
Environmental Research 207 (2022) 112165

Available online 4 October 2021
0013-9351/© 2021 Elsevier Inc. All rights reserved.
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A B S T R A C T   

In the Amundsen Sea, significant global warming accelerates ice melt, and is consequently altering many ocean 
properties such as sea ice concentration, surface freshening, water column stratification, and underwater light 
properties. To examine the influence of light, which is one of the fundamental factors for phytoplankton growth, 
incubation experiments and field surveys were performed during the austral summer of 2016. In the incubation 
experiments, phytoplankton abundance and carbon biomass significantly increased with increasing light levels, 
probably indicating light limitation. Growth rates of the small pennates (mean 0.42 d− 1) increased most rapidly 
with an increase in light, followed by those of Phaeocystis antarctica (0.31 d− 1), and the large diatoms (0.16 d− 1). 
A short-term study during the field survey showed that phytoplankton distribution in the surface layer was likely 
controlled by different responses to light and the sinking rate of each species. These results suggest that the 
approach adopted by previous studies of explaining phytoplankton ecology as a characteristic of two major taxa, 
namely diatoms and P. antarctica, in the coastal Antarctic waters might cause errors owing to oversimplification 
and misunderstanding, since diatoms comprise several species that have different ecophysiological 
characteristics.   

1. Introduction 

The Amundsen Sea is the current hotspot of rapidly thinning ice 
shelves in the West Antarctica owing to global warming (Rignot et al., 
2013). Basal melt water from the ice shelves supplies iron to the coastal 
waters and enhances the surface freshening in this area (Gerringa et al., 
2012; Silvano et al., 2018). Warming associated with sea ice melting 
could have a significant impact on light transmission between the air 
and sea surface (Samuel et al., 2017), and fine suspended particles from 
ice melting could have an impact on the underwater light field (Pan 
et al., 2019). The Amundsen Sea Low has deepened in recent decades, 
influencing the West Antarctic climate via atmospheric teleconnections 
(Dotto et al., 2020), often leading to anomalies of opposite signs in 
temperature, sea ice, and precipitation in the West Antarctic coast 
(Holland et al., 2018; Raphael et al., 2016). Changes in precipitation and 
sea ice distribution due to the deepening of the Amundsen Sea Low could 
cause changes in cloud and sea ice concentrations, which could have an 
effect on the insolation and light penetration to the sea surface, 
respectively. Consequently, biological changes are expected to occur 

because these physical, chemical, and climatological changes, especially 
light and dissolved iron availability, have a direct effect on phyto
plankton growth and community distribution in this area (Alderkamp 
et al., 2012b; Lee et al., 2016). 

The Amundsen Sea Polynya (ASP)1 is the most productive of the 
Antarctic coastal polynya systems, which are areas of open waters sur
rounded by ice (Arrigo and van Dijken, 2003). It is well known that the 
phytoplankton community is dominated by the prymnesiophyte Phaeo
cystis antarctica and diatoms, with their spatial and temporal distribu
tions occurring differently (Fragoso and Smith Jr, 2012; Lee et al., 
2016). They have different carbon (C)2 uptake rates, macronutrient 
demands, and iron availability as well as different food preferences for 
krill; thus, compositional changes have a significant impact on biogeo
chemical cycles and pelagic food web structures (Arrigo et al., 1999; 
Yang et al., 2019; Zhu et al., 2016). There have been many studies on 
environmental factors controlling the phytoplankton community dis
tribution in the coastal waters of the rapidly changing ASP. In recent 
years, these studies have been mainly focused on sea ice concentration, 
mixed layer depth, and iron (Alderkamp et al., 2015; Arrigo et al., 2014; 
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Oliver et al., 2019), but the effect of light has rarely been explored, 
despite being the major controller of phytoplankton growth (Park et al., 
2017). 

As Antarctica is difficult to access, autecological studies have also 
been extensively conducted in many laboratories to reveal the ecological 
characteristics of the two dominant groups using Fragilariopsis cylindrus 
and P. antarctica as the type species of diatoms and prymnesiophytes, 
respectively (Alderkamp et al., 2012a; Kropuenske et al., 2009; Mills 
et al., 2010). P. antarctica is a predominant species in prymnesiophytes, 
while diatoms comprise several species, and each of these species has 
been reported to have various photophysiological properties in western 
Antarctica. In general, significant inter- and intra-specific variations in 
diatoms exist in response to many factors such as geographical location, 
temperature, iron concentration, including light intensity (Rynearson 
and Armbrust, 2004; Strzepek and Harrison, 2004; Whittaker et al., 
2012). F. cylindrus is one of the major diatoms in the West Antarctic 
coastal waters (Kang and Fryxell, 1992), but it illustrates the dangers of 
using a sole strain of a cultured phytoplankton species to represent an 
entire diatom group in the Antarctic ecosystem, especially when 
compared with P. antarctica. 

The aim of the present study was to explore environmental factors 

that control the summer phytoplankton bloom and to examine how the 
phytoplankton community in the ASP responds under various light 
conditions. In order to investigate short-term changes in environmental 
and phytoplankton properties, five stations were visited twice in 
January and February 2016, a season in which environmental factors 
such as sea surface temperature, nutrient concentration, and insolation 
are rapidly changing after the phytoplankton bloom in this area (Arrigo 
et al., 2012; Oliver et al., 2019). The incubation experiments were 
conducted using seawater in the ASP during the cruise, and the growth 
rates of the phytoplankton species, pigment contents, and nutrient 
concentrations were determined in the experimental bottles. This 
research provides insights into how perpetual changes in light might 
alter the phytoplankton biomass and composition in the currently 
changing ASP. In addition, we could use this information to better 
parameterize models and to predict future biogeochemical cycles and 
food web structures in this area. 

2. Materials and methods 

2.1. Incubation experiments and field survey 

Experiments and field surveys were conducted from 15 January to 

February 7, 2016 during the Amundsen cruise onboard the icebreaker 
research vessel Araon (Fig. 1). Phytoplankton response to variable light 
intensities were investigated through incubation experiments. Spatial 
differences in the composition of phytoplankton species have been 
previously reported in this area (Lee et al., 2016), thus two sampling 
stations on the shelf break and the ASP were chosen for the experiments 
as representative areas. For the experiments, 100 L of seawater was 
collected from the Amundsen Sea coastal area, one in the shelf break 
(Station 4) and one in the ASP (Station 12), using the Niskin bottles 
attached to the CTD at 20 and 10 m, respectively, to represent the 
euphotic depth. The euphotic depths at which the photosynthetically 
active radiation (PAR)3 was 1 % of its surface value were 20.5 m (Station 
4) and 14.5 m (Station 12). Water samples were gently filtered through a 
200-μm mesh screen to minimize the grazing pressure of the large 
zooplankton and were collected in 10-L acid-washed transparent poly
carbonate bottles (Nalgene, USA) under dim light to prevent light shock. 
Polycarbonate bottles allowed PAR radiation to pass through, but 
filtered out UVB and UVA radiation, indicating that they had minimizing 

Fig. 1. Sampling stations and bathymetry in the Amundsen Sea, Antarctica. 
Black circles indicate the sampling stations and yellow stars indicate the sta
tions for incubation experiments from January to February 2016. (For inter
pretation of the references to color in this figure legend, the reader is referred to 
the Web version of this article.) 

Table 1 
Macronutrients (μM) and photosynthetic pigment concentrations (μgL− 1) under the different light treatments.  

Experiments Experiment 1 Experiment 2 

Time Initial Day 8 Initial Day 9 

Light conditions  1 % 30 % 50 %  1 % 30 % 50 % 

NH4 (μM) 1.23 0.31 ± 0.28 4.00 ± 1.15 1.55 ± 0.82 0.85 2.51 ± 0.34 5.19 ± 0.38 3.34 ± 0.26 
NOx (μM) 21.80 21.17 ± 0.26 3.21 ± 4.18 BDL 21.90 19.37 ± 0.28 0.83 ± 1.02 BDL 
P (μM) 1.67 1.60 ± 0.03 0.55 ± 0.11 0.28 ± 0.05 1.66 1.69 ± 0.01 0.51 ± 0.12 0.28 ± 0.04 
Si (μM) 77.81 77.00 ± 0.35 56.57 ± 0.17 58.16 ± 2.13 82.04 80.77 ± 0.38 50.63 ± 3.93 43.04 ± 0.61 
NOx:P* 13.05 13.34 ± 0.31 8.82 + 3.29 3.91 ± 1.85 13.22 11.88 ± 0.29 6.93 ± 3.34 4.55 ± 0.62 
dNOx (μM)*  1.17 ± 0.11 14.83 ± 3.86 18.81 ± 1.60  1.05 ± 0.11 14.95 ± 4.73 18.01 ± 0.49 
dP (μM)*  0.12 ± 0.04 0.91 ± 0.13 0.93 ± 0.07  − 0.10 ± 0.71 0.71 ± 0.23 0.80 ± 0.01 
dSi (μM)*  − 0.15 ± 0.50 13.82 ± 1.21 14.89 ± 2.05  1.85 ± 0.57 16.70 ± 6.66 22.10 ± 0.31 
Chl-a (μgL− 1) 1.93 1.87 ± 0.22 4.84 ± 1.22 4.37 ± 0.45 3.03 4.12 ± 0.10 6.66 ± 0.52 9.31 ± 2.37 
Fuco/Chl-a 1.00 1.29 ± 0.11 1.55 ± 0.39 1.43 ± 0.18 2.13 1.55 ± 0.01 2.21 ± 0.14 2.12 ± 0.15 
Hex-fuco/Chl-a 0.62 0.58 ± 0.01 1.14 ± 0.39 1.36 ± 0.20 0.15 0.09 ± 0.02 0.23 ± 0.01 0.15 ± 0.03 
DD + DT/Chl-a 0.10 0.08 ± 0.00 0.25 ± 0.04 0.34 ± 0.01 0.24 0.10 ± 0.00 0.27 ± 0.00 0.20 ± 0.04 

Note. Average and standard deviation (±SD) of macronutrients (μM) and photosynthetic pigment concentrations (μgL− 1) in the initial and the final days of the in
cubations under the different light treatments. DIN, dissolved inorganic nitrogen (ammonia + nitrite + nitrate); NH4, ammonium; NOx, nitrite + nitrate; P, phosphate; 
Si, silicate; NOx:P, nitrite + nitrate:P; Fuco, fucoxanthin; Hex-fuco, 19′-hexanoyloyfucoxanthin; DD + DT, diadinoxanthin + diatoxanthin; BDL, below the detection 
limit. The “d" before the nutrients and the superscript * indicate the drawdown (d) of nutrient concentrations on day 6 (*) from the initials. 

3 PAR: Photosynthetically active radiation. 
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UV effects on phytoplankton growth. All procedures for the preparation 
and incubation were completed within 30 min after the CTD cast. Three 
incubators were screened to 99 %, 70 %, and 50 % of incident light, 
respectively, using sunscreen filters (LEE filters, Andover, UK) and were 
kept at the sea surface temperature by continuous flushing from the 
ship’s underway seawater supply system. Triplicate bottles for experi
ment 1 (exp. 1)4 and duplicate bottles for experiment 2 (exp. 2)5 were 
incubated in the deck incubators under different light levels (1 %, 30 %, 
and 50 % PAR of its incident irradiance) for 8–9 days. Nothing was 
added to the bottles because of the very high initial concentrations of 
macronutrients present in the collected seawater (Table 1). Samples for 
the nutrients were taken once in 2 d, and samples for chlorophyll-a 
(chl-a)6 were taken at time zero, on day 6, and on the final days of the 
incubations. Samples for microscopy and photosynthetic pigments were 
taken on the initial and final days of the experiments. At the beginning of 
the incubation period, 10 L of seawater was dispensed to each 10-L 
bottle, and approximately 8 L of seawater remained in the bottles just 
before the final sampling took place. 

To investigate short-term changes in the environmental and phyto
plankton data, five stations were visited twice at the beginning (mid- 
January) and the end (early February) of the cruise. Measurements from 
casts of a Seabird 911 plus model CTD (Sea-Bird Scientific, USA) include 
water column properties such as temperature, salinity, and chlorophyll 
fluorescence. The discrete water samples for the estimation of the 
nutrient and chl-a concentrations, phytoplankton species composition, 
cell abundance, and C biomass were collected from five or six layers in 
the upper 100 m. 

2.2. Sample processing 

The macronutrient concentrations including nitrate + nitrite (NOx),7 

ammonium, phosphate (P),8 and silicate (Si)9 were measured onboard 
using standard colorimetric methods adapted for use with a four- 
channel auto-analyzer (QuAAtro; Seal Analytical, USA) according to 
the manufacturer’s instructions (QuAAtro Applications). Chl-a was 
determined onboard using samples immediately filtered through glass- 
fiber filter paper (47 mm; Gelman GF/F), extracted with 90 % acetone 
for 24 h (Parsons et al., 1984), and then measured in a fluorometer 
(Trilogy, Turner Designs, USA), previously calibrated against pure chl-a 
(Sigma). Samples for pigments were filtered through a 47-mm GF/F 
Whatman filter and stored in a freezer at − 80 ◦C. The filters were 
extracted with 3 mL of 100 % acetone, ultrasonicated for 30 s, and 
maintained at 4 ◦C in the dark for 15 h. Debris was removed by filtering 
through a 0.45-μm Teflon syringe filter. Immediately before injection, 
the extracts were diluted with distilled water (1 mL of extract + 0.3 mL 
of water) to avoid peak distortion of the first eluting pigments. Pigments 
were assessed with high-performance liquid chromatography (HPLC)10 

following the method of Zapata et al. (2000). Before the analysis, the 
instrument (series 1200 chromatographic system; Agilent, Germany) 
was calibrated using the following standard pigments (DHI, Denmark): 
chl-a, chl-b, chl-c2, chl-c3, 19-butanoyloxyfucoxanthin, fucoxanthin 
(fuco),11 19-hexanoyloxyfucoxanthin (hex-fuco),12 diadinoxanthin 
(DD),13 dinoxanthin, diatoxanthin (DT),14 neoxanthin, prasinoxanthin, 

violaxanthin, alloxanthin, zeaxanthin, lutein, and peridinin. A 250 mm 
× 4.6 mm, 5 μm, C8 column (XDB-C8; Agilent, USA) was used for the 
pigment separation. Pigments were identified by their retention times 
and absorbance spectra. The retention times were compared with those 
of pure standards and those reported in Zapata et al. (2000). After 
determining the pigment concentrations, the response factor was 
calculated as the weight of the standard injected divided by the area of 
the pigment. The concentrations of standard pigments were calibrated 
by spectrophotometry with the known absorption coefficients from 
Jeffrey et al. (1997). Surface PAR was determined using a quantum 
sensor (LI-1400, LI-COR Inc., USA) every 5 min during the cruise. Mixed 
layer depth (MLD)15 was determined from the maximum of the 
Brunt-Väisälä buoyancy frequency (Carvalho et al., 2017). 

To enumerate the phytoplankton taxonomic composition, cell 
abundance, C biomass, and taxon specific growth rate, water samples 
were subsampled using 200-mL high-density polyethylene bottles, pre
served with glutaraldehyde (final concentration 1 %), and stored at 4 ◦C 
until processed as follows: Sample volumes of 20–100 mL were filtered 
through Nuclepore filters (0.8-μm pore size, black, 25-mm diameter) 
until 5 mL were remaining in the filtration tower. Concentrated DAPI 
(50 μg mL− 1 final concentration) was then added to this remaining 
volume, which was also filtered after a brief (5-s) incubation (Taylor 
et al., 2011). The filters were mounted on glass slides with immersion oil 
and cover slips. Microphytoplankton (>20 μm), nanophytoplankton 
(5–20 μm), and picophytoplankton (2–5 μm) and dinoflagellates were 
enumerated using epifluorescence microscopy with blue light excitation 
(Olympus, BX 51). Phytoplankton was distinguished from heterotrophs 
by the presence of chlorophyll, which was visualized as red fluorescence 
under blue light illumination. The cells were counted in random fields at 
magnifications of 200–1600 × until a total of 50 fields or 300 cells were 
observed. Phytoplankton cell dimensions were measured to the nearest 
1 μm during the microscopy observations. The values were used for 
subsequent estimations of biovolume according to the geometric shapes 
of the cells. C biomass was estimated from the cell biovolume using 
modified Eppley equations for diatoms and other phytoplankton (Hill
ebrand et al., 1999; Smayda, 1978). The conversion factor was used to 
transform the cell numbers of solitary P. antarctica into C biomass (3.33 
pgCcell− 1) (Mathot et al., 2000). Because colonies can break during 
processing, we were not able to determine whether individual 
P. antarctica cells were previously colonial or always single cells. Most 
P. antarctica was present as solitary flagellated cells ranging in size from 
1 to 6 μm. The taxon-specific growth rate (expressed as d− 1) was 
calculated as μ = (ln Nt - ln N0)/t, where N0 and Nt are the cell numbers 
of phytoplankton species at the beginning and end of the incubation 
periods, respectively, and t is the duration of the incubation periods. 

2.3. Statistical analysis 

The statistical analyses were carried out using R4.0.5 software (R 
Development Core Team, http://www.r-project.org) and supplemented 
with the vegan package. The taxon-specific gross growth rate of the 
major phytoplankton species was compared at three light levels by 
performing an analysis of variance test (ANOVA test, kruskal function in 
R), because most of the data were not normally distributed. A Bray- 
Curtis dissimilarity matrix was constructed from the log-transformed 
phytoplankton species abundance and non-metric multidimensional 
scaling (NMDS) was performed using the metaMDS function, which was 
visualized using the ggplot2 package. Differences between the phyto
plankton composition of the samples were determined using an analysis 
of similarities test (ANOSIM test, anosim function), from the log- 
transformed phytoplankton species abundance. To analyze the correla
tion between phytoplankton species abundance and environmental 
variables that included water temperature, salinity, nutrient 

4 Exp. 1: Experiment 1.  
5 Exp. 2: Experiment 2.  
6 Chl-a: Chlorophyll-a.  
7 NOx: Nitrate + Nitrite.  
8 P: Phosphate.  
9 Si: Silicates.  

10 HPLC: High-performance liquid chromatography.  
11 fuco: Fucoxanthin.  
12 hex-fuco: 19-hexanoyloxyfucoxanthin.  
13 DD: Diadinoxanthin.  
14 DT: Diatoxanthin. 15 MLD: Mixed layer depth. 
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concentration, and light conditions, the envfit function was used to fit the 
variables into the NMDS ordination from log-transformed abiotic data. 
In order to determine the indicator species of the phytoplankton com
munity between visits, indicator species analysis was applied using the 
indicspecies package. 

3. Results and discussion 

3.1. Initial conditions 

Bioassay experiments were conducted in two distinct oceanographic 
regions: (i) exp. 1: relatively colder (− 1.55 ◦C and 33.38 salinity in the 
surface) shelf break waters in the marginal sea ice zone with 18-m MLD; 
(ii) exp. 2: relatively warmer (0.05 ◦C and 33.99 salinity in the surface) 
waters in the central polynya with 51-m MLD. In the study area, Ant
arctic Surface Water which is defined as the water on the continental 
slope and shelf where the neutral density is < 28.0 and temperature is >
− 1.85 ◦C (Orsi and Wiederwohl, 2009), was found on the entire surface 
layer during the 2016 cruise. At both stations, the vertical distributions 
of chl-a were higher in the surface layer and decreased with depth. 
Previously, it was reported that diatoms were dominant in shallow MLD 
conditions close to the ice edge, whereas P. antarctica was dominant in 
the deep MLD area in the polynya during the austral summer in the 
Amundsen Sea (Alderkamp et al., 2012b; Lee et al., 2016). In this study, 
the phytoplankton species compositions in the initial bottles showed 
significant differences between the two experiments (ANOSIM test, p <
0.001, Fig. 5), but the communities dominated by P. antarctica at the 
marginal sea ice zone, and by P. antarctica, D. speculum, and diatoms at 
the central polynya, indicate inconsistency with previous reports and 
warrant further investigation. During the incubation experiments, the 
average insolation was 184 μEm− 2s− 1; thus, the average light levels 
were 2, 55, and 92 μEm− 2s− 1 for the 1 %, 30 %, and 50 % PAR bottles, 
respectively (Fig. 2). 

3.2. Taxon-specific growth rates 

In all incubation bottles, 7 to 8 phytoplankton species were dominant 
in the phytoplankton abundance (>85 %) and C biomass (>85 %) during 
the entire incubation period; thus, the taxon-specific growth rates of 
these major contributors were calculated (Fig. 3a and b). Although the 
phytoplankton species composition in the seawater used in exp. 1 and 2 
showed a significant difference (ANOSIM R = 0.43, p < 0.001, Fig. 5), 
the changes in the growth rate of each dominant species for light did not 
show a significant difference in the two experiments, indicating the 
species-specific consistent response of phytoplankton species to light. 
The growth rates of the most major species were highly dependent on 
increasing light intensity (ANOVA test, p < 0.001) but showed intra
specific variations. 

Small pennates Fragilariopsis cylindrus/curta and Pseudonitzschia 
prolongatoides/subcurvata dramatically increased in the growth rates to 
about 0.40 d− 1 under elevated light levels in both experiments, and that 
of P. antarctica also increased in a range of 0.22–0.41 d− 1. When 
comparing these three fast-growing species, diatoms appear to be able to 
outcompete P. antarctica at high light levels, which is consistent with 

previous studies suggesting that Antarctic diatoms showed higher levels 
of photo protection than P. antarctica when grown under high irradiance 
(Kropuenske et al., 2009; van de Poll et al., 2011). However, these 
previous studies were for one or two species that respond somewhat 
differently to light, and there have been warnings that it is necessary to 
verify these conclusions by investigating more diatom species (Mills 
et al., 2010). Because P. antarctica is one species and diatoms is a class 
level comprised of several species that differ in their spatial distribution 
according to the species in the Amundsen Sea coastal waters (Lee et al., 
2016), it could be difficult to apply it to the phytoplankton community 
distributions in the ASP only by understanding at this class level. 

In our in situ incubation experiments, the response to increasing light 
varied between species. Small pennates significantly increased with 
increasing light, followed by P. antarctica. The growth rate of the centric 
diatom Chaetoceros spp. was similar to that of P. antarctica, but those of 
large diatoms, Proboscia spp. and Plagiotropus spp., slightly increased in 
the experiment bottles and with lower growth rates than that of 
P. antarctica at high light levels, indicating that algal growth rates 
decrease with increasing cell size. Allometry for phytoplankton is the 
study of the relationship of body size to physiology and has long been 
conducted in research (Banse, 1976, 1982; Geider et al., 1986). The 
relationship between cell size and maximum specific growth rate in 
phytoplankton has been reported previously (Eppley and Sloan, 1966), 
and it was demonstrated that the growth rate of phytoplankton species is 
due to the size dependence of their metabolic rates (Banse, 1982), cat
alytic efficiencies, and light absorption (Geider et al., 1986). On the 
other hand, it has been reported that the correlation between growth 
rate and cell size is weak because the physiological characteristics of 
phytoplankton are different for each group and the growth rate is 
different depending on the life cycle of the same species (Chisholm, 
1992). However, during our cruise, it was found that the growth rates of 
major phytoplankton species in the Amundsen Sea were size-dependent 
under the same environmental conditions (Fig. 3c). These results pro
vide important information for understanding the phytoplankton com
munity distribution in the Amundsen Sea coastal waters. Under high 
light conditions, some diatoms grow faster than P. antarctica, while 
others grow slower, which is consistent with previous studies that have 
shown inter- and intra-specific variations (Table S1). Phytoplankton 
distribution has been understood in previous studies based on infor
mation on fast-growing diatoms, such as F. cylindrus, but in the 
Amundsen Sea, slow-growing large-sized diatoms are also an important 
contributor to phytoplankton biomass, especially in the marginal sea ice 
zone (Lee et al., 2016). To date, the nature of these large diatoms is 
poorly characterized, even though they play an important role in C 
export. Thus, further investigation of this group is warranted to under
stand the phytoplankton dynamics in the Amundsen Sea. 

3.3. Phytoplankton composition, abundance, and C biomass 

At the end of the incubations, phytoplankton abundance and biomass 
dramatically increased in all incubation bottles except for the 1 % PAR 
bottles, while the changes in the dominant rate of each species differed 
between the abundance and biomass results (Fig. 4). The dominant rate 
of small pennates in the phytoplankton abundance and biomass 

Fig. 2. Photosynthetically active radiation, PAR (μEm− 2s− 1) throughout the experiments and field survey. Yellow arrows indicate the incubation periods for each 
experiment. Blue arrows indicate the sampling periods for the first visit and the revisit at five stations in the Amundsen Sea polynya. (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web version of this article.) 
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exhibited the highest rate of increase at high light levels, while 
P. antarctica slightly increased their dominant rates with a decrease in 
the dominance of large diatoms and D. speculum in the phytoplankton C 
biomass. Phytoplankton cell size ranged over three orders of magnitude: 
from <2 μm up to 2000 μm (Beardall et al., 2009). Thus, cells of different 
sizes contribute differently to the phytoplankton C biomass due to the 
size dependence of cellular C as a function of cell volume. Changes in the 
dominant rate of the phytoplankton species in terms of their abundance 
and C biomass were complicated at the end of the incubations. 

First, different initial compositions of phytoplankton species would 
affect the phytoplankton community composition after incubation. The 
phytoplankton composition in the natural communities used in each 
experiment was different between stations. At station four, P. antarctica 
dominated with a relative abundance of 92 %, followed by diatoms (7 
%), while P. antarctica, D. speculum, and diatoms accounted for 47 %, 20 
%, and 18 % of the phytoplankton abundance, respectively, at station 
12. Meanwhile, diatoms accounted for 76 % and 46 % of the phyto
plankton C biomass at stations 4 and 12, respectively, because of their 
larger size and higher C content compared to P. antarctica (relative C 
biomasses of 23 % and 1 % at stations 4 and 12, respectively). The major 
diatoms observed in both stations were Fragilariopsis cylindrus/curta, 
Pseudonitzschia prolongatoides/subcurvata, Chaetoceros spp., Thalassiosira 
spp., Plagiotropus gaussi, and Proboscia alata. NMDS analysis based on the 
Bray-Curtis dissimilarity for the log-transformed phytoplankton species 
abundance also showed that the samples grouped together according to 
the experiments (Fig. 5). In all incubation bottles, significant differences 
in phytoplankton community composition were identified between the 
experiments (ANOSIM R = 0.43, p < 0.001), indicating the effect of the 
initial species composition of phytoplankton on their community 
structure after incubation. 

Second, at the elevated light levels, the dominant rate of each species 
changed differently from the initial rate due to the differences in the 
response of each species to light. The dominant rate of P. antarctica and 
small pennates significantly increased in phytoplankton biomass as a 
consequence of their highest growth rates among the phytoplankton 
species in the incubation bottles. Centric diatoms Chaetoceros and Tha
lassiosira and large diatom Proboscia all grew; however, their dominant 
rates in the phytoplankton abundance and biomass decreased at the end 
of the incubations due to a relatively slower growth rate than those of 
the small size species. D. speculum was a dominant species in the 
seawater at station 12, but their abundance in all incubation bottles 
decreased compared to the start of the experiment, except for the 50 % 
PAR bottles. The ecology and physiology of the chrysophyte D. speculum 
in Antarctic coastal waters are practically unknown, but it has been 
reported that this species favors the shallow MLD of the Ross Sea and the 
ASP (Fragoso and Smith Jr, 2012). More information is required to 
understand the ecological characteristics of this species. 

Finally, variations between species as well as within species were 
observed. The cell size of P. antarctica increased dramatically in all 
bottles. P. antarctica has polymorphic life cycles that include colonial 
cells (3.2–10 μm in size) in the spherical colony and two types of fla
gellates (Rousseau et al., 2007). Small flagellates of P. antarctica (3.5–7 
μm) were shown to be mostly present before colony blooms, and it ap
pears that the light level and turbulence would play a key role in colony 
generation from flagellates (Peperzak, 1993; Schapira et al., 2006). 
Thus, it is likely that the increase in irradiance, the maintenance of a 
constant amount of light, and the stable environment in the incubation 
bottles with weak mixing compared to the ocean might be important 
factors for the increase in the cell size of P. antarctica. The C biomass of 
P. antarctica is estimated using the conversion factor of C per cell. 
However, the size of flagellate cells can affect the C biomass, so if this is 
reflected in the C biomass, the dominant rate of P. antarctica may in
crease more than this result. Diatom species showed no significant 
change in cell size during the 9-day incubation period. 

Fig. 3. Average taxon-specific growth rates (μ, d− 1) and standard deviation 
(error bar) for major phytoplankton species observed in (a) experiment 1 and 
(b) 2 on natural populations. (c) Relationship between cell volume and the 
taxon-specific growth rates of major phytoplankton species under different light 
levels. The algae are: 1, Proboscia alata; 2, Thalassiosira spp.; 3, Plagiotropus 
gaussi; 4, Dictyocha speculum; 5, Chaetoceros spp.; 6, Fragilariopsis cylindrus/ 
curta; 7, Pseudonitzschia prolongatoides/subcurvata; 8, Phaeocystis antarctica. 
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3.4. Nutrient uptake and pigment content 

The concentrations of macronutrients, including dissolved inorganic 
nitrogen (DIN),16 P, and Si in the surface seawater were more than 22 
μM, 1.6 μM, and 77 μM, respectively, indicating nutrient replete in the 
sampling stations (Table 1). At the end of the incubations, the nutrient 
concentrations in the 30 % and 50 % PAR bottles decreased significantly 
except for ammonia in the two experiments. Ammonium is one of the 
major forms of bound nitrogen available to phytoplankton, and its 
relative amount depends on chemical processes such as redox trans
formations, as well as biological processes such as the bacterial degra
dation of organic nitrogen compounds and differential utilization by 
phytoplankton groups (Bianchi et al., 1997; Domingues et al., 2011). At 
the end of the incubations, the ammonia concentrations showed a higher 
rate of increase in exp. 2 than in exp. 1 with a large increase in 30 % PAR 

bottles compared to 50 %, which probably indicates differences in the 
preference and uptake rate of ammonia according to the phytoplankton 
community structure and biomass in each incubation bottle. The NOx 
concentrations in the 50 % PAR bottles were below the detection limit, 
indicating a relatively higher uptake rate of nitrate by the phytoplankton 
at high light levels after 8–9 days of incubations. As a high nutrient low 
chlorophyll ecosystem, the Southern Ocean is characterized by high 
nitrate concentrations (Boyd et al., 2007; de Baar et al., 1990), thus 
nitrate depletion has very rarely been reported in large phytoplankton 
blooms in the west Antarctic Peninsula region and the Ross Sea (Duck
low et al., 2007; Fitzwater et al., 2000), indicating that it rarely appears 
as a major limiting factor for phytoplankton growth, unlike light and 
iron. The bottles were incubated until the nitrate was depleted, and by 
not adding additional nitrate to the bottles, a self-shading of high 
phytoplankton biomass was minimized. 

During the incubations, the nutrient concentrations showed a sig
nificant decrease, but the drawdown of each nutrient were slightly 
different between experiments. Since the NOx concentrations in some 
bottles were below the detection limit on the final days of both in
cubations, the nutrient concentrations on day 6 were used to calculate 
the nutrient drawdown and nutrient ratio (Table 1). At the increased 
light levels, the P drawdown from the initial values ranged from 0.71 μM 
to 0.93 μM in all incubation bottles on day 6. The NOx drawdown in 50 
% PAR bottles was higher (18.8 μM and 18.0 μM in exp.1 and exp.2, 
respectively) than that in 30 % PAR bottles (14.8 μM and 15.0 μM in 
exp.1 and exp.2, respectively), showing no significant difference be
tween experiments. On the contrary, the NOx:P ratios and Si drawdown 
slightly differed between exp. 1 and exp. 2. In 50 % PAR bottles, the 
difference in NOx:P ratios between the initials and the 6 day were 
slightly greater in exp. 1 (13.05 and 3.91, respectively) than in exp.2 
(13.22 and 4.55, respectively). Diatoms and P. antarctica play different 
roles in the biogeochemical cycle of the west Antarctic coastal waters. 
Previous study showed that nitrogen demand was higher in the 
P. antarctica overwhelmingly dominated region (>90 % of total phyto
plankton biomass) than in the diatoms dominated region (>85 %) in the 
Ross Sea (Arrigo et al., 1999). In the increased light levels, Si drawdown 
was higher in exp. 2 (16.7–22.1 μM) than in exp. 1 (13.8–14.9 μM). 
Diatoms and silicoflagellates, such as D. speculum, require silicates for 
growth because they build their biomineralized cell walls from this 
material (Treguer et al., 1995). Thus, our results indicate that the 
drawdown of NOx and Si could be influenced by the slight difference in 
the dominant rates of P. antarctica (32 % and 9–10 % of phytoplankton C 
biomass in exp. 1 and exp. 2, respectively), diatoms (68 % and 60–79 %), 

Fig. 4. (a, c) Abundance (cellsL− 1) and (b, d) carbon biomass (μgCL− 1) of the major phytoplankton species and minor groups in the initial and the final days of the 
incubations under different light treatments for experiment 1 (a, b) and 2 (c, d). 

Fig. 5. Non-metric multidimensional scaling (NMDS) analysis based on Bray- 
Curtis dissimilarities of the phytoplankton species abundance in each incuba
tion bottle for the experiments (Stress value = 0.171). The red and grayscale 
figures indicate the samples in the initial and final days of the incubations, 
respectively. (For interpretation of the references to color in this figure legend, 
the reader is referred to the Web version of this article.) 

16 DIN: Dissolved inorganic nitrogen. 
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and D. speculum (Not detected in exp. 1 and 8–30 % in exp. 2) at the high 
light levels on the final days of the incubations. 

In the seawater used in the bioassay experiments, hex-fuco and fuco 
showed high concentrations of the photosynthetic pigments, indicating 
that P. antarctica and diatoms were the dominant group in the phyto
plankton biomass (Table 1). At the final days of the incubations, chl-a 
concentrations in the 1 % PAR bottles were similar to the initial 
values, but it dramatically increased by more than 2.2 times in the 30 % 
and 50 % PAR bottles, showing high phytoplankton growth at the 
elevated light levels. Unlike chl-a, each pigment concentration changed 
differently in the two experiments after the incubation. Hex-fuco per chl- 
a was significantly increased at high light intensity only in exp. 1, while 
accessary pigments per chl-a were not significantly different between all 
bottles in experiment 2. In the 50 % PAR bottles, photoprotective pig
ments (DD, DT) normalizing to chl-a (Higgins et al., 2011) increased 
from 0.10 at the initial days to 0.34 at the final days in the exp. 1, while 
it was similar to the initial value in exp. 2 (0.24 and 0.20 at the initial 
and the final days, respectively). Previous photophysiological studies 
reported that P. antarctica is better adapted to grow than F. cylindrus in a 
dynamic light environment, typical for a deep MLD by changing their 
cellular pigment contents (Kropuenske et al., 2009; van de Poll et al., 
2011). Bulk community measurements using in situ sea water do not 
provide information on the response of individual species, such as 
elemental ratios and pigment contents; however, these results imply that 
the photophysiological response of P. antarctica might be reflected in the 
incubation bottles of exp. 1 due to the dominant rate of P. antarctica in 
the phytoplankton biomass being relatively higher in exp. 1. 

3.5. Effect of short-term environmental changes on phytoplankton 
distribution 

Compared to mid-January, the environmental variables in the sur
face layer have changed to a lower seawater temperature, lower salinity, 
lower nitrate concentrations, deeper MLD, and a higher light insolation 
at the revisit stations of the ASP in early February (Figs. 2 and 6). 
Compared to the first visit in January, P. antarctica and small pennates, 
Fragilariopsis spp., Pseudonitzschia spp., and Cylindrotheca closterium, 
increased in abundance in the surface layer during the revisit (Figs. 7 

and 8). In the ASP, phytoplankton bloom generally peaked within a 
week or two of mid-January, and then decline steadily and terminated 
on the end of February probably due to the limiting factors such as iron, 
solar radiation, or grazing pressure (Arrigo et al., 2012; Mills et al., 
2012; Yang et al., 2019). However, phytoplankton abundance was 
higher in early February than mid-January in the ASP during this study. 

NMDS analysis based on Bray-Curtis dissimilarity for log- 
transformed phytoplankton species abundance showed that the sam
ples group together according to their sampling date except station 14 
(Fig. 9), with most dissimilarity due to changes in the abundance of 
Proboscia alata (Indicator species analysis, p < 0.01), Dictyocha speculum 
(p < 0.01), and Thalassiosira spp. (p < 0.05) between the first visit and 
revisit. When available environmental variables were fitted against the 
NMDS analysis, a higher nutrient concentration and salinity were 
associated with the first visit, while a deeper euphotic depth and higher 
PAR (3 day average PAR prior to the sampling periods at the individual 
stations) were associated with the revisit. A slight decrease in nitrate 
concentration in the surface layer during the revisit (Fig. 6a) indicates 
nutrient uptake and the growth of phytoplankton. These results could 
imply that iron, which is an important limiting factor for phytoplankton 
growth in Antarctic coastal waters during the post-bloom period 
(Alderkamp et al., 2015; de Baar et al., 1990), might not have been the 
major controller for phytoplankton growth during the study period. 
Otherwise, iron might be supplied from deeper waters to the surface due 
to the deeper MLD during the revisit. Average solar radiation was higher 
during the revisit (243 ± 259 μEm− 2s− 1) than the first visit (193 ± 180 
μEm− 2s− 1), and small phytoplankton dramatically increased in their 
abundance in the surface layer during revisit, showing consistency with 
our incubation experiments. Grazing pressure at higher trophic levels 
may be one of the important limiting factors for phytoplankton biomass 
during the revisit. However it has been previously reported that 
microzooplankton herbivory may not contribute significantly to the 
decline of the phytoplankton bloom, and mesozooplankton does not 
effectively feed on diatoms and P. antarctica in the ASP (Yang et al., 
2019). Thus, it is more likely that the growth of phytoplankton species 
may be regulated by light availability in the ASP during the austral 
summer of 2016. 

Interestingly, the surface chl-a concentration decreased during the 

Fig. 6. Short-term variations of (a) environmental variables such as seawater temperature, salinity, nitrite + nitrate concentration, (b) MLD and phytoplankton 
properties such as chl-a profiles between the first visit (fv) and the revisit (rv) in the ASP. Chl-a profiles were calibrated using chlorophyll fluorescence with the 
extracted chl-a concentration of the discrete water samples. Sal, salinity; Temp, temperature; NOx, nitrite + nitrate; MLD, mixed layer depth. 
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revisit (Fig. 6b) even though there was an increase in the abundance of 
phytoplankton. During the first visit, large diatoms were a major 
contributor to the phytoplankton C biomass in the surface layer (Fig. 8), 
and the lower chl-a concentration during the revisit was caused by the 
decrease in abundance of this group (Fig. 7). In the previous research, it 
was suggested that phytoplankton distribution could be influenced by 
the size and buoyance of each species because larger phytoplankton with 
lower surface area-to-volume ratios have the disadvantage of higher 
sinking rates after seeding from sea ice in spring (Garrison et al., 2003; 
Kang and Fryxell, 1992; Lee et al., 2016). Unlike small-sized species, the 
decrease in abundance of large diatoms in the surface layer during the 
revisit could be assumed to be due to their high settling rate (Lee et al., 

2016) and low growth rate (this study), but further investigation is 
warranted. These results imply that information about phytoplankton 
species composition provides a deeper understanding of phytoplankton 
ecology in the Antarctic coast. If we tried to understand our results based 
only on the chl-a concentration, it could be assumed that these results 
represent a seasonal change in which the surface phytoplankton biomass 
decreases due to limiting factors such as iron and light, changing from 
the bloom period in January to the post-bloom period in February. 
However, each phytoplankton group had different ecological and 
physiological properties in the ASP during this study. Large diatoms are 
important contributors to C sequestration in the ASP (Kim et al., 2015), 
and small pennates could be a major food source in the pelagic food web 

Fig. 7. Comparison of the abundance of major phytoplankton species in the surface layer at each station of the Amundsen Sea coastal area between the first visit 
(mid-January) and the revisit (early February) in 2016. The “r” after the station number indicates the revisit. 
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(Yang et al., 2019). Thus, more field studies based on species informa
tion should be performed to estimate the response of various phyto
plankton in the rapidly changing ASP. 

4. Conclusions 

During the austral summer in 2016, the distribution of the phyto
plankton community in the ASP was likely to be limited by low irradi
ance. In the incubation experiments, small pennates grew rapidly, 
followed by P. antarctica, centric diatoms, and large diatoms when the 
light increased, which most likely indicates changes in the community 
and size structures of the phytoplankton under various light conditions 
in the water column. The dominant rates of the small pennates and 
P. antarctica in the phytoplankton abundance and biomass dramatically 
increased at elevated light levels after 8–9 d of incubation compared to 
the initial levels. Large diatoms showed low growth and dominant rates 
at the end of the incubations, but still accounted for approximately 50 % 
of the phytoplankton biomass owing to their larger size and higher C 
content. A short-term study also showed that light could be the major 
controller of phytoplankton species distribution. Environmental changes 
in basal melting, sea ice concentration, water column stratification, and 
cloud concentration caused by global warming are altering the under
water light properties. Phytoplankton community composition and 

biomass could be affected by the variability in light intensity according 
to our results, and consequently may regulate food web structures due to 
the size dependence of prey selection in zooplankton and the negative 
effects of P. antarctica on zooplankton (Gasparini et al., 2000; Nejstgaard 
et al., 2007; Yang et al., 2019). Meanwhile, phytoplankton communities 
are comprise various diatoms in the ASP. Therefore, the use of the 
physiological characteristics of one or two diatom species to understand 
the distributions of the entire group of diatoms might lead to a hasty 
generalization error. Thus, in situ incubation experiments on phyto
plankton communities should be considered in addition to autecological 
studies in the laboratory in order to understand and predict the phyto
plankton distribution in the rapidly changing Antarctic coastal waters. 
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