assess trophic states,
and the quantity of food material is generally assessed to determine bioavailability; however,
bioavailability is reduced or changed by enzymatic hydrolysis. Here, we investigated the current
trophic state and bioavailability of phytoplankton in the Chukchi Sea (including the Chukchi
Borderland) during the summer of 2017. Based on a cluster analysis, our 12 stations were divided into
three groups: the southern, middle, and northern parts of the Chukchi Sea. A principal component
analysis (PCA) revealed that relatively nutrient-rich and high-temperature waters in the southern part
of the Chukchi Sea enhanced the microphytoplankton biomass, while picophytoplankton were linked
to a high contribution of meltwater derived from sea ice melting in the northern part of the sea. The total
PRT accounted for 41.8% (±7.5%) of the POM in the southern part of the sea, and this contribution
was higher than those in the middle (26.5 ± 7.5%) and northern (26.5 ± 10.6%) parts, whereas the CHO
accounted for more than half of the total POM in the northern parts. As determined by enzymatic
hydrolysis, LIP were more rapidly mineralized in the southern part of the Chukchi Sea, whereas CHO
were largely used as source of energy for higher trophic levels in the northern part of the Chukchi Sea.
Specifically, the bioavailable fraction of POM in the northern part of the Chukchi Sea was higher than
it was in the other parts. The findings indicate that increasing meltwater and a low nutrient supply
lead to smaller cell sizes of phytoplankton and their taxa (flagellate and green algae) with more CHO
and a negative effect on the total concentration of POM. However, in terms of bioavailability (food
utilization), which determines the rate at which digested food is used by consumers, potentially
available food could have positive effects on ecosystem functioning.

Keywords: particulate organic matter; biochemical composition; phytoplankton; Chukchi Sea;
Arctic Ocean

1. Introduction

In terms of bottom-up controls, phytoplankton is key organism that serves as a primary producer
and primary food source for organisms at higher trophic levels in the foodwebs of aquatic ecosystems.
Climate change enhances the sea ice melting in the Arctic Ocean with increasing concerns about primary
production and nutrient cycling. Sea ice loss reduces surface albedo and enhances light penetration,
creating irregularities on the timing and the duration of phytoplankton blooms [1,2]. These conditions
can create discontinuity between the available food resources and the nutritional demands of higher
producers [1], including higher trophic level organisms [3], and thus affect the energy flow of the entire
arctic food web.
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In natural systems, however, the food value of phytoplankton cannot be adequately described
by measuring their biomass (chlorophyll a) and primary production. Hence, measures of the main
biochemical classes (proteins, PRT; lipids, LIP; carbohydrates, CHO) of organic compounds have
been used by various authors to estimate the quality and quantity of food in organic pools (reviewed
by Bhavya et al. [4]). It is assumed that other biochemical components comprise negligible
weights [5] and that the three major biochemical constituents (PRT, LIP, and CHO) are easier to
digest and assimilate [6–8]. In reality, LIP, PRT, and CHO play roles in the structural components
and energy storage of marine organisms [9,10], accounting for up to 90% of the weight in algae [11].

Generally, particulate organic matter (POM) is composed of living and dead organisms
and refractory organic matter. For POM that consists of mainly phytoplankton-derived materials,
the biochemical composition of POM reflects the physiological state of the phytoplankton in response
to environmental conditions and phytoplankton energy value [4,12–14]. For example, PRT synthesis is
generally promoted in productive areas or the exponential growth phase of phytoplankton [13,15,16],
while the biosynthesis of non-nitrogenous storage compounds, such as CHO and LIP, is enhanced
under high light intensity [17], low temperatures [18] and low nitrogen conditions [19,20]. LIP contain
more calories than PRT and CHO [21]. In addition, the labile fractions of POM are characterized by
the activities of enzymes, and their degradation provides insight into how POM is bioavailable to
consumer organisms [22–24]. Therefore, changes in the biochemical composition and hydrolysable
fractions of phytoplankton-derived POM can be useful for determining the physiological and nutritional
conditions of phytoplankton.

Our study area is the Chukchi Sea (including the Chukchi Borderland), which contains pathways
of water from the Pacific Ocean that flow poleward through the narrow Bering Strait to the Arctic
Ocean [25] and transfer freshwater, heat, and nutrients from the northern Bering Sea (Yang and Bai [26]
and reference therein). The southern Chukchi Sea is one of the most productive areas globally (up to
4.7 g C m−2 day−1; Korsak [27]), and has an especially high benthic productivity and biodiversity [28,29]
because of the nutrients supplied by the inflow of water from the Pacific Ocean. A few studies have
estimated the quantity and biochemical composition of POM in the Arctic Ocean [30–33]. However,
bioavailable POM food resources created through enzymatic hydrolysis have not been investigated.
Hence, the purpose of this study was (i) to investigate the spatial distribution and influence of physical
(e.g., salinity, temperature, and meltwater) and chemical (major inorganic nutrients) properties on
the biochemical composition of POM and (ii) to estimate potentially bioavailable food for higher trophic
levels in the Arctic marine ecosystem using the labile fraction of POM obtained by enzymatic hydrolysis.

2. Materials and Methods

2.1. Field Sampling and Measurements of the Environmental Variables

This study was carried out at 12 stations in the Chukchi Sea onboard the R/V Araon icebreaker
from 7 to 24 August 2017 (Figure 1A). The potential temperature, salinity, and photosynthetically
active radiation (PAR) from the surface to a 100 m depth were measured by a rosette-mounted Sea-Bird
conductivity-temperature-depth (CTD) system—1% PAR at the surface light level was defined as
the euphotic layer [34] by a Secchi disc using the vertical attenuation coefficient (Kd = 1.7/secchi depth).
The meltwater percentage (MW; %) was calculated from the salinity at each sampled depth (Smeas)
and the greatest depth (either the bottom depth or 100 m in this study; Sdeep), assuming an average sea
ice salinity of 6 [35,36] since the mean salinity at a melt pond in the western Arctic Ocean was 5.9 [37]:

MW(%) =

⎧⎪⎪⎨⎪⎪⎩1−
⎡
⎢⎢⎢⎢⎢⎢⎣
(Smeas − 6)(

Sdeep − 6
)
⎤
⎥⎥⎥⎥⎥⎥⎦

⎫⎪⎪⎬⎪⎪⎭× 100 (1)
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Figure 1. (A) Location of sampling area in the Chukchi Sea, August 2017. Sea ice extent for the month
of August in 2017 (red line) was obtained from the National Snow and Ice Data Center (NSIDC,
Fetterer et al. [38]). (B) Temperature-salinity diagram from surface to 100 m depth (labeled with
station numbers in bold black at the surface); (C) cluster analysis of the surface potential temperature
and salinity data allowed identification of 3 types of the regions in the Chukchi Sea, (D) MW (%)
distributions at surface water in the Chukchi Sea during a summer cruise in August 2017. (Ocean Data
View (ODV) version 5.1.0) (AWI, Bremerhaven, Germany, Schlitzer, R.).

The water samples used to determine the dissolved inorganic nutrients, chlorophyll a (chl-a),
photosynthetic pigments, and POM (from carbon isotope samples at the surface), were obtained
from the surface to the euphotic layer (2–5 depths) using a CTD/rosette sampler with 10-L Niskin
bottles (Ocean Test Equipment Inc., Fort Lauderdale, FL, USA). The dissolved inorganic nutrients
(nitrate + nitrite, ammonium, silicate, and phosphates) were analyzed onboard using a 4-channel
QuAAtro Auto Analyzer (Seal Analytical, Norderstedt, Germany). The concentrations of the nutrients
were measured using standard colorimetric methods, and the reference material for nutrients in
seawater (Lot. No. “BV”, Kanso Technos Co., Ltd., Osaka, Japan) were used in addition to standards
for every batch of runs to ensure accurate and comparable measurements during the cruise.

After prefiltration through a 200 μm mesh net to remove large zooplankton, the water samples
used to determine total chlorophyll a (chl-a) and accessory pigments were filtered onto GF/F filters
(precombusted at 450 ◦C for 4 h; Whatman, Port Washington, NY, USA) immediately after collection.
The filters were stored at −80 ◦C until the analyses were performed. Size-fractionated chl-a was
determined from samples passed sequentially through 20 μm (>20 μm; microphytoplankton),
2 μm (2–20 μm; nanophytoplankton) and Whatman GF/F filters (0.7–2 μm; picophytoplankton).
All the chl-a concentrations were calculated by the methods described by Parsons et al. [39] using a
Trilogy fluorometer (Turner Designs, San Jose, CA, USA). The phytoplankton community composition
was determined with photosynthetic pigments measured by high performance liquid chromatography
(HPLC; Agilent 1260 Infinity LC, Agilent Technologies Inc, Santa Clara, CA, USA)-CHEMTAX analyses.
For the stable carbon isotope composition of POM, seawater was filtered onto precombusted (450 ◦C
for 4 h) 25 mm GF/F (Whatman, 0.7 μm pore) filters. The filters were immediately stored at −80 ◦C
until further analysis. Stable carbon isotope composition was determined using isotope ratio mass
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spectrometry (IRMS; visION, Elementar UK, Manchester, UK) in the stable isotope laboratory at
the University of Hanyang, Ansan, Korea, after HCl fuming overnight to remove the carbonate.
The carbon isotope fractionation, δ13C (‰), was calculated using the following equation:

δ13C (‰) =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

( 13C
12C

)
sample( 13C

12C

)
standard

− 1

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦
× 1000 (2)

where the standard for δ13C is IAEA-CH-3 [40].

2.2. Biochemical Composition and Enzyme-Hydrolysable Experiments Related to the POM

The water samples (n = 51) used to assess the biochemical composition of the POM were
obtained from two to six different depths at each site within the euphotic layer, and for each
macromolecule (PRT, CHO, and LIP), 0.5–1 L of the seawater sample went through a precombusted
25 mm GF/F filter (at 450 ◦C for 4 h). The filter was immediately stored at −80 ◦C until analysis.
Analysis of the PRT and CHO was performed using the methods described by Lowry et al. [41]
and Dubois et al. [42], respectively. For the total PRT extraction, we added deionized water to a
filter and, alkaline copper solution and Folin-Ciocalteu phenol regent to the sample tube. The CHO
content was measured by a phenol–sulfuric acid reaction. The LIP were extracted from the filter with
chloroform and methanol (1:2; v:v) [43], followed by sulfuric acid at 200 ◦C [44]. The absorbance of
the samples, blanks and standards was determined at wavelengths of 750, 490, and 360 nm for the PRT,
CHO, and LIP, respectively, using a spectrophotometer (Hitachi, Tokyo, Japan). The concentrations
of the macromolecules were determined by comparison to the standard curve created with blank
filters (procedural control filters, Whatman GF/F filter). The standard solutions for the PRT, CHO,
and LIP were used a protein standard (2 mg mL−1, Albumin from bovine serum, CAS No. 9048-46-8,
Sigma-Aldrich, St. Louis, MO, USA), glucose standard (1 mg mL−1, CAS No. 50-99-7, Sigma-Aldrich),
and tripalmitin (50 mg in 100 mL chloroform, CAS No. 555-44-2, Sigma-Aldrich), respectively.

For enzyme-hydrolysable experiments, sampling was conducted by randomly selected samples of
35. Three enzymes were used in the enzyme-hydrolysable experiments: proteinase K derived from
Tritirachium album (CAS No. 39450-01-6), β-glucosidase from almonds (CAS No. 9001-22-3), and lipase
from Rhizopus oryzae (CAS No. 9001-62-1) (Sigma-Aldrich). Since these enzymes have hydrolytic activities
similar to those of natural marine organisms, including autotrophs and heterotrophs [45], proteinase K,
β-glucosidase, and lipase were chosen for the hydrolysis of PRT, CHO, and LIP, respectively [22,24,46–49].
The sample filters and blank filters were placed in enzyme solutions (100 mg L−1 in 0.1 M sodium
phosphate buffer) to react for 2 h (proteinase K), 2 h (β-glucosidase), and 30 min (lipase). After hydrolysis,
each filter was rinsed with buffer and deionized water and the concentrations of PRT, CHO, and LIP
were determined as previously described. The concentration of the hydrolyzed biochemical fractions
was calculated by the difference between before and after treatment of enzyme for each fraction.

2.3. Statistical Analysis

The statistical analyses (t-test, Pearson’s correlation, and principal component analysis (PCA))
were performed with SPSS statistical software (version 12.0; SPSS Inc., Chicago, IL, USA) and R
software (version 3.4). Cluster analysis was performed by using a hierarchical clustering algorithm
with Ward’s method to identify the groups of sampling stations. A t-test evaluates whether the means
of two independent groups are significantly different from each other. The relationships between
the depth, nutrients, chl-a, and biochemical components were tested using Pearson’s correlation.
PCA was used to evaluate the differences in the biochemical components and identify the significance
of the environmental factors (e.g., salinity, temperature, density, phytoplankton size, MW (%), and major
inorganic nutrient concentrations) among the groups and at each station. The average value of each
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variable within the euphotic layer was used for PCA (Table S1). We adopted the principle that an
eigenvalue >1.0 can be used to determine the number of principal components.

3. Results

3.1. Physicochemical and Biological Characteristics During the Sampling Period

The potential temperature and salinity diagram reveal different hydrodynamic conditions during
the sampling periods (Figure 1B). Based on Gong and Pickart’s work [50], the summertime water mass
properties of Stations 2, 3, and 6 were mainly composed of Alaskan coastal water (potential temperature
(T) ≥ 3 ◦C and salinity (S) ≥ 0). Chukchi summer water (−1 ◦C < T < 3 ◦C and 30 < S < 33.6), and Pacific
winter water (T < −1 ◦C and S > 31.5) were found in the other stations (Figure 1B). Since sea-surface
temperature and salinity are strongly affected by sea ice and related meltwaters, brine rejection,
continental runoff, and the heat flux in the Arctic Ocean [51], we assumed that the temperature
and salinity at the surface were representative of the ambient water conditions. As a result, the cluster
analysis of the surface potential temperature and salinity data allowed the identification of the three
types of regions in the Chukchi Sea: cluster 1 (hereafter, the southern part; Stations 2, 3, and 6) was
located at a latitude of approximately 66–70 ◦N; cluster 2 (hereafter, the northern part; Stations 15, 17,
20, 23, 31, and 33) was located at a latitude of 74.7–78 ◦N and included the Chukchi Borderland; cluster
3 (hereafter, the middle part; Stations 12, 14, and 35) was located between two areas of the Chukchi Sea
(the southern and northern parts) (Figure 1C and Table 1).

Table 1. Description of sampling stations in the Chukchi Sea, 2017. Euphotic depth is the depth of
the 1% light level. All samples were collected from two to six different depths at each site within
euphotic depth.

Station
Date

(dd-mm-yyyy)
Latitude

(◦N)
Longitude

(◦W)
Bottom

Depth (m)
Euphotic

Depth (m)
Sampling Depth (m) Group

2 07-08-2017 66.6298 168.6874 43 20 0, 10, 20 Southern part
3 07-08-2017 67.6699 168.9601 48 31 0, 10, 18, 30 Southern part
6 07-08-2017 68.0130 167.8668 50 17 0, 10 Southern part
12 09-08-2017 72.3601 168.6668 48 35 0, 10, 15, 20, 30 Middle part
14 09-08-2017 73.5803 168.2824 119 44 0, 10, 20, 30, 44 Middle part
35 24-08-2017 74.5003 162.2487 1536 43 0, 10, 20, 30, 40 Middle part
15 10-08-2017 74.7987 167.8904 192 54 0, 10, 15, 20, 30, 44 Northern part
17 11-08-2017 75.1509 176.0166 319 33 0, 10, 13, 18, 30 Northern part
20 12-08-2017 77.9999 174.9342 1672 54 0, 10, 14, 22, 24, 30 Northern part
23 18-08-2017 75.0008 173.6090 135 39 0, 10, 20, 25, 34 Northern part
31 22-08-2017 77.4722 164.1178 267 40 0, 10, 15, 20, 30, 40 Northern part
33 23-08-2017 76.5254 159.9693 2102 73 0, 10, 20, 30 Northern part

The potential temperature at the surface was approximately 8 ◦C in the southern part, while in
the northern part, it fell further, to below 0 ◦C, ranging from −1.6 to −0.6 ◦C. The salinity at the surface
in the southern Chukchi Sea (shallow continental shelf) was above 31.9, with the maximum value (32.5)
recorded at Station 3, while the salinity in the northern part was below 30.3, with the minimum value
(27.2) recorded at Station 33 (Figure 1B). Overall, the northern part of the Chukchi Sea is characterized
by a relatively cold temperature and low salinity, while we found higher temperatures and salinities
in the surface water in the southern part (Figure 1B). Hydrodynamic characteristics are subject to
the considerable influence of sea ice. The meltwater percentage (MW; %) in the euphotic layer of
the study area ranged from 0 to 21.1%, with large spatial variations. Such a situation is specific to
the northern part, with an average MW (%) ranging from 4.6 to 18.4 and a mean of 12.8% (SD = ± 3.6).
Based on the sea ice extent, the MW (%) accounted for <15% of the surface water at the inner stations
(Stations 17, 20, and 23) while at the outer stations (Stations 15, 31, 33, and 35), the MW accounted for
more than 15% of the surface water (t-test, p < 0.05; Figure 1D). This result suggests that the salinity
was greatly influenced by the regional melting of sea ice.

The concentrations of the dissolved inorganic nitrate + nitrite + ammonium (DIN), silicate (DSi)
and phosphate (DIP) are shown in Figure 2. In the sampling period, the DSi and DIP concentrations
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from the surface to the euphotic layer ranged from 1.9 to 29.0 μM and 0.2 to 1.7 μM with means of 7.8
(SD = ±6.4 μM) and 0.8 (SD = ±0.3 μM), respectively (Figure 2A). The concentration of DIN, which
was generally depleted (<1 μM) at the surface layer throughout our study area, was in the range of
0–13.2 μM, with an average of 1.5 μM (SD = ±3.0 μM) (Figure 2B). All the mean nutrient concentrations
decreased from the southern to the northern parts of this region.

Figure 2. The stoichiometric (A) dissolved inorganic silicate (DSi) and dissolved inorganic (DIP) and (B)
dissolved inorganic nitrate + nitrite + ammonium (DIN) and dissolved inorganic phosphate (DIP) from
the surface to euphotic layer at sampling stations.

The average total chl-a concentration of phytoplankton from the surface to the euphotic depth
ranged from 0.04 to 5.3 μg L−1 with a mean of 0.8 μg L−1 (SD = ±1.3 μg L−1) at all stations, decreasing
northward (Figure 3A). The phytoplankton community was dominated by picophytoplankton, which
accounted for 46.2% (SD = ±15.0%) of the total chl-a concentration, followed by nanophytoplankton
(mean ± SD = 27.8 ± 10.0%) and microphytoplankton (mean ± SD = 26.0 ± 17.3%) in the northern part
of the Chukchi Sea (Figure 3B). In the southern and middle parts, microphytoplankton were dominant
(mean ± SD = 80.1 ± 5.9% for the southern part and mean ± SD = 35.0 ± 34.5% for the middle part)
within the euphotic layer (Figure 3B).

Figure 3. Average chlorophyll a (chl-a; μg L−1) concentration of phytoplankton within euphotic layer
(A) in the study stations of the Chukchi Sea. (B) Relative chl-a (%) for size fraction of phytoplankton
(0.7–2 μm, 2–20 μm and >20 μm; i.e., pico-, nano- and micro-phytoplankton, respectively). Data were
sorted by station depths and divided into southern, middle, and northern. Error bar indicated standard
deviation (n = 2–5).
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3.2. Biochemical Composition (PRT, LIP, and CHO) of POM

The LIP and PRT concentrations in the POM ranged from 5.4 to 169.1 μg L−1

(mean ± SD = 32.4 ± 32.8 μg L−1) and 9.7 to 573.8 μg L−1 (mean ± SD = 61.6 ± 101.0 μg L−1)
within the euphotic layer, respectively (Figure 4). The CHO concentration ranged from 29.9 to
406.4 μg L−1 with a mean of 86.6 μg L−1 (SD = ± 67.9 μg L−1) (Figure 4A). The vertical distribution of
the LIP, PRT, and CHO concentrations did not show a specific trend (p > 0.05) but was characterized
by significant spatial changes (Figure 4A). In the southern part of the Chukchi Sea, the average PRT
concentration (198.8 μg L−1) was approximately 5.1 and 6.9 times higher than those of the stations
in the middle (39.2 μg L−1) and northern parts (28.7 μg L−1) (t-test, p < 0.05), respectively. Similarly,
at the southern stations, the average LIP (80.3μg L−1) concentration was approximately 3.4 and 3.8 times
higher than the average LIP concentrations in the middle and northern parts, respectively, while
the average CHO (162.7 μg L−1) concentration was approximately 1.8 and 2.7 times higher than
the average CHO concentrations in the middle and northern parts (Figure 4A).

Figure 4. Average total (n = 51) and hydrolysable (n = 35) (A) lipids, (B) proteins, and (C) carbohydrates
concentration of particulate organic matter (POM) within euphotic layer. Error bar indicated standard
deviation (n = 2–6).
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The food material (FM) is represented by the sum of PRT, CHO, and LIP concentrations in POM
([13] and reference therein) and concentration of each biochemical constituent (PRT, CHO, and LIP)
covaried with the FM, as expected. The FM ranged from 53.7 to 1074.2 μg L−1, with an average of
180.5 μg L−1 (SD = ± 195.3 μg L−1), and the FM decreased northward in this study.

3.3. Hydrolysable Compounds of POM

The concentrations of hydrolysable compounds (hydrolysable PRT, HPRT; hydrolysable LIP, HLIP;
hydrolysable PRT, HPRT) in the POM were different among the groups (Figure 4A). In the southern
part, the concentrations of HPRT ranged from 10.6 to 306.0 μg L−1 (mean ± SD = 93.4 ± 129.4 μg L−1),
and the concentrations of HLIP ranged from 33.4 to 132.2 μg L−1 (mean ± SD = 64.5 ± 36.7 μg L−1)
(Figure 4A). The HCHO ranged from 8.3 to 113.8 μg L−1, with a mean of 56.5 ± 36.3 μg L−1 (Figure 4A).
HLIP represented 79.0% of the total LIP value, followed by HCHO, which represented 34.2% of
the total CHO value and HPRT, which represented 31.0% of the total PRT value. In comparison,
the HPRT concentrations in the middle and northern parts ranged from 4.3 to 59.3 μg L−1

(mean±SD= 25.5± 20.4μg L−1) and from 0.1 to 44.2μg L−1 (mean±SD= 20.6± 13.1μg L−1), respectively
(Figure 4A). In the middle and northern parts, the HLIP concentrations ranged from 3.2 to 22.1 μg L−1

(mean ± SD = 8.6 ± 7.0 μg L−1) and 0.9 to 23.9 μg L−1 (mean ± SD = 10.6 ± 6.2 μg L−1), respectively,
and the HCHO concentrations ranged from 19.7 to 124.6 μg L−1 (mean ± SD = 63.7 ± 35.6 μg L−1)
and 28.0 to 114.3 μg L−1 (mean± SD= 52.8± 24.7 μg L−1), respectively. Consistent with this observation,
HCHO accounted for 72.1% (middle part) and 89.3% (northern part) of the overall value, which was
more than the contributions of HLIP or HPRT (Figure 4). The concentrations of the hydrolysable
compounds except for HCHO were higher in the southern part than in the middle or northern parts.
Overall, the average concentrations of HLIP, HPRT, and HCHO at all the stations were 22.5 μg L−1

(SD =± 29.1 μg L−1), 38.2 μg L−1 (SD =± 67.5 μg L−1), and 55.9 μg L−1 (SD =± 29.2 μg L−1), respectively.
The contributions of the hydrolysable components of POM to the total value were 56.1 ± 25.5% for LIP,
54.0 ± 31.3% for PRT, and 73.2 ± 26.6% for CHO.

In this study, the bioavailable fraction of POM (BFM, as the sum of HPRT, HLIP, and HCHO
concentrations) can be considered the actual nutritional constituents and/or potentially available food
for consumers that are able to be digested. In FM, the remaining values (excluding BFM) are expressed as
a non-bioavailable form (N-BFM). In our study, similar to FM, the BFM concentration was much higher
(mean ± SD = 214.4 ± 194.5 μg L−1) in the southern than in the middle (mean ± SD = 97.8 ± 52.6 μg L−1)
and northern (mean ± SD = 84.1 ± 36.7 μg L−1) parts. Similarly, the average N-BFM (256.0 μg L−1) at
the southern stations was approximately 4.3 and 8.4 times greater than that at the middle and northern
stations, respectively. These results show that the positive effect of a large amount of FM is influenced
by the quantity of BFM and that the majority of POM is not actually composed of bioavailable PRT,
CHO, and LIP.

3.4. Multivariate Statistical Analysis

PCA was performed to determine the similarity among the environmental variables between
stations. The PCA ordination of the sampled stations according to the measured environmental
parameters is plotted in Figure 5 with eigenvalues presented in Table 2. The first two principal
components (PC1 and PC2) accounted for 60.2% and 25.0% of the total variability, respectively.
The temperature, salinity, density, and microphytoplankton (%) (eigenvectors of 0.931, 0.882, 0.785,
and 0.891, respectively) were differentiated from the MW (%) and picophytoplankton (%) (eigenvectors
of −0.907 and −0.880, respectively) by PC1, while PC2 was positively correlated with the major
inorganic nutrient variables (eigenvectors ≥ 0.8). The analysis indicated general latitudinal groupings
of stations in terms of their physical, chemical, and biological characteristics. The southern part was
distinguished from the northern part by relatively high nutrient concentrations, temperatures, salinity,
densities and relative contribution (%) of microphytoplankton. The northern part was characterized by
a high MW (%) and relative contribution (%) of picophytoplankton values. The diagonal trajectory of
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the stations in the middle part within the ordination indicated that they represented a combination of
PC1 and PC2.

Figure 5. The principal component analysis performed from sampling stations. The environmental
variables taken into consideration are temperature, salinity, density, nutrients (DIP; dissolved
inorganic phosphate, DSi; dissolved inorganic silicate, DIN; dissolved inorganic nitrogen, nitrite
+ nitrate + ammonium), MW (meltwater, %), relative contribution of phytoplankton size classes
(microphytoplankton, picophytoplankton, and nanophytoplankton), and relative contribution of
biochemical pools (carbohydrates, CHO; proteins, PRT; lipids, LIP). Rotated eigenvectors for each
parameter are indicated by arrows.

Table 2. A summary of eigenvectors of each environmental variable, eigenvalues, percentage (%) of
variance explained by the first two axes resulted from the PCA. DIP; dissolved inorganic phosphate, DSi;
dissolved inorganic silicate, DIN; dissolved inorganic nitrogen (nitrogen, nitrite + nitrate + ammonium).

Component
Principal Component

PC1 PC2

Eigenvalue 7.8 3.3
Percentage 60.2 25.0
Cumulative percent 60.2 85.2
Eigenvector

Variables Eigenvectors

Salinity 0.8882 0.450
Temperature 0.931 −0.138
Density 0.785 0.579
DIP −0.242 0.920
DSi 0.159 0.936
DIN 0.287 0.805
MW −0.907 −0.303
Microphytoplankton (%) 0.891 0.389
Nanophytoplankton (%) −0.753 −0.351
Picophytoplankton (%) −0.880 −0.373
LIP (%) 0.240 0.673
PRT (%) 0.824 −0.463
CHO (%) −0.919 0.103
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4. Discussion

4.1. Origin and Quantity of POM

Our POM samples were collected by filtration and consisted of a variety of complex mixtures of
compounds. Many studies have reported that chemical markers, such as chl-a, natural abundance
of the stable isotopes of carbon (δ13C), and the C:N ratio, can be used to distinguish phytoplankton,
as live components, from POM [9,12,30,52]. In our samples, the respective concentrations of PRT, LIP,
and CHO in the POM had a linear relationship to the chl-a concentration (r = 0.689, 0.714, 0.724, n = 47,
p < 0.01 for PRT, LIP, and CHO, respectively), which was used as a proxy for phytoplankton biomass.
The δ13C value of the POM ranged from −28.5 to −22.1‰ (mean ± SD = −26.2 ± 2.8‰); our values
were within the range previously reported in phytoplankton samples (Kim et al. [30]; Ahn et al. [33];
reference therein). Kim et al. [30] and Ahn et al. [33] reported that POM is mainly derived from
phytoplankton during summer in the Arctic Ocean based on δ13C and the C:N ratio. In addition,
during the sampling period, the low DIN concentration (<1 μM) and salinity distribution in the surface
water suggest that the POM was greatly influenced by regional sea ice rather than a riverine source
(terrigenous). Therefore, in our study, the POM was considered to have mainly come from a marine
phytoplankton origin.

A field study has shown a large spatial variability in the concentration of FM in the Chukchi Sea.
Kim et al. [30] reported that FM concentrations ranged from 80.5 to 698.8 μg L−1, with an average
of 294.4 μg L−1 (SD = ± 228.1 μg L−1) in the euphotic layer of the Chukchi Sea, a value that was
approximately 1.6 times higher than that in this study (mean± SD= 180.5± 195.3 μg L−1). Yun et al. [31]
also found concentrations of FM similar to results from a previous study in this area in this area that
similar to results from a previous study in this area, ranged from 89.7 to 362.4 μg L−1 with an average
of 156.4 μg L−1 in the euphotic layer during summer. These variations are thought to result from
spatial and temporal variations in the biomass, composition, and productivity of phytoplankton which
are common in the Arctic Ocean [53].

Early studies indicated that primary production is higher in the southern Chukchi Sea than in
the northern Chukchi Sea, which is consistent with chl-a abundance [27,54–57]. Based on 13C uptake
in the southern Chukchi Sea, Lee et al. [54] estimated a daily production of 0.6 g C m−2 day−1 (0.1 to
1.5 g C m−2 day−1). In comparison, the estimated averages of the daily primary production rates for
the southern Chukchi Sea are 1.6 g C m−2 day−1 and 1.7 g C m−2 day−1 from Zeeman [58] and Korsak [27],
respectively. The mean daily production in the northern Chukchi Sea measured by Yun et al. [56] was
somewhat lower (mean ± SD = 0.14 ± 0.10 g C m−2 day−1) than the rate (0.66 ± 0.62 g C m−2 day−1) in
the southern region, which is consistent with the findings from Lee et al. [54] (0.16 ± 0.16 g C m−2 day−1)
and Lee et al. [55] (mean ± SD = 0.18 ± 0.07 g C m−2 day−1). Similarly, the mean chl-a concentration
(2.0 μg L−1) in the southern part of the Chukchi Sea during the summer of 2017 was approximately
one order of magnitude higher than the average value (0.2 μg L−1) in the northern part (Figure 3).
These results suggest that the regional differences in quantitative POM may have resulted from
the different levels of phytoplankton biomass in the Chukchi Sea.

4.2. Biochemical Composition in Relation to Environmental Parameters

Overall, CHO accounted for 53.3% of the POM for all the survey stations, followed by PRT (29.2%)
and LIP (17.5%) (Figure 6A), which led to a low PRT:CHO ratio (0.6). Consistent with this observation,
the DIN:DIP (mean ± SD = 1.3 ± 2.0) molar ratio within the euphotic layer was also low compared with
the N:P Redfield ratio of 16 [59], indicating substantial nitrogen limitation in this region (Figure 2B).
However, interestingly, the PCA revealed that there were significant differences in the compounds
among the groups (Figure 5). More specifically, the biochemical composition of the POM was dominated
by PRT (41.8%); in the southern part, there was PRT:CHO ratio of 1.2 despite a low DIN:DIP ratio
(mean ± SD = 2.7 ± 3.0), while a CHO-dominant (>50%) system was found in the northern Chukchi
Sea with a PRT:CHO ratio of 0.5. In general, the PRT fraction was greater than the CHO and LIP

116



Water 2020, 12, 2355

fractions under sufficient nitrogen conditions and growth stages of phytoplankton, which could lead
to a high (>1) PRT:CHO ratio [13,15,16]. Fogg and Thake [60] and Hu [61] reported that as prolonged
stressful conditions (such as nitrogen limitation) occur, metabolic changes in synthesizing enzyme
systems can convert CHO into LIP synthesis. Thus, our results suggest that at least in the southern
region, nitrogen limitation was not severe enough to limit phytoplankton growth. The northern part
has not been exposed to nitrogen stress for a long time.

Figure 6. Spatial distribution of (A) specific biochemical compositions (PRT, CHO, and LIP)
and (B) percentage non-bioavailable (N-BFM; non-hydrolysable) and bioavailable (BFM; hydrolysable,
sum of hydrolysable PRT (HPRT), hydrolysable CHO (HCHO), and hydrolysable LIP (HLIP)
concentration) fractions in each group (southern, middle, and northern part) and all samples (Chukchi
Sea). Composition of the hydrolysable pool was deduced by subtraction of the non-hydrolysable pools
from those of the total POM.

In addition, the results of the biplots (Figure 5) based on PCA revealed that microphytoplankton
were influenced by relatively nutrient-replete conditions and had maximum chl-a and PRT values,
while the picophytoplankton were more sensitive to nutrient deficiency and the MW (%), and were
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characterized by a high CHO contribution. These conditions were situated between two distinct
areas (the southern and the northern parts) (Figure 5). Similar phenomena have been described
by Jin et al. [62] and Li et al. [63] in relation to dominant species, nutrient depletion, and ice cover
conditions in the western Arctic Ocean. Li et al. [63] suggested that small cells (<2 μm) thrive as a
result of low nitrate availability and a strong stratification since pico-sized cells have a large surface
area to volume ratio compared to that of larger cells, which allows effective nutrient and photon
acquisition. CHEMTAX pigment analysis revealed that changes in temperature (caused by the timing
of sea ice retreat) influence phytoplankton community structure [64]. Thus, it seems that the variation
in biochemical compounds discovered among the two different groups (i.e., the southern and northern
groups) could be the result of environmentally (such as the level of nutrients and freshwater) induced
differences in the size classes and communities of phytoplankton in the Chukchi Sea.

Generally, the analysis of photosynthetic marker pigments (e.g., fucoxanthin, diadinoxanthin
and diatoxanthin for diatoms, zeaxanthin for cyanobacteria, chlorophyll b and prasinoxanthin for green
algae, 19′ butanoyloxy fucoxanthin and 19′ hexanoyloxy fucoxanthin for flagellates) can be useful
biomarkers for phytoplankton biomass and species [65]. In our study, thirteen pigments except chl-a
were identified through the (HPLC)-CHEMTAX analyses (Figure S1). As shown by the abundance
of specific phytoplankton groups based on their corresponding biomarker pigments, the southern
part was dominated by diatoms (88%), whereas pigments associated with flagellates and green algae
made up approximately 44% of the total accessory pigment concentration and diatoms (53%) were
observed in the northern Chukchi Sea (Figure S1). Several studies of phytoplankton have documented
that species-specific characteristics, such as the cell wall structure and functional characteristics,
play a significant role in the variation in biochemical components of phytoplankton [10,33,66–69].
Haug et al. [66] found that in diatoms, the concentration of PRT was generally much higher than that
of CHO and LIP, whereas dinoflagellates have abundant CHO within their cell walls. Yun et al. [69]
also reported that there were significantly close relationships between flagellates and the LIP fraction
and diatoms and the PRT proportion in the Chukchi Sea. According to Shifrin and Chisholm [67],
green algae and diatoms contained an average of 17.1% and 24.5% LIP (% of total dry weight),
respectively, during log-phase growth in 30 cultured phytoplankton species. Therefore, the distributions
and the relative contribution of these different dominant species and/or taxa of phytoplankton might
also largely affect changes in the biochemical composition in the region.

4.3. Bioavailability of POM

Even now, the FM concentration, is used to represent the quantity of food in POM in relation
to indicators of energy and material transfer to higher trophic levels [8,13,14,30]. However, FM is
ideal when POM is made only of bioavailable constituents. In reality, POM contains bioavailable
and non-bioavailable (refractory or less labile) fractions.

Bioavailability is a pivotal term for nutritional effectiveness, and the contribution of BFM to FM
(%; nutritional efficiency) was used to assess POM bioavailability in this study. The nutritional efficiency
ranged between 33.1 and 89.7%, with an average of 64.1% in the Chukchi Sea. More interestingly,
the nutritional efficiency in the northern Chukchi Sea (74.0%) was approximately 1.2 times higher (60.0%)
than it was in the middle part, while a lower mean value (42.7%) was observed in the southern part
(Figure 6B). These results may have contributed to the different hydrolysis rates among the components,
for which a greater presence is also an important factor. For example, the POM in the southern Chukchi
Sea had a high contribution from PRT (41.8%) but a low level of HPRT (approximately 31.0% of their
total pool), whereas a high level of HLIP (approximately 79% of their total pool) were observed despite
a low contribution of LIP to the POM (20.5%). In the northern part, a large contribution from the HCHO
(>80% of their total pool) was observed, with CHO accounting, for more than 50%, on average, of
the POM in the northern part. In the middle part, HCHO accounted for 72.1% of the total CHO pool,
followed by HPRT (55.4% of their total pool) and HLIP (40% of their total pool).
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However, our findings, except for the middle part, are contradictory to the conclusions of Handa
and Tominaga [70] and to the results obtained by Dawson and Liebezeit [71], Christian and Karl [72],
and Fabiano et al. [8]. These reports suggested that cellular and proteinous amino acids were lost
more rapidly than extractable sugars and particulate CHO. Such contrasting results suggest that
different sizes [62] and species [73] of phytoplankton likely influence bioavailability. In our study,
we found that the bioavailable contribution was negatively correlated with the relative amount of
microphytoplankton (r = −0.652, p < 0.05, n = 20) and positively correlated with the relative amount of
picophytoplankton (r = 0.668, p < 0.05, n = 20) (Figure S2); this result is consistent with the results
from Jin et al. [62], who reported that picophytoplankton is more likely to mineralize and degrade in
the upper ocean layers. In addition, CHO and amino acids are more enriched in intracellular materials
than in cell wall materials [74]. Liebezeit [73] showed somewhat lower CHO degradation (38%) at
stations dominated by diatoms than at stations dominated by Haptophyceae (86%) in the upper 100 m
of the water column in the Bransfield Strait. Diatoms are characterized by silica shells (frustules) that are
resistant to acid conditions (reviewed in DeNicolar [75]) and crushing forces [76]. In this sense, inherent
structural differences in phytoplankton might also affect enzymatic hydrolysis, because phytoplankton
was the major source of organic matter in our study. Taken together, although these results cannot be
explained simply, different enzymatically hydrolysable efficiencies among the three different regions
in the Chukchi Sea resulted from a selective loss of labile compounds and different communities of
phytoplankton. Therefore, the higher POM bioavailability in the northern part of the Chukchi Sea
could be caused by the different biochemical structures of the dominant picophytoplankton community
compared to those of the microphytoplankton and diatom dominated community in the southern part
of the Chukchi Sea. Clearly, a higher POM bioavailability provides more effective food materials for
potential consumers in the northern part of the Chukchi Sea despite their lower biomass and lower
primary productivity.

5. Conclusions

The biochemical composition of POM in the regions of the Chukchi Sea studied was due to
differences in both environmental variables and the structure of the phytoplankton community. We also
expect the observed results of the biochemical composition of POM to influence the nutritional
quality of the available food. For instance, changes in the size, quantity and bioavailability of prey
(phytoplankton) could affect the feeding, growth, reproduction and survival of predators [1,77,78].
In particular, in the Arctic Ocean, recent studies have indicated warming and decreased salinity of
the water, with concomitant small phytoplankton sizes and decreased primary production [56,63].
If the sea ice continues to melt, then the quantity, quality, and labile level of POM will change,
and consequently, the ecosystem structure, such as the trophic chain and microbial loop efficiency,
will change in Arctic ecosystems. Therefore, further studies are needed to better understand the recent
potential food materials under rapidly changing environmental conditions in the Arctic Ocean
and picophytoplankton trophic roles in the microbial foodweb process.
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contribution of micro (red dot) and picophytoplankton (green dot) fraction to total phytoplankton biomass (chl-a)
and POM bioavailability. Solid lines indicate the fitted regression lines of the raw data points, Table S1: Average
environmental parameters (± SD) within euphotic layer at each station in the Chukchi Sea.
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Abstract: The northern Bering and Chukchi seas are biologically productive regions but, recently,
unprecedented environmental changes have been reported. For investigating the dominant phyto-
plankton communities and relative contribution of small phytoplankton (<2 μm) to the total primary
production in the regions, field measurements mainly for high-performance liquid chromatography
(HPLC) and size-specific primary productivity were conducted in the northern Bering and Chukchi
seas during summer 2016 (ARA07B) and 2017 (OS040). Diatoms and phaeocystis were dominant
phytoplankton communities in 2016 whereas diatoms and Prasinophytes (Type 2) were dominant
in 2017 and diatoms were found as major contributors for the small phytoplankton groups. For
size-specific primary production, small phytoplankton contributed 38.0% (SD = ±19.9%) in 2016
whereas 25.0% (SD = ±12.8%) in 2017 to the total primary productivity. The small phytoplankton con-
tribution observed in 2016 is comparable to those reported previously in the Chukchi Sea whereas the
contribution in 2017 mainly in the northern Bering Sea is considerably lower than those in other arctic
regions. Different biochemical compositions were distinct between small and large phytoplankton in
this study, which is consistent with previous results. Significantly higher carbon (C) and nitrogen
(N) contents per unit of chlorophyll-a, whereas lower C:N ratios were characteristics in small phyto-
plankton in comparison to large phytoplankton. Given these results, we could conclude that small
phytoplankton synthesize nitrogen-rich particulate organic carbon which could be easily regenerated.

Keywords: Bering Sea; Chukchi Sea; HPLC; small phytoplankton; primary productivity

1. Introduction

The biologically productive northern Bering Sea and the Chukchi Sea are important
conduit of water masses and organic matters from the North Pacific Ocean transported
into the Arctic Ocean and biologically productive regions [1–5]. Over the past few decades,
many environmental changes have been reported in the regions [4,6–8]. Unprecedented
high sea surface temperature was reported in the Bering Sea in 2014 and persisted in
2018 and 2019 [8; refs therein]. The Pacific origin freshwater flux with increasing north-
ward volume transport into the Arctic Ocean had been increased over the 1991–2015
period [9]. Moreover, seasonal sea ice cover has been retreating earlier and forming later in
the Pacific Arctic region over the last decade [10]. These current and ongoing changes in
environmental conditions could subsequently cause changes in biogeochemical processes
and consequently alter marine ecosystem structure in the northern Bering and Chukchi
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seas [11,12]. Indeed, the prior studies indicate that the variation in primary productiv-
ity of phytoplankton is mainly governed by freshwater content variability in the Pacific
Arctic region [13,14]. Moreover, the seasonal sea ice cover could largely influence phy-
toplankton community composition [15], phytoplankton bloom period [16] and primary
productivity [17].

Refs. [13,18–20] reported that pico-phytoplankton increased whereas larger cells de-
clined in the Arctic Ocean because of stronger stratification and consequently lower nutrient
supply into the upper water column caused by freshening surface waters. Based on the
phytoplankton size classes derived from satellite ocean color data in the northern Bering
and southern Chukchi seas [21], observed increasing trends in pico-phytoplankton in
the Chirikov and St. Lawrence Island Polynya regions whereas an increasing trend in
micro-phytoplankton in the southeastern Chukchi Sea from 1998 to 2016. The physiological
conditions and subsequently photosynthetic end-products of phytoplankton affected by the
recent environmental conditions were also previously reported in the northern Bering and
southern Chukchi seas [21–23]. Phytoplankton as important primary producers in marine
ecosystems can be a good indicator of environmental changes. These long-term changes in
the functional phytoplankton group are strongly related to increasing annual sea surface
temperature [13]. Therefore, monitoring the phytoplankton community responses such
as shifts in dominant phytoplankton species and biomass to the current environmental
changes is crucial to observe marine ecosystem alterations in the northern Bering and
Chukchi seas [12,18–20].

Especially, the contribution of small phytoplankton could be necessary to under-
stand potential impacts on the total primary production and, thus, whole marine ecosys-
tems [12,20,21]. Moreover, the biochemical characteristics of phytoplankton such as C:N
ratio are critical for understanding marine biogeochemical processes responding to environ-
mental conditions. Ref. [24] reported higher C:N ratio related with low chlorophyll-a con-
centration 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 commu-
nities and to assess the relative contribution of small phytoplankton (0.7–2.0 μm; pico-
phytoplankton) to the total primary production and their biochemical characteristics (e.g.,
C:N ratio) in the northern Bering and Chukchi seas.

2. Materials and Methods

2.1. Study Area and Water Sampling

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 1). 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-a concentration. Euphotic depths were measured by a Secchi
disk [25]. 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 1). 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).
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Figure 1. Sampling locations of (a) ARA07B and (b) OS040 cruises.

Table 1. Sampling locations in the Northern Bering and Chukchi Seas.

Station Date Latitude (◦N) Longitude (◦E) Bottom depth (m)

ARA07B

st. 1 5 Aug 2016 65.17 −168.69 49
st. 3 6 Aug 2016 67.67 −168.96 50
st. 6 6 Aug 2016 68.01 −167.87 52.3

st. 12 8 Aug 2016 72.36 −168.67 55
st. 14 9 Aug 2016 74.80 −167.90 223
st. 15 17 Aug 2016 75.24 −171.98 512
st. 16 10 Aug 2016 75.15 −176.00 331.57
st. 18 11 Aug 2016 75.77 177.07 486
st. 19 12 Aug 2016 76.00 173.60 282
st. 20 12 Aug 2016 77.00 176.57 1232
st. 21 13 Aug 2016 78.00 177.28 1693
st. 23 15 Aug 2016 77.87 −175.91 1564
st. 24 16 Aug 2016 77.00 −175.00 2008
st. 28 18 Aug 2016 77.70 −169.50 1756
st. 29 18 Aug 2016 77.47 −164.12 280
st. 30 19 Aug 2016 76.58 −165.38 987

OS040

1 9 Jul 2017 66.28 −168.90 57
5 11 Jul 2017 65.66 −168.26 45
7 12 Jul 2017 65.06 −169.64 51
9 14 Jul 2017 65.07 −168.19 42

U−3 16 Jul 2017 64.44 −166.52 27
13 17 Jul 2017 64.50 −169.52 42
15 18 Jul 2017 64.50 −170.89 46
19 19 Jul 2017 63.50 −173.02 66
23 21 Jul 2017 62.17 −170.50 46

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 glass fiber filter (GF/F; Whatman). To obtain size-fractionated
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chlorophyll-a concentration, 500 mL seawater was filtered through 20 μm and 2 μm pore
size membrane filters and then 47 mm GF/F 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 extractions were followed by [26] and the concentrations
were measured with a fluorometer (Turner Designs 10AU).

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 and 47 mm diameter GF/F filters to
measure pigments concentration of small size phytoplankton (<2 μm) under gentle vacuum
pressure (<100 mmHg). 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 and stored in liquid nitrogen at −80◦C freezer until analysis at 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 to remove GF/F particles. 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 [27]. 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 con-
centration [28]. 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 [13,29] (Table 2). Since our two research cruises were in
different periods and years, the final ratio matrix was separated for phytoplankton commu-
nities (Table 2). 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 [28,29]. 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 [30,31].

Table 2. Pigment:chlorophyll-a ratios for nine algal groups referred to [32]. CHEMTAX initial ratio
matrix and final pigment ratios obtained by CHEMTAX on the pigment data.

Class chl-b chl-c3 fucox perid allox 19butfu 19hexfu chl-c neox prasinox lut

Initial ratio matrix

Diatoms 0 0 0.425 0 0 0 0 0.171 0 0 0
Dinoflagellates 0 0 0 0.6 0 0 0 0 0 0 0
Cryptophytes 0 0 0 0 0.673 0 0 0 0 0 0
Chryso-Pelago 0 0.114 0.285 0 0 0.831 0 0.285 0 0 0

Prasino-2 0.812 0 0 0 0 0 0 0 0.033 0 0.096
Prasino-3 0.764 0 0 0 0 0 0 0 0.078 0.248 0.009

Chlorophytes 0.339 0 0 0 0 0 0 0 0.036 0 0.187
Phaeocystis 0 0.208 0.35 0 0 0 0 0 0 0 0

Hapto-7 0 0.171 0.259 0 0 0.013 0.491 0.276 0 0 0
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Table 2. Cont.

Class chl-b chl-c3 fucox perid allox 19butfu 19hexfu chl-c neox prasinox lut

ARA07B Final ratio matrix

Diatoms 0 0 0.785 0 0 0 0 0.395 0 0 0
Dinoflagellates 0 0 0 0.6 0 0 0 0 0 0 0
Cryptophytes 0 0 0 0 0.673 0 0 0 0 0 0
Chryso-Pelago 0 0.114 0.285 0 0 0.831 0 0.285 0 0 0

Prasino-2 0.593 0 0 0 0 0 0 0 0.007 0 0.007
Prasino-3 4.006 0 0 0 0 0 0 0 0.166 0.803 0.027

Chlorophytes 0.339 0 0 0 0 0 0 0 0.036 0 0.187
Phaeocystis 0 0.1791 0.301 0 0 0 0 0 0 0 0

Hapto-7 0 0.171 0.259 0 0 0.013 0.508 0.276 0 0 0

OS040Final ratio matrix

Diatoms 0 0 0.722 0 0 0 0 0.328 0 0 0
Dinoflagellates 0 0 0 1.409 0 0 0 0 0 0 0
Cryptophytes 0 0 0 0 0.673 0 0 0 0 0 0
Chryso-Pelago 0 0.114 0.285 0 0 0.831 0 0.285 0 0 0

Prasino-2 0.812 0 0 0 0 0 0 0 0.033 0 0.096
Prasino-3 0.280 0 0 0 0 0 0 0 0.107 0.471 0.011

Chlorophytes 0.643 0 0 0 0 0 0 0 0.029 0 0.969
Phaeocystis 0 0.558 1.457 0 0 0 0 0 0 0 0

Hapto-7 0 0.171 0.259 0 0 0.013 0.617 0.276 0 0 0

Abbreviations: chlorophyll-b (chl-b), chlorophyll-c3 (chl-c3), fucoxanthin (fucox), peridinin (period), alloxanthin
(allox), 19′-butanoyloxyfucoxanthin (19butfu), 19′-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).

2.4. Particulate Organic Carbon and Primary Productivity

The water samples for particulate organic carbon (POC) and primary productivity
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 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 [3,33].
After a 4 h incubation on deck, 300 mL water was filtered onto pre-combusted GF/F for total
primary productivity and 500 mL water was filtered through 2 μm pore size membrane
filter 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 of Alaska Stable
Isotope Facility at 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 [34].

2.5. 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 primary
productivity, particulate organic carbon of each size, size-fractionated chlorophyll-a and
accessory pigments, among stations.
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3. Results and Discussion

3.1. Spatial Distribution of Temperature and Salinity

The temperature and salinity ranged from −1.5 ◦C to 9.2 ◦C (mean ± standard de-
viation (SD) = 0 ± 2.7 ◦C) and from 26.5 to 32.3 (mean ± SD = 29.9 ± 1.6) during the
ARA07B cruise (Figure 2). The temperature during 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 wa-
ter, 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; [35])
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; [36,37]), was observed at some stations for the OSO40 cruise.

Figure 2. T–S diagram in the ARA07B (Red) and OS040 (Green). Alaskan coastal water (ACW),
Bering Shelf water (BSW), ice melt water (IMW), Bering–Chukchi winter water (BCWW), Bering Sea
Anadyr water (BSAW).

3.2. Chlorophyll-a Concentration and Different Size Chlorophyll-a Compositions in the Northern
Bering and Chukchi Seas

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-e con-
centrations 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 [3,14,21].
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Figure 3. Spatial distributions of column-integrated chlorophyll-a concentration of (a) ARA07B and
(b) OS040.

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 sur-
face 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 ob-
servation 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 [3,21]. Normally, large phytoplankton growing under nutrient-enriched
conditions are predominant in AW or BSW, whereas small phytoplankton are dominant in
nutrient-depleted ACW [3,21]. Our average contribution of small phytoplankton is rela-
tively higher than that (24.8 ± 23.0%) previously reported by [21] 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 (55.1 ± 26.8%) from the study by [38]
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 suc-
cession. 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 [14,39].

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 north-
ern 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 Sea, the dominant size groups of phytoplankton are generally nano- and micro-
phytoplankton based on phytoplankton size class results derived from satellite ocean color
data from 1998 to 2016 [12]. 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 [12].
However, the chlorophyll-a contributions of small phytoplankton are largely variable
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among different seasons [40]. 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 [41]. Consistently, [13] 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, spatially the bio-
chemical environmental conditions in the northern Bering Sea are also generally influenced
by northward advection of AW, BSW and ACW [3,5]. Over recent decades, several environ-
mental changes have been reported in the northern Bering Sea [4,5]. 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 sea surface temperature [12]. 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.

Figure 4. Total chlorophyll-a concentration of (a) ARA07B and (b) OS040.

3.3. Pigment Composition and Major Dominant Phytoplankton Groups

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
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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 [13,31]. 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 compar-
ison, fucoxanthin, chlorophyll-c1+c2 and peridinin (a marker pigment of dinoflagellates)
were major accessory pigments for the OS040. Fucoxanthin was the most dominant pig-
ment 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 cruises.

Figure 5. Pigment compositions of total phytoplankton in the (a) ARA07B (b) OSO040.

Based on the CHEMTAX results, eight major phytoplankton communities were identi-
fied 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 contribute to the phytoplank-
ton group.

3.4. Primary Production Contribution of Small Phytoplankton and Their Ecological Roles

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
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m−2 d−1) for the ARA07B and the OS040, respectively (Figure 8). The contribution of small
phytoplankton to the total primary productivity 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).

Figure 6. Phytoplankton community compositions of (a) ARA07B and (b) OS040.

Figure 7. Primary production of total phytoplankton during the (a) ARA07B and (b) OS040.

50 mg C m-2
 
d-1 

100 mg C m-2
 
d-1 

(a) (b) 

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.

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 four distinct groups (Figure 10; Table 3). Cluster 1 include
station 1 of OS040 that was high primary productive region (1992.9 mg C m−2 d−1) near
Bering strait. Cluster 1 had a relative low contribution of small phytoplankton in primary
productivity (5.9%) and surface chlorophyll-a (2.9%). Cluster 2 was station 7 of OS040
that was an extremely high productive station (3100.0 mg C m−2 d−1) and represented
the lowest contribution of small phytoplankton among clusters. Small phytoplankton
contribution to primary production was 6.9% and the contribution to surface chlorophyll-a
concentration was only 0.7% for clusters 2. The physical properties of Cluster 1 (3.5 ◦C
and 32.7 psu) and 2 (5.5 ◦C and 32.7 psu) were similar. These two clusters are influence
by BSW [3,21]. Cluster 3 contains all the stations of the northern Chukchi Sea and two
stations of the Bering Sea. The stations form Cluster 3 had a lower productivity and lower
concentration of surface chlorophyll-a. In Cluster 3, small phytoplankton contribution was
the highest among the clusters. 40.5% of primary production, 39.1% of surface chlorophyll-a
and 40.9% of POC were contributed by small phytoplankton. Dominant water mass, IMW
can explain the high contribution of small phytoplankton in Cluster 3 because IMW has
nutrient-depleted water from sea ice melting [34]. Cluster 4 includes most of the stations
in the Bering Sea and 3 stations of the southern Chukchi sea in ARA07B. Cluster 4 had a
lower productivity (559.2 mg C m−2 d−1) than cluster 1 and 2 but higher than cluster 3.
Cluster 4 seems to be affected by nutrient-depleted ACW but not too low productivity for
Cluster 4. This suggests that water masses that had an effect on Cluster 4 were not only
ACW but also other source such as mixed water of AW, ACW and BSW.

Table 3. Mean values of properties for the 4 clusters classified by the AHC.

Cluster
T

(◦C)
S

(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)

1 3.5 32.7 6.0% 2.9% 25.0% 1992.9 66.3 349.0
2 5.5 32.7 6.9% 0.7% 18.6% 3100.1 128.8 479.5
3 0.1 29.7 40.5% 39.1% 40.9% 79.6 13.9 177.7
4 5.6 31.7 26.7% 39.1% 43.9% 559.2 60.7 236.1
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1 2 Cluster 3 Cluster 4 

Figure 10. Dendrogram stands for sampling stations were divided into four clusters by agglomerative
hierarchical clustering (AHC).

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 [21,41] and temperate oceans [42]. This is probably
due to the considerably higher POC contribution of small phytoplankton (and conse-
quently higher production contributions of small phytoplankton) than the chlorophyll-a
contribution [21,40,42]. 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 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. Ref. [20] argued that seasonal
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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.

 

Figure 11. Comparison of (a) POC:chlorophyll-a ratios, (b) PON:chlorophyll-a ratios and (c) C:N
ratios between 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.
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The regional contributions of small phytoplankton to the primary production are
summarized at various regions in the Arctic Ocean (Table 4). 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 [43]. Similarly, reference [41] 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 4). 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, [12] 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.

Table 4. Small phytoplankton contributions to the total primary production in the Arctic Ocean.

Study Area Year Season Smallcontribution Methods Size References

Northern Chukchi Sea
and Canada Basin 2008 August–September 19.8–60.3% In situ <5 μm [41]

Bering Strait and
Chukchi Sea 2004 August–September 31.72 ± 23.59% In situ <5 μm [22]

Kara, Laptev and East
Siberian Sea 2013 August–September 52.7–71.2% In situ <5 μm [43]

Barents Sea 2003–2005 Early to late bloom
period 31–87% In situ <10 μm [44]

North water polynya 1998 April–July 19% In situ <5 μm [45]

Chukchi Sea and
Bering Strait 2016 August 38.0 ± 19.9% In situ <2 μm This study

Northern Bering Sea
and Bering Strait 2017 July 25.0 ± 12.8% In situ <2 μm

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 phytoplank-
ton 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 phyto-
plankton 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 large
phytoplankton during both cruises (Figure 11). This result is consistent with the previous re-
sult in the Chukchi Sea, which suggests that higher carbon contents per unit of chlorophyll-a
concentration in small phytoplankton in comparison to large phytoplankton [21]. In the
Antarctic Ocean, [41] 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
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phytoplankton was previously reported as significantly lower than that of large phyto-
plankton [21]. These results are consistent with the result in the Gulf of St. Lawrence,
Canada [44]. In the Antarctic Ocean, the similar result was obtained in the Amundsen
Sea [41]. 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).

4. Summary and Conclusions

For determining the dominant phytoplankton communities and the relative contribu-
tion of small phytoplankton (<2 μm) to the total primary production, two arctic research
cruises were conducted in the Chukchi Sea onboard the icebreaker R/N Araon in 2016
(ARA07B) and mainly in the northern Bering Sea onboard T/S Oshoro-Maru in 2017 (OS040)
for this study. The dominant phytoplankton communities were diatoms and phaeocys-
tis during the ARA07B, whereas diatoms and Prasinophyte (Type 2) during the OS040.
Based on the AHC analysis, the primary productions of total and small phytoplankton
communities were different 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 which was affected by nutrient-enriched BSW. Different bio-
chemical compositions between small and large phytoplankton were observed in this
study. The small phytoplankton group had a higher POC:chlorophyll-a (t-test, p <0.01)
and PON:chlorophyll-a ratio than large phytoplankton in this study, which suggests that
small phytoplankton have higher carbon and nitrogen contents per unit of chlorophyll-a
concentration [21]. In addition, small phytoplankton had lower C:N ratios than large
phytoplankton in this study. 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 [43] which could be relatively faster regenerated
than carbon-rich organic matters such as carbohydrates [46]. 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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Abstract: Picocyanobacteria (Prochlorococcus and Synechococcus) play an important role in primary pro-
duction and biogeochemical cycles in the subtropical and tropical Pacific Ocean, but little biological
information on them is currently available in the North Pacific Ocean (NPO). The present study aimed
to determine the picocyanobacterial contributions to the total primary production in the regions in
the NPO using a combination of a dual stable isotope method and metabolic inhibitor. In terms of
cell abundance, Prochlorococcus were mostly dominant (95.7 ± 1.4%) in the tropical Pacific region
(hereafter, TP), whereas Synechococcus accounted for 50.8%–93.5% in the subtropical and temperate
Pacific region (hereafter, SP). Regionally, the averages of primary production and picocyanobacterial
contributions were 11.66 mg C m−2·h−1 and 45.2% (±4.8%) in the TP and 22.83 mg C m−2·h−1

and 70.2% in the SP, respectively. In comparison to the carbon, the average total nitrogen uptake
rates and picocyanobacterial contributions were 10.11 mg N m−2·h−1 and 90.2% (±5.3%) in the TP
and 4.12 mg N m−2·h−1 and 63.5%, respectively. These results indicate that picocyanobacteria is
responsible for a large portion of the total primary production in the region, with higher contribution
to nitrogen uptake rate than carbon. A long-term monitoring on the picocyanobacterial variability
and contributions to primary production should be implemented under the global warming scenario
with increasing ecological roles of picocyanobacteria.

Keywords: cyanobacteria; Prochlorococcus; Synechococcus; primary production; northwestern Pa-
cific Ocean

1. Introduction

Phytoplankton are major biological components as primary producers in marine
ecosystems. Marine phytoplankton not only account for a significant proportion of global
primary production, but also are an important food source in marine ecosystems and a po-
tential moderator of global carbon cycle at the ocean–atmosphere interface [1]. Distribution,
abundance, and diversity of phytoplankton differ greatly among dominant water masses
in the various oceanic regions, which are closely related to physiochemical properties. In
addition, long-term research on the limiting factors (e.g., temperature, nutrients, and light
regime) of phytoplankton has reported that biological and ecological changes resulted from
variations of these factors such as increasing of seawater temperature and reinforcement of
stratification [2,3]. Primary production is widely used as one of key biological factors for
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understanding the regional differences in basic environmental and biological conditions
such as thermohaline properties, nutrients, chlorophyll-a, etc. [4–8].

The Pacific Ocean, due to its vastness extending from tropical regions to both the bound-
aries of polar oceans, is subjected to have distinctive climatic conditions at its various re-
gions [4]. In the northwestern Pacific Ocean (NPO), the physico-chemical conditions are
mainly influenced by North Equatorial Current, Kuroshio Current, Tsushima Warm Current,
and pelagic/coastal water intrusions at the coastal zones in the East China Sea (ECS). In terms
of phytoplankton community, autotrophic picoplankton communities were more abundant
in the NPO than large-sized phytoplankton and heterotrophic bacteria [9,10]. Lee et al. [10]
reported that autotrophic plankton (mainly pico-sized phytoplankton) comprised up to 80%
of the total phytoplankton biomass in the euphotic zone, whereas the contribution of het-
erotrophic bacteria was 6–21% of phytoplankton biomass in the NPO. Furthermore, a few
research works reported that picoplankton including pico-sized cyanobacteria (Prochlorococcus
and Synechococcus) have been a significant component of biomass and primary production in
the subtropical and tropical Pacific Ocean [11–17].

In general, Prochlorococcus exhibits a wide adaptation for the variability in light or
nutrient conditions, whereas they are often observed to be limited by high temperature in
the water column [16,18–23]. Other cyanobacterial species such as Synechococcus have rela-
tively eurythermal characteristics and extend to low salinity waters. Hence, Synechococcus
are widely distributed around the world ocean from tropical to polar waters with a high
biomass in the upper euphotic zone [22,24]. Recently, it was reported that abundance and
distribution of the small-sized autotrophic plankton communities including cyanobacteria,
Prochlorococcus, and Synechococcus, increase in various oceans with global warming, which
indicates that this issue is not limited to a local scale anymore [25,26].

Normally, the primary production by picophytoplankton (i.e., picocyanobacteria and
picoeukaryotes) is estimated through filter fractionation [7,27–31]. However, it is difficult to
distinguish carbon and/or nitrogen uptake rates between picocyanobacteria (Prochlorococ-
cus and Synechococcus) and picoeukaryotes. Moreover, the fractionation in natural samples
makes it difficult to physically separate picophytoplankton from heterotrophic bacteria, in
case of nitrogen uptake [32]. Previous studies used metabolic inhibitors to partition the
relative contributions of eukaryotes and prokaryotes in marine systems [33–35]. For exam-
ple, cycloheximide inhibits the function of the 80-S ribosome of eukaryotes [36], whereas
streptomycin specifically inhibits protein synthesis on the 70-S ribosome in bacteria [37].
Thus, these metabolic inhibitors could be effective in separating target organisms from
non-target organisms [32]. Middelburg and Nieuwenhuize [34,35] successfully partitioned
autotrophic and heterotrophic activity using metabolic inhibitors. Fouilland et al. [32] also
applied metabolic inhibitors to partition the uptakes of nitrate, ammonium, and urea be-
tween prokaryotic and eukaryotic phytoplankton. As a result, they quantitatively reported
the contribution of heterotrophic bacteria to nitrogen uptake [32].

In present study, a metabolic inhibitor (cycloheximide) based on the method of Fouil-
land et al. [32] was applied to measure picocyanobacterial contribution to the total primary
production, since the inhibitor can remove the eukaryotes and directly determine only car-
bon and nitrogen uptake rates by picocyanobacteria in the samples. The objectives of this
study were as follows: (1) to determine carbon and nitrogen uptake rates by picocyanobac-
teria and (2) to evaluate picocyanobacterial contribution to the primary production in the
regions (subtropical-temperate Pacific region and tropical Pacific region) in the NPO.

2. Materials and Methods

2.1. Study Area and Sample Collection

The present study was conducted at 9 stations in the NPO during the POSEIDON
cruise (13 May–4 June 2014) (Figure 1). In order to understand characteristics of primary
productivity under the different environmental conditions in the NPO, our productivity
stations were divided into two regions; the subtropical and temperate Pacific region (SP;
A89 and A50), mainly affected by the coastal water of the ECS and tropical Pacific region
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(TP; F10, F06, F03, F01, P03, P07, and P11), which are influenced by the Tsushima Warm
Current, North Equatorial Current, and Kuroshio Current. Seawater samples from water
column up to 1% light depths were collected using 10 L Niskin sampling bottles on the R/V
Onnuri of the Korea Institute of Ocean Science and Technology (KIOST, Busan, Korea). The
physical parameters (temperature and salinity) were determined using a Sea-Bird 911plus
system (Sea-Bird, Inc., Brooklyn, NY, USA).

Figure 1. Sampling station in the two sampled regions of the northwestern Pacific Ocean; TP: tropical Pacific, SP: subtropical
and temperate Pacific.

2.2. Measurements for Biomass and Abundance of Phytoplankton and Nutrient Concentrations

Chlorophyll-a (Chl-a) and phytoplankton abundance, as well as nutrient concen-
trations were measured at the 9 productivity stations. One liter of seawater for Chl-a
concentrations presenting for phytoplankton biomass was filtered onto 25 mm GF/F filters.
The filters were stored in a deep freezer and extracted within a month using 6 mL of 95%
acetone by the method of Parsons et al. [38]. The final extracts were analyzed using a 10 AU
fluorometer (Turner Design Inc., San Jose, CA, USA). Seawater samples for the enumeration
and identification of major pico-sized phytoplankton groups (<2 μm) were counted by flow
cytometry (BD Accury C6, BD Biosciences Inc., Mountain View, CA, USA) after staining
with mixture of yellow-green and UV beads by the method of Olson et al. [39]. Nutrient
data were provided by KIOST based on the standard colorimetric procedure [38].

2.3. Carbon and Nitrogen Uptake Rate Measurements

Total carbon and nitrogen uptake rates were measured at the 9 different stations using
a 13C-15N dual isotope tracer technique that has been applied in various oceans [27,40–43].
Seawater samples at 6 light depths (100%, 50%, 30%, 12%, 5%, and 1% of light intensity at
surface) were collected from Niskin samplers to 1 L polycarbonate bottles covered with
different LEE film screens (LEE Filters, Inc., Hampsire, UK) that corresponded to the differ-
ent light levels. Further, the water samples were injected with enriched solutions of 13C
(NaH13CO3) and 15N (K15NO3 or 15NH4Cl) (less than 10% of the ambient concentrations)
followed by deck incubation for 4 h. Hourly picocyanobacterial carbon and nitrogen uptake
rates were measured at all the stations except station A50 in the SP using the dual isotope
technique. For measuring the picocyanobacterial carbon and nitrogen uptake rates, the au-
totrophic eukaryotes were inhibited by a metabolic inhibitor (cycloheximide), which blocks
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the cytoplasmic protein biosynthesis in 80-S ribosome of phytoplankton (eukaryotes) [32].
All the bottles were incubated in deck incubators along with primary productivity sample
bottles for 4 h.

After incubation, seawater samples (0.5 L) for the carbon and nitrogen uptake rates
were filtered onto the pre-combusted 25 mm GF/F filters. The filters were immediately
frozen in the deep freezer until the analysis. Prior to the mass spectrometric analysis,
samples were thawed, dried overnight, and packed in tin capsules. Particulate organic car-
bon (POC)/nitrogen (PON) and the amount of 13C and 15N were determined by Finnigan
Delta + XL mass spectrometer at the Stable Isotope Facility, University of Alaska Fairbanks
(UAF), USA after HCl fuming during 24 h for removing carbonate. Samples of analyzed
total carbon and nitrogen uptake rates were calculated by using the methods of Hama
et al. [44] and Dugdale and Goering [45]. Dark carbon uptake rates were subtracted for
considering the heterotrophic bacterial process [46]. Because the carbon uptake rates from
dark bottles were subtracted from the light bottles for removal of heterotrophic produc-
tivity without light, we assumed that only the contributions of autotrophic bacterial (i.e.,
picocyanobacterial) communities were obtained for the primary productivity.

3. Results

3.1. Physiochemical Structures in Water Column

Vertical profiles of temperature and salinity from all the stations in the NPO are shown
in Figure 2. Surface temperature and salinity at the stations in the TP were higher than
those in the SP. The average temperature and salinity in the upper water column were
17.3 ◦C and 33.2 psu in the SP, respectively, whereas they were 29.1 ◦C (S.D. = ±0.92 ◦C)
and 34.8 psu (S.D. = ±0.52 psu) for TP, respectively.

Figure 2. Vertical profiles of temperature (a), salinity (b) in the northwestern Pacific Ocean. Solid line
represents average temperature and salinity in the TP and SP regions, respectively.

Generally, nutrient concentrations were depleted in both TP and SP regions except for
1% light depths (Figure 3). The mean nitrate concentrations within the euphotic zone were
0.13 (S.D. = ±0.35 μM) and 0.84 μM (S.D. = ±1.80 μM) in the TP and the SP, respectively.
Ammonium concentrations were consistently low at euphotic zones of all the stations. The
mean ammonium concentrations in the TP and the SP were 0.14 (S.D. = ±0.07 μM) and
0.18 μM (S.D. = ±0.03 μM), respectively. The euphotic depths at the stations in the TP
were deeper than those in the SP (t-test, p < 0.05). The mean euphotic depths were 127.4 m
(S.D. = ±16.5 m) and 35.0 m in the TP and the SP, respectively (Table 1).
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Figure 3. Vertical profiles of nitrate (a) and ammonium (b) concentrations averaged from each region (TP, closed circles; SP,
open circles). SDs are shown by bars. Data courtesy of KIOST.

Table 1. The environmental conditions in the TP and SP regions of the northwestern Pacific Ocean.

TP SP

Mean S.D. Mean S.D.

Temperature in the surface (◦C) 29.1 0.9 17.3 -
Temperature in the euphotic depth (◦C) 26.7 2.3 15.3 2.3
Salinity in the surface (psu) 34.8 0.5 33.2 -
Salinity in the euphotic zone (psu) 34.8 0.6 33.9 0.6
Nitrate in the euphotic zone (μM) 0.13 0.35 0.84 1.8
Ammonium in the euphotic depth (μM) 0.14 0.07 0.18 0.03
Euphotic depth (m) 127.4 16.5 35 -

3.2. Distribution of Phytoplankton in Water Column

The average euphotic depth-integral total Chl-a concentrations were 15.0 (S.D. = ±6.6 mg
Chl-a m−2) and 18.1 mg Chl-a m−2 in the TP and SP, respectively (Table 2). Although the
integral total Chl-a concentrations were not significantly different between the TP and SP
locations (Table 2), the vertical distributions of Chl-a were obviously different between the
two locations (Figure 4). Deep chlorophyll maximum (DCM) layers, in which the Chl-a
concentrations were significantly (t-test, p < 0.01) higher compared to those at the surface,
were observed at the bottom (1% light depth) of the euphotic zone in the TP. However, no
substantial DCM layers were found in the SP (Figure 4).

The cell abundance of autotrophic plankton, including picocyanobacteria (Synechococ-
cus and Prochlorococcus) and picoeukaryotes, were different between the TP and the SP
(Figure 5). The average depth-integral abundance of Synechococcus, Prochlorococcus, and
picoeukaryotes in the TP were 1.85 × 1011 (S.D. = ±0.64 × 1011 cells m−2), 0.64 × 1013

(S.D. = ±0.10 × 1013 cells m−2), and 0.96 × 1011 cells m−2 (S.D. = ±0.31 × 1011 cells m−2),
respectively (Figure 5). In the SP, the cell abundance of Synechococcus and picoeukaryotes
were 14.4 × 1011 and 4.28 × 1011 cells m−2, respectively. No Prochlorococcus were generally
found in the SP except some at 46 m of A89 (Figure 5). Consequently, Prochlorococcus (mean
± S.D. = 95.7 ± 1.4%), Synechococcus (mean ± S.D. = 2.8 ± 1.0%), and picoeukaryotes
(mean ± S.D. = 1.4 ± 0.4%) contributed the plankton community in the TP. In contrast,
Synechococcus accounted for 93.5% and 50.8%, whereas picoeukaryotes were 5.2% and
49.2% at A89 and A50 in the SP, respectively.
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Table 2. Chlorophyll-a, C/N ratio, f -ratio, carbon, and nitrogen (nitrate and ammonium) uptake rates by total phytoplankton
communities in the TP and SP regions of the northwestern Pacific Ocean.

TP SP

Mean S.D. n Mean S.D. n

Integrated total Chlorophyll-a (mg Chl-a m−2) 15 6.6 7 18.1 - 2
C/N ratio (atom/atom) 11 1.8 7 9.8 - 2
Carbon specific uptake (h−1) 0.001508 0.001034 42 0.004951 0.004069 12
Carbon absolute uptake (mg C m−3·h−1) 0.099 0.068 42 0.688 0.653 12
Integrated carbon uptake (mg C m−2·h−1) 11.66 4.8 7 20.85 - 2
Nitrate specific uptake (h−1) 0.000632 0.000435 42 0.001097 0.001096 12
Nitrate absolute uptake (mg NO3

− m−3·h−1) 0.007987 0.006853 42 0.022084 0.024058 12
Integrated nitrate uptake (mg NO3

- m−2·h−1) 1.06 0.68 7 0.69 - 2
Ammonium specific uptake (h−1) 0.006756 0.003664 42 0.006355 0.003179 12
Ammonium absolute uptake (mg NH4

+ m−3·h−1) 0.072252 0.044304 42 0.120235 0.077651 12
Integrated ammonium uptake (mg NH4

+ m−2·h−1) 9.05 3.1 7 4.05 - 2
Nitrogen specific uptake (h−1) 0.007388 0.004099 42 0.007452 0.004255 12
Nitrogen absolute uptake (mg N m−2·h−1) 0.08 0.047 42 0.142 0.1 12
Integrated nitrogen uptake (mg N m−2·h−1) 10.11 2.49 7 4.74 - 2
f -ratio 0.1 0.03 7 0.13 - 2

Figure 4. Vertical profiles of chlorophyll-a concentrations in the TP (closed circles) and SP (open
circles) regions. SDs are shown by bars.

3.3. Total Carbon and Nitrogen Uptake Rates in the NPO

The largest carbon uptake rate was at 100% light depth at each station in the SP,
whereas in the TP, the largest rate was observed at 30–50% light depths (Figure 6a). The
lowest carbon uptake rate was found at the chlorophyll-maximum layer corresponding
to 1% light depth in the SP. The average rates of carbon uptake at each light depth were
significantly higher in the SP (t-test, p < 0.05) than in the TP. The ranges of depth-integrated
carbon uptake rates in the TP and SP were 3.29–16.89 mg C m−2·h−1 with an average of
11.66 mg C m−2·h−1 and 9.17–32.54 mg C m−2·h−1 with an average of 20.85 mg C m−2·h−1,
respectively (Figure 7a and Table 2). Based on our dark carbon uptake rates in this study,
the heterotrophic contributions to the total primary productions were 1.5% (S.D. = ±0.7%)
and 8.7% (S.D. = ±12.8%) for the SP and the TP, respectively.
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Figure 5. Integrated abundance of Prochlororoccus (a), Synechococcus (b), and picoeukaryotes (c) in the
euphotic zone. Biomass of Prochlororoccus, Synechococcus, and picoeukaryotes in the euphotic zone (d)
in the euphotic zone.

Figure 6. Vertical profiles of the total carbon and nitrogen absolute uptake rates (TP, closed triangles;
A89, closed circles; A50, closed squares) and picocyanobacterial carbon and nitrogen absolute uptake
rates (TP, open triangles; A89, open circles) in the TP and SP regions in the North Pacific Ocean.
SDs are shown by bars. Carbon uptake rates (a), Nitrate uptake rates (b), and Ammonium uptake
rates (c).
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Figure 7. Regional distribution of total carbon and nitrogen uptake rates ((a), left) and picocyanobacterial carbon and
nitrogen uptake rates ((b), right) in the northwestern Pacific Ocean. Bars with diagonal stripes indicate carbon and nitrogen
uptake rates of picocyanobacterial communities.

Nitrogen uptake rates did not show any significant pattern with light depths as
carbon uptake rates (Figure 6b,c). The depth-integrated nitrogen (nitrate+ammonium)
uptake rates in the TP and SP ranged from 6.52 to 17.96 mg N m−2·h−1 with an average of
10.11 mg N m−2·h−1 and from 2.98 mg N m−2·h−1 to 6.50 mg N m−2·h−1 with an average
of 4.74 mg N m−2·h−1, respectively (Figure 7b and Table 2). In detail, the mean of nitrate
and ammonium uptake rates in the TP were 1.06 mg N m−2·h−1 and 9.05 mg N m−2·h−1,
respectively, whereas those in the SP were 0.69 mg N m−2·h−1 and 4.05 mg N m−2·h−1,
respectively. Ammonium uptake rates were substantially higher than nitrate uptake rates
in both regions.

3.4. Picocyanobacterial Carbon and Nitrogen Uptakes in the NPO

The average rates of picocyanobacterial carbon uptakes showed similar trends like
vertical abundance profiles of these predominant species (Figure 8). Vertical profiles of
picocyanobacterial carbon, nitrate, and ammonium uptake rates showed similar trends as
those of the uptake rates by total phytoplankton community at each light depth (Figure 6).
Picocyanobacterial carbon uptake rates integrated from the euphotic depths were 5.31 mg
C m−2·h−1 (S.D. = ±2.16 mg C m−2·h−1) in the TP, whereas the integrated carbon uptake
rates by picocyanobacteria at the A89 (SP) was 22.8 mg C m−2·h−1 (Figure 9a). The average
rates of picocyanobacterial carbon uptake at each light gradient were significantly higher
in the SP (Table 3; t-test, p < 0.05). Integrated hourly picocyanobacterial nitrogen uptake
rates were 6.32–16.16 mg N m−2·h−1 with an average of 9.10 mg N m−2·h−1 in the TP
and 4.12 mg N m−2·h−1 at the A89 in the SP (Figures 7b and 9b). The average nitrate
uptake rates by picocyanobacterial communities in the TP and A89 (SP) were 0.21 mg N
m−2·h−1 (S.D. = ±0.20 mg N m−2·h−1) and 0.40 mg N m−2·h−1, respectively, whereas
the average ammonium uptake rates of picocyanobacterial communities were 8.89 mg N
m−2·h−1 (S.D. = ±3.18 mg N m−2·h−1) and 3.72 mg N m−2·h−1, respectively (Table 3).
Picocyanobacterial ammonium uptake rates were more than the nitrate uptake rates in the
NPO (Figure 9c,d).
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Figure 8. Comparison of the uptake rates for total (closed circles) and bacterial (open circles) carbon uptake with the
abundances of the predominant species (closed triangles) in the northwestern Pacific Ocean. TP (a) and SP (b). SDs are
shown by bars.

Figure 9. Picocyanobacterial contribution to total carbon and nitrogen uptake rates (primary productivity) in the TP and
SP regions of the northwestern Pacific Ocean. Unicolor bars indicate total uptake of each uptake rate, whereas other bars
with diagonal stripes indicate picocyanobacterial uptake rates. SDs are shown by bars. Integrated nitrogen uptake rates (a),
Integrated carbon uptake rates (b), Integrated nitrate uptake rates (c), and Integrated ammonium uptake rates (d).
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Table 3. Carbon and nitrogen (nitrate and ammonium) uptake rates by picocyanobacterial communities in the TP and SP
regions of the northwestern Pacific Ocean.

TP SP (A89)

Mean SD n Mean SD n

Picocyanobacterial carbon specific uptake (h−1) 0.000695 0.000548 42 0.004404 0.003065 6
Picocyanobacterial carbon absolute uptake (mg C
m−3·h−1) 0.044 0.043 42 0.708 0.573 6

Integrated picocyanobacterial carbon uptake (mg
C m−2·h−1) 5.31 2.16 7 22.83 - 1

Picocyanobacterial nitrate specific uptake (h−1) 0.000104 0.000174 42 0.00047 0.000348 6
Picocyanobacterial nitrate absolute uptake (mg
NO3

− m−3·h−1) 0.001577 0.003138 42 0.012296 0.00997 6

Integrated picocyanobacterial nitrate uptake (mg
NO3

− m−2·h−1) 0.21 0.2 7 0.4 - 1

Picocyanobacterial ammonium specific uptake
(h−1) 0.005073 0.002693 42 0.004497 0.002518 6

Picocyanobacterial ammonium absolute uptake
(mg NH4

+ m−3·h−1) 0.070531 0.046278 42 0.104054 0.068611 6

Integrated picocyanobacterial ammonium uptake
(mg NH4

+ m−2·h−1) 8.89 3.18 7 3.72 - 1

Integrated picocyanobacterial nitrogen uptake
(mg N m−2·h−1) 9.1 3.37 7 4.12 - 1

Picocyanobacterial f -ratio 0.02 0.01 7 0.1 - 1

4. Discussion

In this study, the abundance of picophytoplankton was different between the TP and
the SP (Figure 5). Prochlorococcus were not found but Synechococcus and picoeukaryotes
co-occurred in the SP, whereas Prochlorococcus were the dominant picophytoplankton pop-
ulation in the TP. The difference in abundance of dominant population observed in the TP
and the SP might be due to different physico-chemical properties as the result of the major
currents. Because distribution and abundance of phytoplankton in the euphotic zone can
be altered by the hydrological conditions of the seawater, these physiochemical properties
are determined by the major currents [47–50]. In fact, the TP is directly influenced by North
Equatorial Current, whereas the SP is influenced mainly by the Kuroshio Current, Tsushima
Warm Current, and coastal fresh water, respectively [16,51]. According to Choi et al. [24],
the picocyanobacterial distribution in the NPO was distinguished along the physical and
chemical properties of the water masses. In this study, the water depth in the SP was
shallow and had lower temperature and salinity than the TP (Figure 2), whereas the TP
was a typical high-temperature oligotrophic water. Since Prochlorococcus have been found
to be more abundant in the oligotrophic conditions because of their ecological plasticity
with respect to requirements of nutrients and light [18,52–55], Prochlorococcus could be
dominant under temperature and oligotrophic TP. According to previous studies [12,55],
Synechococcus are usually dominant in the mesotrophic seawater or shallow waters. Thus,
Synechococcus and picoeukaryotes could be abundant in relatively mesotrophic and shallow
SP, which is consistent with previous study from the western Pacific Ocean [54].

In terms of carbon biomasses estimated from the average carbon contents [56,57],
Prochlorococcus contributed 66.1% to the total phytoplankton in the TP (Figure 5d). In the
SP, Synechococcus were 76.4% at A89 and picoeukaryotes were 84.0% at A50, respectively.
Especially, the carbon biomass contribution of picoeukaryotes was higher than that of
Synechococcus at the A50, although picoeukaryotes had lower cell abundances than Syne-
chococcus, because picoeukaryotes have higher carbon contents compared to Synechococcus.

Based on the hourly carbon uptake rates by total phytoplankton, which were estimated
in this study, the average daily primary productivities were 0.15 g C m−2·d−1 (S.D. = ±0.06 g
C m−2·d−1) and 0.29 g C m−2·d−1 in the TP and SP, respectively (Table 4). Our daily
primary productivities fell within the range of previous studies in both regions [4,5,51]. In
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the TP, Taniguchi [4] reported 0.09 g C m−2·d−1 in the North Equatorial Current (Table 4).
Kwak et al. [5] observed a relatively higher range of daily primary productivity from 0.17
to 0.23 g C m−2·d−1 in the western Pacific Ocean (Table 4). For the SP, the average daily
primary productivity obtained from this study is comparable with those from other previous
studies [5,51]. Gong et al. [51] reported 0.31 ± 0.16 g C m−2·d−1 and 0.52 ± 0.32 g C m−2·d−1

during early spring and summer, respectively (Table 4). Our daily primary productivity
is nearly identical to the daily production (0.28 g C m−2·d−1) reported by Kwak et al. [5]
(Table 4).

Table 4. Comparison of daily primary productivity with previous studies in the northwestern Pacific Ocean.

Region References

Carbon Uptake Rates Nitrate Uptake Rates Ammonium Uptake Rates

Average ± SD
(g C m−2·d−1)

Average ± SD
(g N m−2·d−1)

Average ± SD
(g N m−2·d−1)

Season

TP
Taniguchi (1972) 0.09 - - Winter
Kwak et al. (2013) 0.2 - - Summer
In this study 0.15 ± 0.06 0.01 ± 0.01 0.16 ± 0.01 Late spring

SP

Gong et al. (2003) 0.31 ± 0.16 - - Early spring
0.52 ± 0.32 - - Summer

Kwak et al. (2013) 0.28 - - Summer

In this study 0.45 (A89) 0.02 (A89) 0.10 (A89) Late spring
0.13 (A50) 0.01 (A50) 0.05 (A50)

Daily total ammonium uptake rates were calculated by multiplying hourly nitrogen
uptake rates and each photoperiod [58] in this study. The average daily total ammo-
nium uptake rates were higher than total nitrate uptakes in the euphotic zone of both
regions. The average daily total ammonium and nitrate uptake rates were 0.16 g N
m−2·d−1 (S.D. = ±0.06 g N m−2·d−1) and 0.01 g N m−2·d−1 (S.D. = ±0.01 g N m−2·d−1) in
the TP, respectively (Table 4). In the SP, the daily total ammonium and nitrate uptake rates
were 0.07 g N·m−2 d−1 and 0.01 g N m−2·d−1 at A89, respectively (Table 4). Accordingly,
average f -ratios ([nitrate uptake rate]/[nitrate+ammonium uptake rate], [59]) were 0.10
(S.D. = ±0.03) and 0.13 in the TP and SP (Table 2), respectively, as a result of prominent
ammonium uptakes. This indicates that a main nitrogen source for growth of total au-
totrophic plankton was mainly supported by regenerated ammonium in this region during
our observation period.

In this study, the average picocyanobacterial contributions to the total primary produc-
tivity accounted for 45.2% (S.D. = ±4.8%) in the TP and 70.2% in the A89 (SP) (Figure 9a).
Glover et al. [12] reported that contribution of Synechococcus to the total primary production,
which varies from 6% to 46% in different water masses in the northwestern Atlantic Ocean.
In contrast, Liu et al. [15] observed a high contribution of Prochlorococcus up to 82% to the
primary production at Station ALOHA in the subtropical North Pacific Ocean.

Based on each nitrate and ammonium uptake rate, the average picocyanobacterial f -ratios
were 0.02 (S.D. = ±0.01) and 0.10 in the TP and A89 (SP), respectively (Table 3). This result
suggests that picocyanobacterial communities strongly depended on a regenerated nitrogen
source (i.e., ammonium) or N2 fixation in our study area during the observation period.
From the comparison of f -ratios between the total phytoplankton and picocyanobacterial
communities, we found that picocyanobacterial f -ratios were substantially lower compared to
those of the total phytoplankton communities in the two regions (Tables 2 and 3).

Depth integrated hourly nitrogen uptake rates of picocyanobacterial communities
were 9.10 mg N m−2·h−1 (S.D. = ±3.73 mg N m−2·h−1) and 4.12 mg N m−2·h−1 in the
TP and the A89 (SP), respectively (Figure 9). The total nitrogen uptake rates at the same
regions were 10.11 mg N m−2·h−1 and 6.50 mg N m−2·h−1, respectively. Given the nitrogen
uptake rates, the average picocyanobacterial contributions to the total nitrogen uptake
rates were 90.2% (S.D. = ±5.3%) and 63.5% in the TP and the A89 (SP), respectively,
in this study. These picocyanobacterial contributions to the total nitrogen uptake rates
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are substantially higher than those to the total carbon uptake rates of the total plankton
communities in TP. However, the nitrogen utilization by heterotrophic bacteria can be
important since the heterotrophic bacteria account for a large fraction of nitrogen uptake
in the global ocean including the Arctic Ocean [32,60,61]. Although we are incapable of
distinguishing each contribution for nitrogen uptake between heterotrophic bacteria and
picocyanobacteria from this study using a metabolic inhibitor (cycloheximide) blocking
only photosynthetic eukaryotes, we need to consider the heterotrophic bacterial nitrogen
utilization from the nitrogen contributions in future studies. Apart from this, the potential
N2 fixation by cyanobacteria can vary with environmental conditions, particularly nutrient
stoichiometry [62]. When the NH4

+ concentration is relatively higher than phosphorous,
the nitrogenase activity can be stopped and photosynthesis can be activated. On the other
hand, if the NH4

+:P ratio is lower than the Redfield’s ratio, N2 fixation can be a more
major process than primary production. So, the contribution of picocyanobacteria towards
the total primary production can be underestimated in that case. Furthermore, when
autotrophic primary production is stopped by the inhibitor, the competition for nutrients
in the samples may be lesser than one with autotrophic activity and, hence, the primary
production rates by picocyanobacteria could be overestimated. Currently, there are some
uncertainties for estimating picocyanobacterial contributions to the primary production
and nitrogen uptake rates. Therefore, the combined approaches using several different
applications are highly important for further future studies on cyanobacterial ecological
roles in various oceans.

5. Summary and Conclusions

In this study, we measured picocyanobacterial contribution to the carbon and nitrogen
uptake rates by total phytoplankton in the regions of the NPO. There are different abun-
dances and biomasses of dominant species in the TP and the SP regions. Prochlorococcus and
Synechococcus were abundant in the TP and the SP regions, respectively. The picocyanobac-
terial contributed 45.2% (S.D. = ±4.8%) to primary production by total picophytoplankton
in the TP, whereas the picocyanobacterial contribution was about 70.2% in the SP. The
picocyanobacterial community is believed to be more important in terms of nitrogen uptake
rates since they could contribute about 90.2% (S.D. = ±5.3%) to the total nitrogen uptake
rates by picophytoplankton in both regions.

The importance of picoplankton including cyanobacteria has been raised continuously
in research regarding the global ocean [25,63,64]. In particular, the picocyanobacterial
Prochlorococcus and Synechococcus have significant ecological positions in the biomass and
production in the ocean, but the relative contributions of these organisms to primary
productivity are different under various environmental conditions [22]. Under the global
warming scenario, picoplankton contribution relative to large plankton will increase in the
strongly stratified upper ocean [3]. This climate change will result in increasing distribution,
abundance, and contributions to primary production of picocyanobacteria, especially in
tropical and subtropical oceans and, consequently, will cause large impacts on the global
ocean ecosystem and biogeochemical cycles [26]. Therefore, more measurements under
various environmental conditions are needed to better understand the role of picocyanobac-
terial in the ecosystem.
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Abstract: The East China Sea (ECS) is the largest marginal sea in the northern western Pacific
Ocean. In comparison to various physical studies, little information on the seasonal patterns in
community structure of phytoplankton is currently available. Based on high performance liquid
chromatography (HPLC) pigment analysis, spatiotemporal variations in phytoplankton community
compositions were investigated in the northern ECS. Water temperature and salinity generally
decreased toward the western part of the study area but warmer conditions in August led to strong
vertical stratification of the water column. In general, major inorganic nutrient concentrations were
considerably higher in the western part with a shallow water depth, and consistent with previous
results, had no discernable vertical pattern during our observation period except in August. This study
also revealed PO4-limited environmental conditions in May and August. The monthly averaged
integral chlorophyll-a concentration varied seasonally, highest (35.2 ± 20.22 mg m−2) in May and
lowest (5.2 ± 2.54 mg m−2) in February. No distinct vertical differences in phytoplankton community
compositions were observed for all the sampling seasons except in August when cyanobacteria
predominated in the nutrient-deficient surface layer and diatoms prevailed at deep layer. Canonical
correlation analysis results revealed that nutrient distribution and the water temperature were
the major drivers of the vertical distribution of phytoplankton communities in August. Spatially,
a noticeable difference in phytoplankton community structure between the eastern and western parts
was observed in November with diatom domination in the western part and cyanobacteria domination
in the eastern part, which were significantly (p < 0.01) correlated with water temperature, salinity,
light conditions, and nutrient concentrations. Overall, the two major phytoplankton groups were
diatoms (32.0%) and cyanobacteria (20.6%) in the northern ECS and the two groups were negatively
correlated, which holds a significant ecological meaning under expected warming ocean conditions.

Keywords: East China Sea; phytoplankton; HPLC; diatoms; cyanobacteria

1. Introduction

Phytoplankton communities play an important role in marine ecosystems, affecting carbon
and nutrient cycling, the structure and efficiency of the food web, and the flux of particles to
deep waters [1–3]. Phytoplankton show a clear variation in community structure and abundance
in response to environmental changes, so the phytoplankton community structure can be used
as a useful indicator of ecosystem and water quality characteristics [4–6]. Therefore, in order to
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understand the structure and function of the ecosystem, it is necessary to monitor the spatiotemporal
changes in the phytoplankton community [7]. Various methods such as microscopy, flow cytometry,
and pigment analysis have been used to quantitatively analyze phytoplankton community structure.
Traditionally, microscopic methods have been the most commonly used to assess biomass and
community structure [8]. Microscopes can provide detailed information on species and size, but this
method requires taxonomic expertise and very considerable time. Furthermore, microscopic methods
fall short when identifying small organisms such as some of picophytoplankton and nano flagellates [9],
and the structure of fragile cells of many species can be altered during the process of fixation in Lugol’s
solution, formaldehyde, glutar-aldehyde, and similar fixatives [10,11]. Flow-cytometric analysis has
been developed for providing more rapid and automated method for identification of communities
of smaller phytoplankton. Flow-cytometric analysis requires a full understanding of the optical
characteristics of the species and can mainly separate phytoplankton communities into picoplanktonic
prokaryotes, picoeukaryotes, and nanoeukaryotes [12–14]. High performance liquid chromatography
(HPLC) was used for this study because HPLC method can be used to measure the concentration
of each pigment separately, and possible to determine the clustering of phytoplankton using the
extracted marker pigments [15]. In particular, this method can provide useful information on nano-
and pico-sized phytoplankton communities that are difficult to distinguish based on microscopic
observations [16].

The East China Sea (ECS) is the largest marginal sea in the northern west Pacific and approximately
70% of the area is made up of a wide continental shelf. ECS is one of the most productive areas
and possible sinks of carbon dioxide [17]. Furthermore, it is considered one of the most important
marine fishing grounds in China [18]. Various water masses affect in the ECS, such as the Yellow
Sea bottom cold water (YSCW) from the north, Changiiang diluted water (CDW) from the world’s
largest Yangtze river from the west, Kuroshio water (KW) from the east and Taiwan current warm
water (TCWW) from the south [19–22]. Generally, the environmental conditions vary from the eastern
part to the western part in the ECS. This complex topography and various water masses cause show
heterogeneous and complex environmental characteristics seasonally and spatially [23]. Previous
studies for phytoplankton community in the northern ECS are quite limited and most of the studies
have focused on the Yangtze River estuary and adjacent waters [24–26]. Three different phytoplankton
communities in the Yangtze River estuary have been identified according to water mass [27–29].
Diatoms are generally the most dominant groups in this area [27–31]. In the northern ECS near Korea,
several previous studies focused on the phytoplankton community were carried out in spring [32]
and summer [33,34] and mostly conducted over one season. In addition, most of the studies have
focused on the spatial distribution of diatoms and dinoflagellates which can be identified under the
microscope. To date, little information on the seasonal patterns in community structure that is inclusive
of all phytoplankton is currently available in the northern ECS. Therefore, the present study aimed
to investigate spatiotemporal changes in composition and distribution of phytoplankton community
structure in the northern ECS that is possible using pigment analysis through HPLC.

2. Materials and Methods

2.1. Sampling Site and Water Sampling

Four cruises were carried out in the northern ECS from 1–9 February, 30 April–10 May, 2–10 August,
and 7–17 November in 2018, as representatives for winter, spring, summer, and autumn, respectively
(Figure 1; Table 1). Water samples were collected from three light depths (100%, 30%, and 1% penetration
of surface irradiance, PAR) using a CTD/rosette sampler fitted with Niskin bottles. The light depths were
determined by a Secchi disk. Phytoplankton pigments and physicochemical parameters (temperature,
salinity, and major nutrients; N, P, and Si) were analyzed in samples drawn from the three light depths.
The vertical temperature and salinity were measured by SBE9/11 CTD (Sea-Bird Electronics, Bellevue,
WA, USA) sensors.
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Figure 1. Sampling stations in the northern East China Sea, 2018. The major currents in the northern
East China Sea are based on [19].

Table 1. Description of sampling stations in the northern East China Sea for each cruise period, 2018.

Date Station Latitude Longitude Euphotic Depth (m)

February

315-13 32.5 127.0 19
315-17 32.5 125.9 5
316-14 32.0 126.8 19
316-17 32.0 125.9 14
317-17 31.5 125.9 19
317-21 31.5 124.5 5

May

315-13 32.5 127.0 27
315-15 32.5 126.5 38
315-21 32.5 124.5 11
316-13 32 127.0 27
316-17 32 125.9 27
316-21 32 124.5 5
317-13 31.5 127.0 16
317-15 31.5 126.5 33
317-21 31.5 124.5 14

August

315-13 32.5 127.0 41
315-17 32.5 125.9 46
315-21 32.5 124.5 22
316-13 32 127.0 41
316-17 32 125.9 27
316-21 32 124.5 30
317-13 31.5 127.0 35
317-15 31.5 126.5 54
317-19 31.5 125.3 35
317-21 31.5 124.5 19

October

315-13 32.5 127.0 41
315-15 32.5 126.5 41
315-21 32.5 124.5 8
316-13 32 127.0 33
316-17 32 125.9 27
316-19 32 125.3 8
316-21 32 124.5 5
317-13 31.5 127.0 49
317-15 31.5 126.5 49
317-21 31.5 124.5 5
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2.2. Phytoplankton Pigment Analysis

Water samples for photosynthetic pigment analysis were filtered through 47 mm GF/F filters
(Whatman, Maidstone, UK; 07 μm), and then stored in a freezer at −80 ◦C to avoid degradation.
Pigments were extracted in 100% acetone (5 mL) with cantaxanthin (100 μL) as an internal standard for
24 h in the dark at 4 ◦C and placed in an ultra-sonic bath to disrupt a cell [35,36]. An aliquot water of
1 mL was passed through a 0.45 μm PTFE syringe filter to rid the samples of particles. After the extracts
were centrifuged for 10 min at 3500 rpm to remove cellular debris and glass fibers. All procedures were
carried out under low light conditions to minimize pigment degradation. Pigments were analyzed using
a HPLC (Agilent Infinite 1260, Santa Clara, CA, USA), and the separation of pigments was performed
using a slightly modified method of [37] and [38]. The peaks were identified based on their retention
time compared with those of pure standards (chlorophyll a, chlorophyll b, β-carotene, fucoxanthin,
prasinoxanthin, 19′-hexanoyloxyfucoxanthin, diadinoxanthin, 19′-butanoyloxy-fucoxanthin, peridinin,
alloxanthin, neoxanthin, violaxanthin, prasinoxanthin, lutein, and zeaxanthin obtained from DHI,
Denmark). The concentrations of pigments in samples were calculated as following equation. Standard
response factor (Rf) was calculated based on the standard pigment and dividing the concentration of
the standard by the measured peak area [38].

Concentration = Area × Rf × (Ve/Vs) [ngL−1] (1)

Area = area of the peak in the sample [area]
Rf = standard response factor [ngL−1 area−1]
Ve = AIS/(peak area of IS added to sample) × (Volume of IS added to sample) [L]
Vs = volume of filtered water sample [L]
AIS = peak area of IS when 1 mL IS is mixed with 300 μL of H2O
IS = Internal Standard

The CHEMTAX program was used to estimate the contribution of the different phytoplankton
community structure to the total chlorophyll a [15,16]. The contribution of diatoms, dinoflagellates,
prymnesiophytes, chlorophytes, chrysophytes, cryptophytes, cyanobacteria and prasinophytes were
calculated based on the program. Twelve pigments and initial pigment ratios for around the Korean
peninsula were used for this study [38]. In the following CHEMTAX, to derive the most accurate
phytoplankton groups, data was binned according to sampling month and three light depths (100%,
30% and 1% penetration of surface irradiance, PAR) [39,40].

2.3. Dissolved Inorganic Nutrient Concentration

An aliquot of water (100 mL) was filtered onboard through GF/F filters (Whatman, Maidstone,
UK; 07 μm) for dissolved inorganic nutrient concentrations (NH4, NO2, NO3, PO4, and SiO2) and kept
frozen (−20 ◦C) until further analysis. Concentrations of nutrients were determined in an automatic
analyzer (Quaatro, Bran + Luebbe, Germany) belonging to the National Institute of Fisheries Science
(NIFS), Korea. Dissolved inorganic nitrogen (DIN) concentrations were calculated as the sum of NH4,
NO2 and NO3.

For verifying P-limited water conditions, Excess Nitrate (ExN), which is calculated as ExN =
DIN-(R*PO4) (R = Redfield N:P ratio of 16), was used in this study [41–43]. ExN values of <0 indicate
PO4-enriched condition, while ExN > 0 indicates the converse condition [41–43].

2.4. Statistical Analysis

Canonical correspondence analysis (CCA) was performed using “past 3” software to explain
the relationship between environmental parameters and phytoplankton community structure [44].
Temperature, salinity, depth, DIN, PO4, SiO2, and ExN were include for the environmental parameters.
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3. Results

3.1. Physical Environments

Seasonal distribution patterns of temperature and salinity during the four cruises are summarized
in Table 1. The average temperature was lowest in February (winter) at 13.7 ± 2.9 ◦C and gradually
increased to highest in August (summer) at 24.2 ± 4.7 ◦C. The average salinity was highest at 34.1 ± 0.6
in February and lowest at 32.3 ± 0.7 in August. In February, the water temperature decreased toward
the western part from the eastern part in the study area and the salinity showed the same trend as the
water temperature (Table 1). The water temperature and salinity in May (spring) were also relatively
higher in the eastern part and lower in the western but the difference in water temperature was smaller
in May compared to that in February. On the other hand, the water temperature and salinity were
inversely spatially distributed in August with low in the eastern and high in the western parts and
the differences were smallest during the observation period. Vertically, the temperature increased
with depth in August, which resulted in a strong stratification (Figure 2). In November (autumn),
the patterns in water temperature and salinity were similar to those in February and May.

Figure 2. Vertical profiles of temperature and salinity in the northern East China Sea, 2018. (a) February,
(b) May, (c) August, and (d) Nov for temperature; and (e) February, (f) May, (g) August, and (h)
November for salinity.

3.2. Dissolved Inorganic Nutrient Concentrations

Inorganic nutrient concentrations at the three light depths for each cruise are summarized in Table 2.
DIN and PO4 concentrations were highest in February and remained low in other seasons, whereas
SiO2 tended to increase from May to August and November. In February, the ranges of DIN, PO4 and
SiO2 concentrations from surface to 1% light depths were 5.3–14.1 μM, 0.3–0.6 μM, and 6.0–16.8 μM,
respectively. There were no distinct vertical patterns, but in the horizontal direction, DIN, PO4, and SiO2

tended to increase from the northeast to the southwest stations. In May, the ranges of DIN, PO4,
and SiO2 concentrations were 2.5–12.3 μM, <0.1–0.3 μM, and 3.4–12.4 μM, respectively. No marked
vertical patterns in the concentrations were observed but horizontally, DIN and SiO2 showed relatively
higher in the western part compared to the eastern part in May. Generally, PO4 concentrations in May
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were very low at all the stations with an average of 0.1 μM except for St. 316-21. The ranges of DIN,
PO4, and SiO2 concentrations were 1.6–16.9 μM, <0.1–0.5 μM, and 2.1–14.7 μM, respectively, in August.
Unlike other seasons, noticeable vertical distributions of nutrients were observed in August with low
concentrations at surface but increasing with depth. In November, the ranges of DIN, PO4, and SiO2

concentrations were 2.1–15.9 μM, 0.1–0.6 μM, and 2.0–15.8 μM, respectively. Nutrient concentrations
were relatively higher in the western part compared to the eastern part and the differences in the
concentrations between the eastern and western parts were largest in November among the four
cruises but no vertically distinct distributions were found.

Table 2. The dissolved inorganic nutrient concentrations (μM) at the euphotic depths (100%, 30%, and
1%) of water column in the northern East China Sea, 2018.

Station Light (%) NH4 NO2 NO3 DIN PO4 SiO2

February

315-13
100% 0.84 0.40 4.81 6.04 0.33 7.15
30% 0.92 0.36 4.01 5.29 0.29 6.27
1% 1.01 0.39 5.07 6.48 0.32 7.11

315-17
100% 0.80 0.10 10.66 11.56 0.60 13.67
30% 0.93 0.08 5.07 6.08 0.33 6.79
1% 0.90 0.08 4.92 5.90 0.35 8.07

316-14
100% 0.93 0.09 8.31 9.33 0.33 8.76
30% 0.91 0.09 7.95 8.95 0.35 8.65
1% 0.91 0.10 8.06 9.07 0.33 8.50

316-17
100% 0.85 0.28 5.10 6.23 0.29 6.96
30% 0.73 0.27 4.79 5.78 0.29 6.83
1% 1.05 0.24 4.66 5.95 0.29 6.60

317-17
100% 1.01 0.18 7.87 9.07 0.41 9.82
30% 0.80 0.15 5.24 6.19 0.34 6.04
1% 0.79 0.11 7.80 8.70 0.41 9.97

317-21
100% 0.81 0.09 11.55 12.46 0.53 14.46
30% 0.78 0.10 12.34 13.22 0.61 15.37
1% 0.82 0.10 13.19 14.11 0.60 16.77

average 0.88 0.18 7.30 8.36 0.39 9.32

S.D 0.09 0.11 2.94 2.84 0.11 3.40

May

315-13
100% 1.58 0.09 1.98 3.66 0.02 3.45
30% 1.51 0.05 1.17 2.74 0.02 3.44
1% 1.56 0.06 1.31 2.93 0.02 4.68

315-15
100% 1.59 0.06 3.23 4.88 0.03 3.99
30% 1.49 0.04 1.43 2.95 0.02 4.11
1% 1.56 0.05 1.29 2.89 0.04 4.59

315-21
100% 1.64 0.23 4.47 6.34 0.11 11.36
30% 1.65 0.21 3.68 5.54 0.13 11.54
1% 1.52 0.16 3.51 5.19 0.08 10.68

316-13
100% 1.96 0.07 3.43 5.46 0.03 5.78
30% 1.60 0.05 1.04 2.68 0.02 4.36
1% 1.77 0.19 4.51 6.47 0.18 6.91

316-17
100% 2.14 0.06 1.41 3.61 0.03 6.64
30% 1.61 0.07 1.11 2.79 0.04 7.15
1% 1.54 0.04 1.30 2.88 0.03 6.59

316-21
100% 1.53 0.51 10.23 12.26 0.33 9.86
30% 1.44 0.48 8.90 10.82 0.30 9.50
1% 1.47 0.44 7.51 9.43 0.30 7.83

317-13
100% 2.65 0.30 1.69 4.64 0.03 3.72
30% 1.55 0.06 1.06 2.66 0.01 5.95
1% 1.60 0.06 0.85 2.51 0.01 5.52

317-15

100% 1.55 0.05 1.27 2.86 0.01 3.89
30% 1.57 0.05 1.01 2.63 0.01 3.97
1% 1.57 0.26 2.61 4.44 0.10 6.03

317-21
100% 2.06 0.10 2.61 4.78 0.01 8.87
30% 1.72 0.08 1.45 3.26 0.01 9.58
1% 1.58 0.45 8.12 10.16 0.31 12.41

average 1.67 0.16 3.04 4.87 0.08 6.75

S.D 0.26 0.15 2.66 2.76 0.10 2.79
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Table 2. Cont.

Station Light (%) NH4 NO2 NO3 DIN PO4 SiO2

August

315-13
100% 0.41 0.06 1.49 1.97 0.06 8.31
30% 0.41 0.09 1.99 2.50 0.06 7.94
1% 0.44 0.09 14.14 14.67 0.53 13.75

315-17
100% 1.46 0.09 1.41 2.97 0.07 8.48
30% 0.40 0.05 1.16 1.61 0.05 8.62
1% 0.36 0.09 8.45 8.90 0.49 10.75

315-21
100% 0.80 0.14 2.18 3.13 0.07 7.07
30% 0.80 0.11 2.00 2.92 0.07 6.91
1% 1.17 1.66 5.68 8.51 0.11 11.79

316-13
100% 0.54 0.06 2.04 2.63 0.03 8.29
30% 2.76 0.07 0.96 3.78 0.03 3.31
1% 0.43 0.06 9.11 9.59 0.42 8.88

316-17
100% 0.72 0.20 2.96 3.88 0.08 2.61
30% 0.61 0.17 3.05 3.83 0.05 2.70
1% 0.74 0.29 13.84 14.86 0.34 14.71

316-21
100% 1.29 0.05 1.54 2.88 0.06 2.10
30% 0.56 0.06 1.68 2.31 0.07 2.74
1% 0.74 1.26 4.06 6.06 0.18 7.80

317-13
100% 0.58 0.04 3.35 3.96 0.06 5.45
30% 3.15 0.04 0.79 3.98 0.03 2.11
1% 0.49 0.45 10.73 11.67 0.28 11.89

317-15
100% 1.30 0.06 1.56 2.93 0.06 3.59
30% 1.02 0.06 1.96 3.04 0.09 4.12
1% 3.71 0.06 9.46 13.23 0.43 9.97

317-19
100% 0.67 0.05 1.63 2.35 0.05 2.12
30% 0.64 0.05 1.85 2.54 0.05 2.59
1% 1.11 0.69 6.50 8.30 0.15 8.53

317-21
100% 1.54 0.04 1.16 2.74 0.06 2.38
30% 0.40 0.04 1.68 2.11 0.06 3.73
1% 0.56 0.10 2.30 2.96 0.08 3.81

average 0.99 0.21 4.02 5.23 0.14 6.57

S.D 0.83 0.37 3.88 4.00 0.15 3.76

October

315-13
100% 0.66 0.15 1.79 2.61 0.18 2.72
30% 0.74 0.10 1.38 2.22 0.13 1.99
1% 0.79 0.14 1.18 2.11 0.17 2.32

315-15
100% 0.49 0.48 2.66 3.62 0.22 3.71
30% 0.63 0.40 1.88 2.90 0.17 3.09
1% 0.73 0.47 2.32 3.51 0.23 3.63

315-21
100% 2.07 0.13 13.73 15.93 0.56 13.36
30% 0.70 0.11 10.35 11.16 0.57 15.78
1% 0.62 0.12 10.91 11.65 0.56 14.81

316-13
100% 1.04 0.21 2.42 3.67 0.19 2.66
30% 0.60 0.07 1.93 2.60 0.10 2.79
1% 0.74 0.11 1.41 2.27 0.17 2.35

316-17
100% 0.60 0.49 5.38 6.47 0.36 7.99
30% 0.54 0.52 4.62 5.68 0.39 7.44
1% 0.60 0.54 4.34 5.49 0.41 6.93

316-19
100% 1.24 0.14 8.70 10.07 0.49 11.69
30% 0.78 0.12 9.28 10.18 0.47 12.39
1% 0.56 0.11 7.79 8.47 0.50 10.50

316-21
100% 0.87 0.07 6.30 7.24 0.47 8.25
30% 0.75 0.11 8.29 9.15 0.59 10.99
1% 0.89 0.11 9.28 10.28 0.55 12.24

317-13
100% 1.10 0.18 4.74 6.02 0.22 2.84
30% 0.66 0.09 1.81 2.55 0.17 2.35
1% 0.71 0.11 1.47 2.29 0.22 2.13

317-15
100% 0.88 0.16 2.27 3.30 0.22 2.99
30% 0.85 0.15 1.90 2.90 0.21 2.91
1% 1.39 0.21 2.00 3.60 0.23 3.04

317-21
100% 1.05 0.14 9.23 10.41 0.51 11.52
30% 0.65 0.12 8.16 8.93 0.53 10.68
1% 0.65 0.12 8.70 9.48 0.51 11.18

average 0.82 0.20 5.21 6.22 0.34 6.91

S.D 0.32 0.15 3.67 3.75 0.17 4.59
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3.3. Phytoplankton Biomass and Community Structure

The monthly averaged chlorophyll-a concentration integrated from surface to 1% light depth was
highest (35.2± 20.22 mg m−2) in May and lowest (5.2± 2.54 mg m−2) in February (Figure 3). In February,
the integral chlorophyll-a concentration was relatively lower in the western part (2.8 mg m−2) compared
to that in the eastern part (6.7 ± 2.46 mg m−2) of our study area, which is similar to the temperature
distribution. In May, the integral chlorophyll-a concentration was highly variable across the study area
with the range of 8.2–70.0 mg m−2 and the chlorophyll-a concentration was relatively higher in the
southern part than in the northern part. In August, no distinct spatial distribution in the chlorophyll-a
concentration was observed. In November, the spatial distribution in the integral chlorophyll-a
concentration was opposite to that in August, which is similar to the nutrient distribution patterns
(Table 2).

Figure 3. Horizontal distributions of water column-integrated chlorophyll-a concentration from surface
to 1% light depth in the northern East China Sea (a) February, (b) May, (c) August, and (d) November.

Generally, no distinct vertical differences in phytoplankton community compositions were
observed at 100%, 30%, and 1% light depths for all the sampling seasons except August (Figure 4).
The phytoplankton community compositions in August were conspicuously different between 30–100%
light depths and 1% light depths. Cyanobacteria predominated, contributing 63.3% to the total
phytoplankton biomass and diatoms were the second most abundant group (15.5%) at 100% light
depths, whereas diatoms contributed 58.2% followed by dinoflagellates (13.0%) and other classes (<10%)
at 1% light depths (Figure 4). Spatially, noticeable differences in phytoplankton community between
the eastern and western parts were observed season, especially in November. Diatoms predominated
in the western part, contributing 58.6% to the total phytoplankton biomass and cryptophytes were the
second most abundant group (27.4%), whereas cyanobacteria predominated (45.0%) in the eastern
part followed by cryptophytes (31.0%) in November. These two dominant groups were significantly
(p < 0.01) correlated with water temperature (Figure 5). The contribution of diatoms was negatively
related with water temperature (y = −0.0227x + 0.8061, r2 = 0.7207), whereas the contribution of
cyanobacteria had a positive relationship with water temperature (y = 0.0309x − 0.3506, r2 = 0.824).
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Figure 5. Relationships between contributions of two major phytoplankton communities and water
temperature for all the cruise period, 2018. (a) Diatom (b) Cyanobacteria.

Overall, the major phytoplankton community in the study site was diatoms with a contribution
more than 30% although it varied seasonally from 9.8% (November) and 50.0% (February) (Figure 6).
Cyanobacteria were the second highest contributors ranging from 0% to 38.3% during our study period.
Cyanobacteria were not appeared in February but their contribution increased steadily from May
to November. The contributions of cryptophytes ranged from 7.8% to 30.7%. The contributions of
prymnesiophytes were 5.4–7.6%, with a similar contribution for each cruise. Chlorophytes contributed
0.5–16.1%, with the highest contribution in February and were hardly observed in May and November
(0.5% and 0.8%, respectively). Chrysophytes had the contributions of 0.6–14.0%, showing their highest
contribution in February. Dinoflagellates showed their contributions of 0–17.4% and their highest
contribution was in August. In the case of prasinophytes, they showed the contributions ranging from
0% to 14.2% and the highest contribution was in May (Figure 6).

Figure 6. Seasonal contributions of phytoplankton communities averaged from all the stations for each
cruise period in the northern East China Sea, 2018.

3.4. Canonical Correspondence Analysis (CCA)

CCA results between phytoplankton community and environmental parameters for each season
are presented in Figure 7. In February, diatoms and chryptophytes showed negative correlations
with temperature and salinity and positive correlations with nutrients, whereas chrysophytes and
chlorophytes had positive correlations with temperature and salinity. In May, diatoms had no significant
correlation with any environment parameter, whereas cyanobacteria and chrysophytes had negative
correlations with nutrients and cyanobacteria had positive correlations with temperature and salinity.
In August, cyanobacteria had a positive correlation with temperature and negative correlations with
nutrients and depth. In comparison, diatoms had significantly positive correlations with nutrients and
depth in August. Similarly, cyanobacteria showed a strong positive correlation with temperature and
negative correlations with depth and nutrients in November. In comparison, diatoms had negative
correlations with temperature and depth, and positive correlations with nutrients in November.
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4. Discussion

The northern ECS is a typical temperate water seasonally affected mainly by four different
water masses. The CDW, TCWW, KW, and YSCW, but their influence can vary seasonally [45,46].
Mixed waters were mainly distributed in our study area in February but YSCW was found at the most
western stations (Sts. 315-21, 316-21, and 317-21) in May based on T-S diagrams. Low temperature,
strong winds, and vigorous vertical mixing are generally observed in February during the Northeast
Monsoon [47,48]. Weak surface stratification begins May and the water column was well stratified in
August with TCWW mainly distributed at surface layer whereas the YSCW is mainly distributed at
bottom layer (73 m). Normally, the surface layer in summer has a low density due to a high temperature
and low salinity water from the CDW and the lower layer forms a strong stratification due to the
distribution of the low temperature water from the YSCW and high salinity water from the TCWW [49].
In the northern ECS, the runoff from the Changjiang river is maximum in summer and minimum in
winter [50]. According to a previous study, CDW is a main source of fresh water input in the ECS,
increasing from spring to summer [51]. In November, the water masses were relatively well mixed
(Figure 2).

In this study, we found that major inorganic nutrient concentrations were considerably higher in
the western part compared to those in the eastern part in February and November during this study
(Table 2), which is consistent with previous results [52]. The waters in the western part of the ECS
are fully mixed from surface to the bottom because of the shallow water depth (<50 m), but in the
eastern part vertical mixings occur only in the upper layer [35]. The noticeable vertical difference in
nutrient concentrations were observed in August (Table 2) due to a strong stratified water column
(Figure 2) which suppressed the upwelling of nutrients from the bottom layer. In addition, the seasonal
average N:P ratios in the study area ranged from 10.5 to 422.9 (55.1 ± 64.6) which are higher than
the Redfield ratio of 16 generally found in various oceans. [53] defined nutrient limitations following
as; PO4 limitation when Si:P > 22 and DIN:P > 22; N limitation when DIN:P < 10 and Si:DIN > 1;
Si limitation when Si:P < 10 and Si:DIN < 1. Various studies suggested that PO4 is a limiting nutrient
to phytoplankton growth in the ECS [41,54–56]. This study also verified PO4-limited environmental
conditions in May (124.5 ± 91.1) and August (50.3 ± 29.3) (Figure 8). According to [55] a high N:P ratio
is related to very low PO4 concentration. Indeed, low PO4 concentrations (approximately 0.1 μM) were
observed in May and August. These PO4-limited conditions could have caused the seasonal variation
in phytoplankton community in the ECS. According to [57], Diatoms would have a higher phosphorus
demand relative to other phytoplankton groups which may be reflected by lower N:P ratios in diatoms
compared to those in other groups. Indeed, [43] showed the phytoplankton community in mid-shelf
ECS in summer and identified 2 distinct phytoplankton communities under two major water masses
with different nutrient conditions: PO4-rich Kuroshio intermediate water (KW) indicated by a low
ExN value leading to diatom domination and PO4-limited CDW indicated by high ExN leading to
small phytoplankton domination such as chlorophytes and cyanobacteria. However, we did not find
the relationships in this study. In spring, diatoms were mostly dominant despite of PO4-limited water
conditions. The PO4- limited condition in spring could be due to the spring bloom of diatoms, which is
consistent with the results in Chesapeake Bay [58]. Even in our summer cruise period, opposite
relationship between diatoms and ExN was observed. This discrepancy between this and previous
studies could be caused by several factors. [42] observed pronounced effects of KW and CDW and a
large range of PO4 concentration, whereas in this study, TCWW current was largely dominant rather
than the KW and CDW and narrow range of PO4 concentration. In addition, the analysis in [42] was
performed only in the surface layer, whereas this study was performed within the euphotic layer
(surface to 1% light depth). Indeed, we also found a dominance of cyanobacteria in the surface layer
with a lack of PO4 and diatoms dominant at the nutrient-rich depths as discussed in detail below.
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P limitation

N limitation

Si limitation

Figure 8. Scatter diagrams of atomic nutrient ratios at the euphotic depths (100%, 30%, and 1%) in the
northern East China Sea, 2018.

The distinct vertical difference in dominant phytoplankton communities was observed in our
study area in August with cyanobacteria predominated at surface layer and diatoms prevailed at
deep layer. A strong water stratification appeared in the study area could have caused the vertical
pattern of phytoplankton community [59]. A stratified water column restricts the upward supply of
major inorganic nutrients to the upper euphotic surface layer. According to the resource competition
theory [60–62], pico-phytoplankton are favored over larger phytoplankton in nutrient-limited conditions
because of their higher nutrient affinity associated to their small size [63–65]. Thus, small size
cyanobacteria are predominant in the nutrient-deficient surface layer in August. Since zeaxanthin is
a marker pigment in cyanobacteria and plays an important role in protecting cyanobacteria against
photoinhibition [66], the high concentration of zeaxanthin at surface might be due to much higher
photosensitivity than that at the deep water column [67,68]. In addition, the water temperature
was approximately 7 ◦C higher at surface than the deep layer in August. Indeed, CCA revealed
a positive correlation between cyanobacteria and temperature in this study (Figure 7c). As water
temperature exceeds 20 ◦C, the growth rates of eukaryotic phytoplankton usually stabilize or decrease
whereas those of many cyanobacteria species increase because of their competitive advantage over
high temperature [69–71]. Therefore, the water temperature and nutrient distribution in August had a
great influence on the vertical distribution of phytoplankton communities.

During the four research periods, spatial difference in phytoplankton community was not
significantly high, but in November, there was a clear difference in phytoplankton community between
the western and eastern parts. The most predominant phytoplankton communities were diatoms in the
western part and cyanobacteria in the eastern part. The cryptophytes were the third dominant species
in both western and eastern parts. CCA result showed that cyanobacteria are associated with high
temperature, high salinity, low nutrient concentrations, and depth, whereas diatoms are associated with
low temperature and high nutrient concentrations in November (Figure 7d). Nutrient concentrations
were also horizontally different, gradually decreasing toward the west. In relation to the distribution
of these nutrients, zeaxanthin (major pigments of cyanobacteria) showed a negative correlation with
nutrients (p < 0.01, t-test), whereas fucoxanthin (major pigments of diatoms) showed a positive
correlation with nutrients (p < 0.01, t-test). These correlations with the nutrient concentrations indicate
that nutrients are a major driver of the spatial difference in phytoplankton community distribution in
November. Moreover, there was a significant difference in light condition based on the euphotic depths
between in the western and eastern parts. The euphotic layer up to 1% depth was 43 m on average in the
eastern part, whereas it was 7 m in the western part. Light can be a limiting factor largely influencing
the spatial distribution of picophytoplankton, probably because the decreasing light in water is mostly
variable in the water column [72,73]. According to [74], diatoms have high growth efficiency under a
low light condition. In comparison to the phytoplankton community in the ECS, several studies in
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other oceanic basins influenced by large rivers were compared. Similar to the East China Sea, the Gulf
of Mexico is a phosphate-limited environment during summer period [75,76]. These studies showed
that diatoms generally predominate and cryptophytes are the second most abundant group in the
winter and spring periods and cyanobacteria are most dominant during PO4-limited summer time
compared to other seasons in the Gulf of Mexico. The spatiotemporal variations in the region are
controlled mainly by river flow runoff, along with other environmental variables such as wind pressure
and stratification [75,76]. In contrast, Western Tropical North Atlantic, which is a region largely affected
by the Amazon River, is mainly dominated by the diatom-diazotroph associations (DDAs) [43]. In this
region, the phytoplankton community structure and distributions are controlled by low concentrations
of inorganic nitrite and nitrate (NO2 + NO3) [43].

Based on the four different seasonal observations in this study, the yearly average contributions of
different phytoplankton communities were 32.0%, 20.6%, 17.2%, 6.9%, 6.4%, 6.4%, 5.7%, and 5.0% for
diatoms, cyanobacteria, cryptophytes, prymnesiophytes, chlorophytes, chrysophytes, dinoflagellates,
and prasinophytes, respectively, in the northern ECS. Chlorophyll-a concentrations were highest in
May and lowest in February in this study which is consistent with previous results in the ECS [56,77].
Previous studies reported that diatoms are associated with phytoplankton blooms in early spring
and that the dominant species in the ECS are mostly chain-forming diatoms such as Pseudonitzschia
delicatissima, Thalassionema nitzschioides, and Paralia sulcate [28]. Consistent with previous observations,
this study also verified that the dominant species were diatoms during the spring bloom in May.

5. Summary and Conclusions

There are multiple factors including light intensity, stability of water column, temperature,
and nutrient conditions [78] that can cause variations in phytoplankton compositions and spatial
distributions. The seasonal variations in the phytoplankton community were distinct in our study
area although spatial and vertical variations were observed along the seasons. Diatoms appeared to
be dominant in the northern ECS throughout the year in this study. Normally, diatoms are known
to be competitive over other species at low water temperatures [79]. Therefore, in February with
a low water temperature (Figure 2) and high nutrient concentrations (Table 2), diatoms were most
predominated among our study periods. Moreover, diatoms are more efficient at high nutrient
concentrations than small phytoplankton [80] and they can quickly respond to nutrient inputs [81].
Contrary to diatoms, cyanobacteria, as the next dominant species, started to appear in May and showed
their contribution gradually increased from May to November in this study. According to previous
research, water temperature is the main control factor for the distribution of cyanobacteria [82]. In this
study, we also found that water temperature is a main factor driving the seasonal variation in the
cyanobacteria contribution in the northern ECS throughout the year based on CCA result (Figure 7).
Overall, the cyanobacteria contribution was strongly negatively correlated with the diatom contribution
in the northern ECS during our study period in 2018 (Figure 6). This result implies an ecologically
significant meaning for the marine ecosystem in the northern ECS. Under expected warming ocean
scenarios, the potential change in dominant phytoplankton groups from diatoms to cyanobacteria could
cause substantial differences in quantity and qualitative aspects of primary marine food sources in the
northern ECS. Comprehensive monitoring for qualitative and quantitative characteristics of different
phytoplankton communities is warrant for a better understanding their potential consequences on the
entire marine ecosystem in the ECS.
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Abstract: Phytoplankton are known as important harbingers of climate change in aquatic ecosystems.
Here, the influence of the oceanographic settings on the phytoplankton community structure in the
western South China Sea (SCS) was investigated during two seasons, i.e., the winter (December
2006) and summer (August–September, 2007). The phytoplankton community was mainly composed
of diatoms (192 taxa), dinoflagellates (109 taxa), and cyanobacteria (4 taxa). The chain-forming
diatoms and cyanobacteria Trichodesmium were the dominants throughout the study period. The
phytoplankton community structure displayed distinct variation between two seasons, shifting
from a diatom-dominated regime in winter to a cyanobacteria-dominated system in summer. The
increased abundance of overall phytoplankton and cyanobacteria in the water column during the
summer signifies the impact of nutrient advection due to upwelling and enriched eddy activity.
That the symbiotic cyanobacteria–diatom (Rhizosolenia–Richelia) association was abundant during the
winter signifies the influence of cool temperature. On the contrary, Trichodesmium dominance during
the summer implies its tolerance to increased temperature. Overall, the two seasonal variations
within the local phytoplankton community in the western SCS could simulate their community shift
over the forthcoming climatic conditions.

Keywords: South China Sea; upwelling; eddy; diatom; Trichodesmium; Rhizosolenia–Richelia

1. Introduction

The South China Sea (SCS), a typically oligotrophic area, is the largest marginal sea
in the tropical Pacific Ocean. The upper SCS is characterized by the monsoon-induced
circulation and mesoscale eddies which predominantly impact biogeochemical progress;
concurrently, the riverine input from the Pearl and Mekong Rivers dramatically affects
nutrient exchange in the SCS [1–4]. Despite receiving large amounts of terrestrial nutrient
input through the riverine discharge, the SCS only utilizes a small portion to support
productivity [5,6]. Nutrient concentrations in the SCS are often below the detectable
limits [7]. The ratios of nitrogen to soluble reactive phosphorus (N/P) were much lower
than 16 (the Redfield N/P Ratio), suggesting nitrogen limitations in the SCS [8]. Nutrient
deficiency causes relatively low chlorophyll concentrations [9–11], and low phytoplankton
stock compared with other adjacent marginal seas [12–14]. The western SCS is located
towards the east of the Vietnam coast, where the deep basin is extended by steep slopes,
with a maximum depth reaching 4000 m. Vietnamese upwelling is one of the typical
features in the western SCS, and the Vietnam offshore flowing to the north in summer
causes a local enhancement of Vietnamese upwelling intensity [6]. In the western SCS,
cyclonic eddies form frequently with a raised thermocline in winter, and anticyclonic eddies
form with a depressed thermocline in summer [15]. Besides, summer circulation often
has a dipole structure associated with an eastward jet, appearing off central Vietnam [16].
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These physical processes control nutrient flux from the deep water into the euphotic zone
and subsequently affect the ocean’s ecological status [17].

Marine phytoplankton, as the most important primary producer at the base of the
marine food chain, are responsible for generating roughly half of the global net primary
production, and play a key role in the elements cycle and energy flow in a marine ecosystem
as the primary producers [18]. Physical processes such as upwelling and eddies are partic-
ularly relevant to phytoplankton productivity [19]. The instabilities of these processes help
to create and maintain localized environments that favor the growth of phytoplankton [17].
The coupling between these physical and biological processes influences phytoplankton
biomass and seasonal succession [20]. In the western SCS, a series of physical processes,
controlling nutrient flux into the euphotic zone, play a profound role in supporting the
phytoplankton growth and their spatio-temporal distribution [21–26]. High chlorophyll a
concentration often occurs in the western SCS, where phytoplankton blooms even appear in
summer when southwest monsoons are parallel to the Vietnamese coast [21,22]. Wang and
Tang (2014) observed that the patchiness in spatial and vertical phytoplankton distribution
was controlled by the vertical flux of nutrients caused by curl-driven upwelling in the
western SCS [23]. Liang et al. (2018) found that the high chlorophyll a belt was determined
by the advection of coastal upwelling water by the northeastward jet and the resultant
cyclonic/anticyclonic eddies, which were defined as a ‘jet-eddy system’ [27]. Wang et al.
(2016) calculated that the contribution of phytoplankton groups to the total chlorophyll a
biomass changed along with cyclonic eddy dimensional structure [25].

Many studies have investigated phytoplankton biomass and the coupling of biological–
physical processes in the western SCS. These existing related studies were focused mainly
on pigments and remote sensing observations. However, yet, quantitative measures of
phytoplankton diversity, a comprehensive interpretation of phytoplankton successions, and
knowledge of interactions with diverse hydrodynamic settings are still meager. Knowledge
of phytoplankton species and their response within the marine environment is essential
to understand the responses of ocean biota to a dynamic ecosystem and changing global
climate [28]. Here, we carried out a series of biogeochemical investigations during two
seasons (winter and summer) in the western SCS. In this study, the cold-core cyclonic eddies
and warm-core anticyclonic eddy were observed during the summer investigation [29].
The main objectives of this study were to evaluate the spatial and temporal difference of the
phytoplankton community structure in different seasons, aiming to supply a cue of how
physicochemical influence on the phytoplankton community shifts, to provide insights
into the acclimation and adaptation of the phytoplankton community to a changing marine
environment.

2. Materials and Methods

2.1. Study Area

The sampling was carried out from the western SCS extending eastwards from the
Vietnamese shelf region towards the eastern deep basin (10–15◦ N, 110–112.5◦ E) (Figure 1).
In this region, the seasonal reversal of monsoon winds mainly controls the upper-ocean
circulations (Shaw and Chao, 1994). During the northeast (or winter) monsoon (November
to March) a stronger cyclonic gyre exists in the western portion of the southern SCS [30].
A strong coastal jet occurs in the western boundary of the SCS, southward along the con-
tinental shelf from the Chinese coast to southern Vietnam [31], causing the basin-scale
circulation. On the contrary, during the southwest (or summer) monsoon (April to August),
the weaker anticyclonic gyre dominates upper layer circulations in the southwestern SCS.
The northward jet separates from the Vietnamese coast at about 12◦ N in summer [32] and
eddy pairs associate with the jet forms [33]. The upwelling takes place off the Vietnamese
coast, which flows northeastward and carries the cold continental water into the open
basin [31]. Two cruises were conducted on the R.V. ‘Dongfanghong 2′ during the southwest
monsoon (December 2006) and northeast monsoon (August–September, 2007) periods to
assess the phytoplankton community structure in the western SCS. Two cyclonic mesoscale
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cold eddies were monitored in August and September, which were named as cold eddy 1
(CE1) and cold eddy 2 (CE2), respectively, during the cruise using in situ current, hydro-
graphic measurements as well as concurrent satellite altimeter observations [29,34]. With a
relatively steady intensity and radius, the CE2 endured for two weeks after its swift forma-
tion in late August and prior to its quick dissipation in mid-September. The anticyclonic
warm eddies, marked WE, were also observed in the survey area [29]. During this study,
a total of 15 and 36 stations were investigated in winter and summer, respectively. The
sampling stations marked with dotted circles were located within the eddy area (Figure 1).

Figure 1. Map indicating the sampling stations along the southwestern region of the South China Sea
(SCS) (Vietnamese upwelling region) (A). The arrows indicate the general surface current patterns
in the SCS during the winter (black dotted arrows) and summer (black solid arrows) [35]. Map
indicating the sampling locations during the winter (B) and summer seasons. The red dotted circle
shows the eddy area, i.e., CE1: cold eddy 1, CE2: cold eddy 2, and WE: warm eddy [29,35]. The blue
dotted lines show sampling sections defined as Section A, Section B, Section C, and Section D.

2.2. Sample Collection and Analysis

Seawater samples were collected from seven depths (0, 25, 50, 75, 100, 150, and 200 m)
at 51 sampling stations using the Niskin bottles attached to a Rosette water sampler fitted
with a Seabird 917 Plus site CTD system. A total of 40 and 230 samples for phytoplankton
analysis were collected in winter and summer respectively. Temperature and salinity data
were derived from the Seabird CTD. For enumeration of the phytoplankton community,
a 3 L seawater sample was concentrated to 1 L by using 10 μm mesh and taken into
polyethylene (PE) bottles, then fixed with 2% buffered formaldehyde solution and stored
in darkness until completing the voyage.
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After returning to the laboratory, the Utermöhl method was applied for phytoplankton
water sample analysis [36]. A 1 L subsample was stood for 48 h, then 800 mL supernatant
was removed carefully by siphoning through a catheter; it was important to note that
the position of the catheter avoided touching the bottom of the bottle. After that, the
remaining 200 mL liquid was well mixed gently, half of which was further concentrated
with a 100 mL sedimentation column (Utermöhl method) for 48 h sedimentation [37]. Then,
the phytoplankton species were identified and enumerated under an inverted microscope
(AE2000, Motic, Xiamen, China) at 400× (or 200×) magnification, and five enumerations
were performed under the non-overlapping field (529 field in total). The size limit of
resolution for this analysis was ~5 μm. The phytoplankton species were identified using
published standard literature [38] and the World Register of Marine species (http://www.
marinespecies.org, Updated: 12 April 2021). The species identification was as close as
possible to the species level.

For nutrient estimation, 100 mL of seawater was collected in the clean plastic bottles
and stored at −20 ◦C till further analysis. Nutrition data were supplied by Dr. Min Han
Dai’s lab, Xiamen University. In detail, dissolved inorganic nitrogen NOx (NO3

− + NO2
−)

was analyzed by reducing NO3
− to NO NO2

− with a Cd column and then determining
NO−

2 using the standard pink azo dye method, and a flow injection analyzer [39]. The
dissolved inorganic phosphorus (PO4

3−) concentrations were measured using two inde-
pendent methods. For PO4

3− concentrations > 500 nM, the concentration was measured by
the standard molybdenum blue procedure [40], and for PO4

3− concentrations < 500 nM,
measurements were taken with a home-made ship-board C18 enrichment-flow injection
analysis system [24,41]. Silicate concentrations were estimated using the standard silica
aluminum blue spectrophotometry method [39].

2.3. Data Analysis

Horizontal and depth-integrated distribution of phytoplankton and physiochemical
parameters were projected using Ocean Data View 4.7.6 (https://odv.awi.de/en/software/,
released on 2 March 2018). The histogram, scatter diagram, and box-whisker plots were
plotted with Origin (Version 8.5) [42]. The Spearman’s correlation analysis and canonical
correspondence analysis (CCA) between assemblages and physicochemical parameters
were performed using Past3 software (http://www.canadiancontent.net/tech/download/
PAST.html, released on June 2013).

The phytoplankton community diversity was evaluated mainly using the Shannon–
Wiener diversity index (H′), Pielou evenness index (J), and dominance index (Y) [43]. The
dominant species of phytoplankton was determined by dominance index (Y).

The Shannon–Wiener (S–W) diversity index (H′) was calculated by the equation below:

H′ = −
S

∑
i=1

Pi log2 Pi → Hmax = log2 S (1)

where Pi is the relative cell abundance of a species, i is the numbers of the i-th species, and
S is the numbers of total species in a sample. The evenness index (J) was calculated from H’
using the following formula:

J =
H′

log2 S
(2)

where H’ is the S–W diversity index, and S is the number of the total species in a sample.
The phytoplankton dominance index (Y) was calculated as follows:

Y =
ni
N

· fi (3)

where ni is the number of the individual species, N is the total number of all species, and fi
is the occurrence frequency of the species in a sample.
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Community alpha diversity indices (Shannon–Weiner index H’, and Pielou evenness
index J, Species Richness, Simpson, Chaol) were calculated and performed using the ‘vegan’
package by R version 3.6.1. (https://www.r-project.org/, released on 5 July 2019) [44].
The Kruskal–Wallis test was used to compare the abundance differences of phytoplankton
groups and diversity indices among defined groups. The two-tailed t-test was used to
compare the abundance of phytoplankton groups between different defined groups.

3. Results

3.1. Seasonality in the Environmental Variables

The surface temperature and salinity in the winter ranged from 27.06 to 28.69 ◦C and
from 33.15 to 33.72, respectively. In summer the surface temperature varied from 26.53
to 29.78 ◦C, whereas surface salinity ranged from 28.86 to 34.14. During this period, two
cyclonic eddies were accurately captured throughout the cruise using in situ current and hy-
drographic measurements as well as the concurrent satellite altimeter observations [29,35].
One cold eddy, CE1, lay in the north region (112◦ E, 14◦ N), which lasted from 15 to 31
August. The other cold eddy, CE2, located in the south region (111◦ E, 12◦ N), endured for
one week (1–8 September). Meanwhile, a warm eddy (WE) was observed near the CE2
(112◦ E, 10◦ N) (6–8 September) (Figure 1). During both seasons, the entire study region
was divided into the following eddy stages (as adopted by [35]): no eddy stage (NE, in
winter (December 2006)), CE1 stage (15–24 August 2007), CE1 relaxation stage (CE1-r, 25 to
31 August 2007), CE2 (1–8 September 2007), and WE (6–8 September 2007). The sampling
stations marked with dotted circles were located within the eddy area (Figure 1). The
data of various environmental factors during both seasons are given in Table A1. During
all stages, the temperature decreased with water depth. The temperature at 50–100 m
was relatively high in the WE stage compared with other stages (Table A1). The salinity
increased with water depth. The nutrition concentrations also increased with water depth,
and they were relatively high in the winter compared with that in the summer (the eddy
stages). Among the different cyclonic stages in the summer, the average concentration of
inorganic nitrogen (nitrate and nitrite) was almost below 0.2 μmol/L (except in the CE1
stage) in the upper water (0–50 m). However, in the middle water column (50–100 m), the
average concentration of inorganic nitrogen, phosphate, and silicate were relatively higher
during the CE1 and CE2 stages than during the CE1-r and WE stages.

3.2. Phytoplankton Species Composition in the Study Region

During the winter, a total of 112 phytoplankton taxa belonging to six phyla (Bacillar-
iophyta, Dinophyta, Cyanophyta, Chlorophyta, Haptophyta, and Chrysophyta) and 39
genera were identified in the study region. The phytoplankton community was mainly
composed of diatoms with 99 taxa belonging to 29 genera. Among diatoms, Chaetoceros
and Rhizosolenia emerged frequently. Species in the genera Bacteriastrum and Coscinodiscus
declined evidently. Nine dinoflagellate taxa belonging to six genera were reported during
the present study. The frequency of most dinoflagellate species, especially the species
belonging to the genera Protoperidinium, Ceratium, Oxytoxum, Amphisolenia, Ornithocercus,
Podolampas, and Dinophysis, was decreased in the winter compared to summer. During the
winter season, the cyanobacteria group was mainly comprised of Trichodesmium thiebautii,
Trichodesmium erythraeum, and the symbiotic cyanobacteria Richelia intracellularis. Among
them, T. thiebautii was the most abundant (0.01), although with an extremely low occurrence
frequency (0.50) (Table 1). Besides T. thiebautii, the diatom species Thalassionema nitzschioides,
Nitzschia spp., Thalassiosira rotula, Navicula spp., and Chaetoceros spp. dominated the species
assemblage (Table 1). Species such as Dictyocha fibula and Scenedesmus quadricauda were
also observed during the winter (Table 1). The symbiont cyanobacteria R. intracellularis was
mainly associated with diatom species such as Guinardia cylindrus, Rhizosolenia styliformis,
and Rhizosolenia hebetata. Notably, its association with R. hebetata was more dominant
during the winter.
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During the summer season, 320 taxa belonging to 148 genera and six phyla (Bacil-
lariophyta, Dinophyta, Cyanophyta, Chlorophyta, Haptophyta, and Chrysophyta) were
identified in the southwestern SCS. Among them, diatoms represented 187 taxa belonging
to 54 genera and they were more dominant than the dinoflagellates (109 taxa from 22
genera). The phytoplankton community was more diverse in the summer than in the
winter. The number of taxa and genera almost increased by a factor of two and three,
respectively. Trichodesmium and Chaetoceros were the fpredominant genera in the phyto-
plankton community. The chain-forming species, including T. thiebautii, T. nitzschioides,
T. erythraeum, Chaetoceros dichaeta, Chaetoceros affinis, Chaetoceros lorenzianus, Thalassionema
frauenfeldii, Pseudo-nitzschia delicatissima, Pseudo-nitzschia pungens, Leptocylindrus danicus,
Hemiaulus hauckii, and Bacteriastrum comosum, dominated the phytoplankton assemblage
during the summer season (Table 1). In addition, the small-sized diatoms Nitzschia spp.
and Navicula spp. were widely distributed in the study area. The cyanobacteria species T.
thiebautii, T. erythraeum, and symbiotic cyanobacteria R. intracellularis and Calothrix rhizosole-
niae were also reported during the summer. R. intracellularis was mainly associated with
the diatom hosts such as R. styliformis, G. cylindrus, R. hebetata, and Hemiaulus membranaceus
in the intercellular location. However, C. rhizosoleniae was attached externally to species
like Chaetoceros subsecumdus, C. affinis, Chaetoceros compressus, Chaetoceros glandazii, and
Chaetoceros tortissimus.

Table 1. List of the dominant phytoplankton species (with their occurrence frequency f and dominance index Y) observed
during the winter and summer seasons in the southwestern South China Sea.

Winter Summer

Species f Y Species f Y

Thalassionema nitzschioides 0.23 0.0231 Trichodesmium thiebautii 0.29 0.1842
Nitzschia spp. 0.33 0.0136 Thalassionema nitzschioides 0.57 0.0171

Trichodesmium thiebautii 0.05 0.0120 Trichodesmium erythraeum 0.13 0.0071
Thalassiosira rotula 0.30 0.0102 Chaetoceros dichaeta 0.28 0.0066

Navicula spp. 0.28 0.0089 Chaetoceros affinis 0.40 0.0054
Chaetoceros spp. 0.23 0.0081 Thalassionema frauenfeldii 0.54 0.0052

Bacteriastrum spp. 0.13 0.0066 Chaetoceros lorenzianus 0.30 0.0043
Dictyocha fibula 0.25 0.0057 Pseudo-nitzschia delicatissima 0.35 0.0041

Thalassiosira subtilis 0.20 0.0049 Pseudo-nitzschia pungens 0.28 0.0030
Chaetoceros affinis 0.08 0.0019 Leptocylindrus danicus 0.30 0.0026

Chaetoceros coarctatus 0.05 0.0016 Hemiaulus hauckii 0.37 0.0025
Chaetoceros lorenzianus 0.03 0.0014 Nitzschia spp. 0.65 0.0025

Corethron hystrix 0.05 0.0013 Navicula spp. 0.68 0.0022
Chaetoceros atlanticus 0.10 0.0008 Bacteriastrum comosum 0.23 0.0020
Chaetoceros laciniosus 0.05 0.0007 Bacteriastrum hyalinum 0.20 0.0019

Thalassiothrix frauenfeldii 0.05 0.0006 Chaetoceros messanense 0.23 0.0015
Rizizosoleniu Rhizosolenia

hebetata-Richelia 0.08 0.0005 Chaetoceros curvisetus 0.14 0.0013

Rhizosolenia hebetata 0.03 0.0005 Chaetoceros tortissimus 0.16 0.0013
Octactis octonaria 0.08 0.0004 Bacteriastrum elongatum 0.21 0.0012

Leptocylindrus mediterraneus 0.03 0.0004 Dactyliosolen blavyanus 0.36 0.0010

3.3. Seasonal Distribution of Phytoplankton Community

The phytoplankton abundance during the winter ranged from 0.08 × 103 to 9.52 ×
103 cells L−1, with an average of 2.74 × 103 cells L−1. Diatom abundance ranged from
0.08 × 103 to 3.36 × 103 cells L−1 (average 0.67 × 103 cells L−1) and comprised ~63% of
the total phytoplankton abundance (Table A2). Chaetoceros was a common genus in the
diatom group with an average abundance of 0.61 × 103 cells L−1. Diatoms dominated
the phytoplankton assemblage at most stations, except St. Y22, where Trichodesmium con-
tributed 92% (total 8.8 × 103 cells L−1) to total phytoplankton abundance in the surface
water (Figure 2a). Cyanobacteria were observed only in three stations, with the abundance
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of 0.56 × 103 cells L−1 at St. Y23, 2.16 × 103 cells L−1 at St. Y34, and 8.80 × 103 cells L−1 at
St. Y22 (continental region) (Figure A1). Moreover, the total abundance of T. thiebautii was
10.16 × 103 cells L−1, which accounted for a 24% proportion of the whole community. The
symbiotic cyanobacteria only consisted of Richelia intracellularis, with a total abundance
of 1.36 × 103 cells L−1, contributing ~27% to total community abundance. Dinoflagellate
abundance ranged from 0.08 × 103 to 0.16 × 103 cells L−1 (average 0.10 × 103 cells L−1) and
contributed approximately 1% to total phytoplankton abundance. The highest dinoflagel-
late abundance was observed at open water station M07 (Figure 2a).

On the contrary, the overall phytoplankton abundance ranged from 0.02 × 103 to
128.82 × 103 cells L−1, with an average of 1.05 × 103 cells L−1. Compared to the winter
season, the overall proportion of diatoms in the phytoplankton community decreased by
33.78% in summer, although the ratio of diatom/dinoflagellate was comparable. Con-
versely, the proportion of cyanobacteria increased by 12.11%, where Trichodesmium con-
tributed up to 44.84% (Figure 2b). The diatom–diazotrophic associations decreased by
2.70%. Cyanobacteria was the most abundant group, as the abundance ranged from 0.02
× 103 to 123.15 × 103 cells L−1 (average 1.89 × 103 cells L−1) and contributed to 69% of
the total phytoplankton abundance. The abundance of T. thiebautii reached up to 121.55
× 103 cells L−1. The total abundance of symbiotic cyanobacteria in the region was 3.36
× 103 cells L−1, with a Richelia intracellularis and Calothrix rhizosoleniae abundance of 2.20
× 103 and 1.16 × 103 cells L−1, respectively. The cyanobacterial population was even
distributed in deeper waters in the summer than that in the winter. The average abundance
(0.83 × 103 cells L−1) and the proportion of diatoms were about half that of cyanobacteria
(Table A2). Among the diatoms, Chaetoceros was the most dominant species and contributed
~42% to diatom abundance. Dinoflagellates, together with other groups, contributed a
small proportion (below 10%) of the phytoplankton community (Table A2). Compared
with historical data of phytoplankton composition and abundance in similar regions and
seasons, we detected a relatively higher species number in the summer, and the average
abundance of phytoplankton was in accordance with previous data (Table 2).

Figure 2. Composition and abundance (cell L−1) of phytoplankton community in the surface water in
the winter (A) and summer (B), and vertical distribution (station average) patterns of phytoplankton
group relative abundance (%) in the winter (C) and summer (D).
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Table 2. Comparison of historical data of phytoplankton with average cell abundance in the South China Sea.

Sampling Date Region Water Depth (m) Species Number Abundance (103 cell L−1) Reference

1998–06–07 6–23◦ N,108–120◦ E 0–150 m 88 0.84 [17]
1998.06 5–25◦ N,105–120◦ E Surface 63 0.83 [45]
1998.08 18–22◦ N, 105–117◦ E Surface 58 181.00 [45]

1998.11–12 18–22◦ N, 105–117◦ E 0–150 m 85 8.46 [17]
2006.12 10–15◦ N, 110–112.5◦ E 0–200 m 117 2.74 This study

2007.08–09 10–15◦ N, 110–112.5◦ E 0–200 m 314 1.05 This study
2007.08 18–22◦ N, 110–120◦ E 0–200 m 216 11.22 [46]
2009.08 18–22◦ N, 110–117◦ E 0–200 m 109 8.20 [47]

2009.07–08 18–23.5◦ N, 109–120◦ E 0–200 m 150 26.49 [48]
2014.08 18–22◦ N, 114–116◦ E 0–200 m 229 16.32 [14]
2014.08 18–22◦ N, 114–116◦ E Surface 98 0.23 [14]

2015.07–08 21–23.5◦ N, 111–117◦ E 0–200 m 212 45.61 [49]
2017.07–08 14–23◦ N, 114–124◦ E 0–200 m 287 2.14 [50]

3.4. Vertical Distribution of Phytoplankton Community at Different Eddy Stages

The phytoplankton composition and abundance during the summer and winter sea-
sons were not only different in the surface layer but also the water column (Figure 2). In
the winter, the abundances and proportions of cyanobacteria were comparable to that of
diatoms, whereas in the summer, the cyanobacterial population was close to double that
of diatoms. During the winter, the relative abundance of diatoms was greater below 50 m
(peak abundance 2.56 × 103 cells L−1 at Stn 23), whereas the dinoflagellates (25 m) and
cyanobacteria (0 and 25 m) abundance increased above 50 m (Figures 2c and A1). The
highest abundance of cyanobacteria (8.8 × 103 cells L−1) was observed in the surface water
at Stn 22. Dinoflagellates contributed more to total phytoplankton at M07. Other phyto-
plankton species, mainly Dictyocha fibula, were relatively abundant and contributed 7.95%
to total phytoplankton abundance in the surface water. During the summer, phytoplankton
were mainly distributed towards the south of 13◦ N. Among them, the cyanobacteria
mainly flourished in the area with eddy existence (especially around the sites of 14.5◦ N,
112◦ E and 12◦ N, 114◦ E), while diatoms were distributed in the southern area and the
open basin (Figure 2b, Figure A2). The abundances of diatoms and dinoflagellates in the
eddy mature stage (CE2) rose to 10 times that in the eddy relaxation stage (Figure 2b).
Dinoflagellates accounted for a relatively high proportion of total phytoplankton at Y00
and stations along 14◦ N (Figure 2a). The abundance of Dictyocha fibula was very low,
with the proportion of 0.06% of total phytoplankton abundance. Overall, depth-wise the
cyanobacterial population was relatively abundant (>50%) until 100 m, whereas diatoms
and (to some extent) dinoflagellates dominated deeper layers (Table A3). Moreover, the
vertical distribution of cyanobacteria revealed their dominance on the edge of cold eddies
and the open basin (Figure 3b, Section A, and Section B), as well as in the area influenced
by the warm eddy (Figure 3b, Section C, and Section D). Differently, other phytoplankton
(excluding cyanobacteria) mainly emerged in the center of cold eddies (Figure 3a, Section A,
and Section B), followed by the continental area impacted by coastal upwelling (Figure 3a,
Section D).
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                   (a)                                       (b)   

Figure 3. Vertical distribution of phytoplankton abundance during the summer. (a) Phytoplankton
(Phyto) excluding cyanobacteria; (b) cyanobacteria (Cyano). CE1: cold eddy 1, CE2: cold eddy 2, and
WE: warm eddy.

The proportions of the main phytoplankton groups changed remarkably with different
stages (Figure 4a). The abundance of Trichodesmium in the phytoplankton community
increased in the summer. The ratio of diatom to dinoflagellate (dia/din) was comparable
during the winter and summer, whereas it was lower in CE2 (34.10) than in WE (Table A4).
The diatom to cyanobacteria ratio (dia/cya) in the winter was five times more than in
the summer. Furthermore, the dia/cya ratio was lower in the eddy periods than the no
eddy and eddy relaxation stages. The relative contribution of algae groups including
diatoms, dinoflagellates, and symbionts decreased dramatically during cold eddy mature
stages but increased significantly during the later stages (Figure 4a). The dominant genus
Trichodesmium presented a discrepant occurrence; however, its relative contribution to the
phytoplankton community was much higher than that in non-eddy stages. The proportion
of Trichodesmium (80.92%) and the dia/cya ratio (0.23) in the cold eddy mature period
(CE2) were comparable to that in the warm eddy period (WE) (80.06%, 0.24, respectively)
(Figure 4a). The phytoplankton abundance varied significantly above 50 m in the water
column, while no significant difference was observed below the 50 m layer (Figure 4b).
The phytoplankton community significantly varied seasonally (two-tailed t-test, p < 0.05)

185



Water 2021, 13, 1209

(Table A5). Similarly, the variation of diatoms and dinoflagellates other than cyanobacteria
showed a significant difference between eddy stages (p < 0.01). Moreover, the abundance
of different phytoplankton groups, excluding cyanobacteria, had statistical differences
among different periods (Kruskal–Wallis test, p < 0.01) (Figure A3). Thus, the overall
results indicate that the phytoplankton community composition and structure changed
with season and eddy development.

Figure 4. The relative abundance (%) contribution of different groups to the phytoplankton community (a), and the vertical
variation of phytoplankton abundance (cell L−1) at different eddy stages (b). (NE: winter, CE1: cold eddy 1, CE1-r: cold
eddy 1 relaxation, CE2: cold eddy 2, and WE: warm eddy).

3.5. Diversity of Phytoplankton Community

The Shannon–Weiner index (H’) and Pielou evenness index (J) were used for analyzing
phytoplankton community diversity in this study. Our results show that the Shannon–
Weiner index had a similar distribution pattern to the Pielou evenness index in both
seasons (Figure A1). During the winter, the Shannon–Weiner index and Pielou evenness
index ranged from 0.50 to 3.35 (avg. 1.28) and 0.09 to 0.57 (avg. 0.22), respectively, in the
surface water (Figure 5a). High phytoplankton community diversity was observed in the
open ocean region (Figure 5b). In the summer, the Shannon–Weiner and Pielou evenness
indexes ranged from 0.01 to 5.14 (avg. 2.70) and 0.01 to 0.62 (avg. 0.32), respectively, in
the surface water. Diversity indices were significantly higher in the summer than winter
(p < 0.001), whereas the Pielou evenness index was significantly lower (p < 0.05) during
the summer (Figures A1 and A4). This emphasizes that the surface water phytoplankton
community in the summer was significantly more diverse than in the winter. Moreover, the
phytoplankton community diversity in the summer was high in the water column (from
25 to 75 m depth) and also in eddy-controlled areas. Then, phytoplankton diversity was
also higher towards the southern part around 13◦ N (Figure 5). In the study region, the
diatoms and cyanobacteria controlled the phytoplankton community structure, whereas
dinoflagellates and other groups contributed significantly to the transformation of the
phytoplankton community and diversity.
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Figure 5. Shannon–Wiener diversity index (H’) (a) and cell abundance (b) of the phytoplankton
community at different layers in summer.

3.6. Effect of the Environmental Cues on the Phytoplankton Community

The influence of the environmental factors on shaping the phytoplankton community
structure in the western SCS was assessed using Spearman’s correlation and CCA analysis
(Figure 6). The phytoplankton community in the region was significantly influenced by the
seasonality in the environmental characteristics. During the winter season, phytoplankton
was positively correlated with temperature and Si/N ratio, and was mainly influenced
by nitrogen (nitrate and nitrite) (Figure 6a,b). The various diatom groups had a different
response to the aquatic environment. Bacteriastrum and Chaetoceros, which belong to
the class of Centricae, exhibited significant relationships with environmental parameters,
whereas diatoms that belonged to the class Pennatae had no significant relationship with
any environmental parameter (Figure 6a,b). In detail, Centricae was positively influenced
by temperature but negatively by water depth. However, Pennatae showed a discrepant
relationship with the environment as compared to Centricae. These disparate responses
evidence that the Centricae thrives in upper warm water, whereas Pennatae prefers the
cool lower water. The Chrysophyte member Dictyocha was significantly associated with
the various environmental parameters, which could eventually fuel its growth during the
winter (Figure 6a). Cyanobacteria were significantly influenced by N/P and Si/N ratios,
while dinoflagellates did not reveal an obvious correlation with environmental parameters.

The abundance of phytoplankton groups, excluding cyanobacteria, was significantly
different during both the summer and winter seasons (Kruskal–Wallis test, p < 0.01)
(Table A3). During the summer, the various phytoplankton groups (except Pennatae
diatoms) were significantly influenced by the changing environmental factors (such as
temperature, salinity, and nutrients at the respective depths) (Figure 6c,d)). However,
the Pennatae diatom species did not show a significant relationship with environmental
parameters, similar to that in winter (Figure 6c,d). Unexpectedly, Dictyocha also was not
influenced by the changing water characteristics in the summer season. Cyanobacteria,
including Trichodesmium and symbionts, were significantly influenced by the spatially and
temporally changing environmental parameters. In summer, temperature, salinity, and
nutrients were the important factors significantly controlling the phytoplankton growth
(p < 0.05). This could evidence that the dynamic change in the environment (due to eddies
and upwelling) results in temperature and nutrient variations, which in turn influence
profoundly the phytoplankton community structure.
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Figure 6. The influence of the environmental factors on the phytoplankton community shown
with Spearman’s correlation and CCA value, respectively. Notes: (A,B) represents Spearman’s
correlation and CCA for the winter samples, and (C,D) represents Spearman’s correlation and CCA
for the summer samples. Environmental parameters include temperature (T), salinity (S), depth
(Dep), PO4

3− (P), N: NOx (P), SiO3
2− (Si), N/P ratio, and Si/N ratio. Phytoplankton are listed as the

following groups: diatoms G1 to G3 represent Bacteriastrum, Chaetoceros, and Rhizosolenia, belonging to
the class of Centricae, G4 to G6 represent Fragilariaceae, Naviculaceae, and Nitzschiaceae, belonging
to the class of Pennatae, and G7 to G9 represent Dictyocha, Trichodesmium, and symbionts. Dia: diatom,
Din: dinoflagellate, Cya: cyanobacteria, and Phy: phytoplankton.

4. Discussion

4.1. Influence of Hydrological Processes on the Phytoplankton Community

The East Asian monsoon system has a strong bearing on the oceanographic and
resultant biological features of the SCS. During the winter monsoons, the circulation in the
southern SCS forms a cyclonic gyre, and an anticyclonic gyre during the summer monsoon.
The surface water in most areas of the SCS is impoverished of nutrients due to a strong
pycnocline, leading to a paucity of phytoplankton stock and production [19]. In winter,
towards the western boundary of the SCS, the Vietnam offshore flow (which exists between
11◦ and 16◦ N) drifts northwards (along the coast) in the summer and southwards during
the winter [31]. This flow pattern forms an offshore jet between 12◦–13◦ N, resulting in
a local enhancement of the upwelling intensity during the summer. The peculiarity of
stretching deformation separates the Vietnamese upwelling from the offshore area and
water masses [6,36]. Simultaneously, a strong coastal jet forms a dipole recirculation pattern
and flows northeastward between a cyclonic cold eddy (CE2) and an anticyclonic warm
eddy (WE) [29]. In this study, the phytoplankton community, especially diatoms, showed
relatively high diversity in the continental margin influenced by the Vietnamese upwelling.
Previously, the high Chlorophyll a concentrations were observed along the Vietnamese
coast [21,27,51]. Loick-Wilde et al. (2017) estimated that the diatoms dominated the cell-
carbon biomass in the Vietnamese upwelling area [11]. The nutrient advection during the
coastal upwelling stimulates the phytoplankton growth in the upper layers [27].

During the summer season, eddies were persistent in the upper ocean layers in
the SCS. The phytoplankton community structure changed with eddy developments.
Statistical analysis revealed that the growth of various algae groups (except cyanobacteria)
significantly varied with different eddy development phases, suggesting a significant
influence of eddies on the phytoplankton community in the study region. The high
phytoplankton abundance observed between the 25 and 100 m depth layers was mainly
influenced by eddies. Earlier studies in the SCS pointed out that the maximum chlorophyll
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a concentration often appeared from 50 to 100 m in the non-eddy region, and appeared
at 75 m in the eddy [23,27]. The cold eddy occurrence resulted in a continuous increase
in diatom abundance compared to the non-eddy period, as observed previously [20].
The nutrient advection due to variable vertical motion could support the difference in
phytoplankton abundance variation in the subsurface water [27]. Mesoscale eddies were
proved to supply 20–40% of the nutrient requirements of phytoplankton [52,53]. The
enhanced productivity in eddies could be even comparable to the productivity supported
by upwelled subsurface nitrate driven during the prevailing monsoon [9]. The increased
chlorophyll a concentrations due to nutrient enrichment during cyclonic eddies were also
observed elsewhere [54]. Nutrient supplements derived from eddy occurrence, resulting in
phytoplankton development, reflected the inter-coupling between physical and biochemical
processes in the SCS region.

Different phytoplankton functional groups have a varied response to seasonal and
spatial fluctuations of environmental factors [55]. Diatoms are a major starter of food
chains and food webs, and important contributors to marine primary production and
the ocean carbon cycle [56,57]. Cyanobacteria could maintain the balance of the global
ocean nitrogen budget by biological nitrogen fixation [58]. In this study, the diversity and
abundance of phytoplankton were much higher in the summer than that in the winter.
Diatoms contributed more to phytoplankton abundance in the winter, but cyanobacteria
(Trichodesmium dominance) contributed more in the summer. This seasonal variation
clearly explains the shifts within the phytoplankton community from diatoms (in winter)
to cyanobacteria (in summer). Earlier, in the SCS, a higher proportion of diatoms in the
phytoplankton assemblage was reported during the winter than in summer [19]. However,
discrepantly, the dominance of Trichodesmium was not reported earlier [19]. Moreover,
high phytoplankton abundance was reported at a deeper layer due to the deepened
thermocline in the summer, compared with that in the winter. The variations of major
phytoplankton groups were explained by different adaptive strategies to overcome the
constraints imposed by temperature and nutrient concentration variations in the SCS [59].
Here, wind pumping also played a significant role in inducing high biological productivity
during the summer monsoon. The upwelling and cold eddies both fueled the nutrient
enrichment and eventually the phytoplankton diversity during the summer season. Overall,
in the western SCS, the seasonality of the phytoplankton community and growth dynamics
could be significantly influenced by the coupled physical processes mostly driven by the
East Asian Monsoon. Changes in compositions of phytoplankton in this study provide
clues in understanding the mechanisms that regulate their acclimation and adaptation to
changing environments.

4.2. Significance of Diazotrophic Cyanobacteria in the Western SCS

Nitrogen acted as an essential but limiting factor for phytoplankton. Nitrogen con-
centration in the surface water was mostly below the detection limit in the western SCS.
Although frequent eddies, driven by upwelling and monsoon, replenish nutrients from the
deeper water, nitrogen lost through denitrification (leading to Redfield ratios below 16) in
the water column becomes a major limiting factor for phytoplankton growth [60]. There-
fore, diazotrophic cyanobacteria essentially alleviate nitrogen limitation and are involved
in regulating marine productivity [1,61,62]. In this study, diazotrophic cyanobacteria con-
taining Trichodesmium and the diatom-associated symbionts Richelia and Calothrix were the
highest in abundance. Trichodesmium was the most dominant species in the phytoplankton
community in the continental margin and the oligotrophic basin during both seasons. The
dominance of Trichodesmium was also recorded in the SCS earlier [62]. The high abundance
of Trichodesmium that appeared in the subsurface water could be controlled by upwelling
and eddies. Together with eddy perturbations, the abundance of Trichodesmium was more
than 12 times higher in the eddy mature period than that in the degenerating stage. Com-
pared to the previous study [19], the Trichodesmium abundance was above one order of
magnitude higher in our study. Here, temperature and nutrient concentration were signif-
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icant influencing factors for the Trichodesmium population. Earlier studies in this region
indicated that Trichodesmium regulated the higher N2 fixation and primary production rates
in the oligotrophic offshore waters [11]. The nitrogen-fixing by Trichodesmium was quickly
converted to plankton biomass and, in particular, the abundance of the diatoms (increased
by 1.4–15 factor) in the Pacific Ocean [63]. Thus, here, it can be speculated that the thriving
Trichodesmium population potentially contributes the bioavailable nitrogen into the olig-
otrophic waters in the western SCS. In addition, the symbionts Calothrix and Richelia, and
their host diatoms, were relatively abundant in the summer, whereas Rhizosolenia–Richelia
dominated in the winter. Symbionts often formed blooms in the low-nutrient water of
the Pacific and the Atlantic Oceans [64–67]. Foster et al. (2011) estimated that the diatom
partners influenced the growth and metabolism of their cyanobacterial symbionts Richelia
and Calothrix, and the export of diazotroph-derived nitrogen supported the growth of the
diatom partners [68]. Thus, diazotrophic symbioses and Trichodesmium would potentially
play an important role in the nitrogen supplementation and phytoplankton growth of the
oligotrophic ocean.

4.3. Phytoplankton Thermal Adaptations Inferred from Seasonal Successions

Global warming has increased steadily and increasingly involved deeper layers of the
ocean since 1990 [69]. The warming ocean temperature would cause an alteration in the
succession of the phytoplankton community [70–72]. Rising temperatures this century will
cause poleward shifts in species’ thermal niches [73]. Concomitantly, the ongoing global
climate change is also linked to prolonged periods of anomalously high sea surface temper-
atures, which are defined as marine heatwaves [74]. From 1925 to 2016, the global average
marine heatwave frequency and duration increased by 34 and 17%, respectively, resulting
in a 54% increase in annual marine heatwave days globally [75]. Marine heatwaves have
been accompanied by a large-scale change in surface chlorophyll levels, shifts in marine
species location, and the reshaping of community structure [76,77]. Evidence from the
field indicates temperature changes may lead to changes in diatom biogeography [59,78],
and each species, even within the same genus, has its own characteristic temperature
performance curve [79]. In this study, the seasonal succession of phytoplankton showed
a predominance of diatoms in the phytoplankton community in the cool winter, which
further shifted to cyanobacterial prevalence during the warm summer. Furthermore, in
this study diatoms belonging to Centricae (represented by Chaetoceros, Rhizosolenia, and
Bacteriastrum) were significantly related to temperature, as compared to Pennatae groups
(such as Fragilariaceae, Naviculaceae, and Nitzschiaceae). The dominance of Centricae
diatom species is often observed in the tropical ocean [14,80,81]. In the future, Centricae
will become a potentially more sensitive group in the succession of the phytoplankton
community as a consequence of the ocean temperature rise. On the other side, ocean stratifi-
cation caused by rising temperature could result in nutrient deficiency [82]. Cyanobacteria
prefer such a warm habitat with the low-nutrient oligotrophic condition. Here, in this
study, the declining diatom predominance in the phytoplankton community during the
warm condition could reveal their vulnerability to increasing temperature. On the contrary,
flourishing cyanobacterial populations, mainly Trichodesmium, in warm conditions reflected
their preference and adaptability in response to environmental change. The overall findings
of our study could provide insight into phytoplankton community succession in future
global temperature rise, and its further influence on biogeochemical cycles.

5. Conclusions

Here, we addressed the seasonal variability of the phytoplankton population in the
western SCS, during the summer and winter monsoon periods. The seasonal changes
of the phytoplankton community shifted from a diatom-dominated regime in winter to
a cyanobacteria-dominated regime in the summer. This community change was con-
trolled by eddies and upwelling activities during this season. Precisely, nutrient advection
due to eddy activity triggered phytoplankton abundance, diversity, and Trichodesmium
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proliferation in summer. However, elevated temperature adversely influenced the diatom–
diazotrophic association during the summer. The phytoplankton community succession
responses to local oceanographic forces provide insights into forecasting biotic community
evolution in the future global climate change.
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Appendix A

Table A1. The average of environmental factors during different eddy developmental stages (-: missing data).

Stage Layer Temperature (◦C) Salinity NOx (μmol/L) PO4
3− (μmol/L) SiO3

2− (μmol/L)

Winter/NE

0–50 27.61 33.48 <0.2 0.03 2.39
50–100 21.11 34.35 7.2 0.44 8.52
100–150 16.92 34.54 15.62 1.02 18.06
150–200 15.20 34.50 18.42 1.28 23.63

CE1

0–50 27.55 33.77 0.50 0.05 2.70
50–100 22.27 34.28 5.87 0.40 7.75
100–150 17.71 34.53 14.45 0.97 15.52
150–200 13.64 34.51 15.67 1.33 24.67

CE1-r

0–50 27.56 33.80 <0.2 0.05 2.20
50–100 22.38 34.27 4.55 0.33 6.28
100–150 18.94 34.50 11.05 0.83 13.32
150–200 17.38 34.57 15.60 1.24 22.71

CE2

0–50 28.36 33.37 <0.2 0.03 2.28
50–100 22.36 34.29 6.44 0.40 7.34
100–150 17.31 34.53 14.39 0.94 14.16
150–200 - - 18.80 1.27 22.19

WE

0–50 29.18 32.99 <0.2 0.05 2.25
50–100 24.92 33.93 4.55 0.17 3.96
100–150 17.74 34.55 14.72 0.86 13.47
150–200 - - 17.50 1.11 18.16
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Table A2. The abundance of phytoplankton during the winter and summer seasons (cell L−1).

Group Winter Summer

Diatom Range 80–3360 5–13,482
Average 670 827

Total 26,800 190,045
Proportion 63.57% 30.18%

Dinoflagellate Range 80–160 2–245
Average 12 16

Total 480 3585
Proportion 1.14% 0.57%

Cyanobacteria Range 560–8800 16–123,150
Average 288 1891

Total 11,520 434,912
Proportion 27.32% 69.07%

Others Range 80–560 3–60
Average 84 5

Total 3360 1166
Proportion 8.00% 0.19%

Phytoplankton Range 80–9520 20–128,820
Average 1054 2738

Total 42,160 629,708

Table A3. The in-depth average abundances and proportions of phytoplankton groups during the winter and summer
seasons.

Season Depth
(m)

Diatom Dinoflagellate Cyanobacteria Others Total

Average
(cell L−1)

Proportion
Average

(cell L−1)
Proportion

Average
(cell L−1)

Proportion
Average

(cell L−1)
Proportion

Average
(cell L−1)

Winter

0 704 50.00% 5.33 0.38% 586.67 41.67% 112 7.95% 1408
25 53.33 66.67% 26.67 33.33% 0 0 0 0 80
50 880 51.16% 0 0 680 39.53% 160 9.30% 1720
75 1706.67 86.49% 80 4.05% 0 0 186.67 9.46% 1973.33
100 1008 91.30% 16 1.45% 0 0 80 7.25% 1104
150 304 100% 0 0 0 0 0 0 304
200 176 91.67% 0 0 0 0 16 8.33% 192

Summer

0 1978.19 38.02% 39.14 0.75% 3182.31 61.16% 3.04 0.06% 5202.69
25 1372.29 17.06% 32.58 0.40% 6633.21 82.45% 6.50 0.08% 8044.56
50 1295.67 41.45% 13.52 0.43% 1803.94 57.71% 13.10 0.42% 3126.23
75 414.11 31.61% 10.49 0.80% 880.32 67.20% 5.42 0.41% 1310.35
100 264.39 43.48% 4.90 0.81% 335.40 55.17% 3.68 0.61% 608.39
150 125.54 95.84% 3.17 2.42% 0 0 2.08 1.58% 130.79
200 107.60 97.82% 1.23 1.12% 0 0 1.09 0.99% 109.92

Table A4. TThe abundance of phytoplankton groups at different eddy developmental stages.

Group NE CE1 CE1-r CE2 WE

Abundance
(cell L−1)

Diatoms 26,800 104,334 3654 53,827 28,231
Dinoflagellate 480 1258 116 1579 627
Cyanobacteria 11,520 87,816 2507 236,753 116,098
Trichodesmium 10,160 85,635 2025 236,341 115,810

R. intracellularis 1360 2181 482 411 288
Other groups 3360 621 82 406 56

Total 42,160 194,029 6359 292,564 145,012

Proportion

Diatoms 63.57% 53.77% 57.46% 18.40% 19.47%
Dinoflagellate 1.14% 0.65% 1.82% 0.54% 0.43%
Cyanobacteria 27.32% 45.26% 39.42% 80.92% 80.06%
Trichodesmium 24.10% 44.14% 31.84% 80.78% 79.86%

R. intracellularis 3.23% 1.12% 7.58% 0.14% 0.20%
Other groups 7.97% 0.32% 1.29% 0.14% 0.04%

Abundance
ratio

Diatoms/Dinoflagellate 55.83 82.94 31.50 34.10 44.99
Diatoms/Cyanobacteris 2.33 1.19 1.46 0.23 0.24

192



Water 2021, 13, 1209

Table A5. The average abundances of phytoplankton groups were analyzed by t-test between
different eddy developmental stages.

Winter CE1 CE1-r CE2

Summer a1, b1, c3, d1

CE1-r a2, b3, c3, d3

CE2 a2, b1, c3, d1 a2, b2, c3, d1

WE a2, b2, c3, d1 a2, b2, c3, d3 a1, b2, c3, d1

Note: a: diatom, b: dino, c: cyan, d: others; t-test: 1: 0.01 < p < 0.05, 2: p < 0.01, 3: p > 0.05.

Figure A1. Vertical variation of phytoplankton abundance (a) and surface distribution diagram of community diversity
(b) in winter.

Figure A2. Horizontal distributions of cyanobacteria (Cyano) and other phytoplankton (Phyto) abundances at the different
water layers in summer.
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Figure A3. The phytoplankton group difference among defined stages by Kruskal–Wallis test
(**: p < 0.01, A: winter, B: summer, C: warm eddy, D: Eddy II, E: Eddy I, F: Eddy I relaxation,
a: phytoplankton, b: diatom, c: dinoflagellate, and d: others).

Figure A4. Alpha diversity indices were analyzed between the two seasons (*: 0.01 < p < 0.05, ***: p < 0.001).
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