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Abstract  The size-fractionated composition of phytoplankton greatly influences the transfer efficiency of biomass in pelagic 

food chains and the biological carbon flux from surface waters to the deep sea. To better understand phytoplankton abundance 

and composition in polynya, ice zone, and open ocean regions of the Amundsen Sea Sector of the Southern Ocean 

(110°W–150°W), its size-fractionated distribution and vertical structure are reported for January to February 2020. Vertical

integrated (0–200 m) chlorophyll (Chl) a concentrations within Amundsen polynya regions are significantly higher than those

within ice zone (t test, p < 0.01) and open ocean (t test, p < 0.01) regions, averaging 372.3 ± 189.0, 146.2 ± 152.1, and 49.0 ± 

20.8 mg·m−2, respectively. High Chl is associated with shallow mixed-layer depths and near-shelf regions, especially at the 

southern ends of 112°W and 145°W. Netplankton (> 20 μm) contribute 60% of the total Chl in Amundsen polynya and sea ice 

areas, and form subsurface chlorophyll maxima (SCM) above the pycnocline in the upper water column, probably because of 

diatom blooms. Net-, nano-, and picoplankton comprise 39%, 32%, and 29% of total Chl in open ocean stations, respectively. 

The open-ocean SCM migrates deeper and is below the pycnocline. The Amundsen Sea SCM is moderately, positively 

correlated with the euphotic zone depth and moderately, negatively correlated with column-integrated net- and nanoplankton 

Chl. 
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1  Introduction 0F

 

Because of its high productivity and extensive sea–air gas 
and heat exchange, the Amundsen Sea is disproportionately 
important in Antarctic elemental cycles relative to its size 
(Sarmiento et al., 2004). Polynyas, seasonal open waters 
surrounded by sea ice, are focal points for the exchange of 
matter and energy between the atmosphere and polar oceans 
(Smith Jr. and Barber, 2007). Polynyas in the Amundsen 
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Sea are expansive, the most productive in the Antarctic, and 
vary substantially between years (Arrigo et al., 2012). 
Seasonally averaged chlorophyll a (Chl-a) concentrations in 
Amundsen Sea polynya, 2.2 ± 3.0 mg·m−3, are almost 47% 
higher than the much larger Ross Sea polynya (1.5 ±    
1.5 mg·m−3), with mean Chl varying substantially from 
1997–2002 (138% of the mean) (Yager et al., 2012). 
Substantial interannual variations in Chl might be attributed 
to recent rapid glacier and ice cover melting in the 
Amundsen Sea (Rignot et al., 2008), driven mainly by 
increased relatively warm (~ 2°C) Circumpolar Deep Water 
below the ice shelf (Jacobs et al., 2011). Normally, 
Amundsen Sea Chl begins to increase in October because of 
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increased light, and peaks during the austral summer in 
December and January (Arrigo and van Dijken, 2003). 

Environmental changes in the Southern Ocean 
significantly impact phytoplankton community structure. 
Moline et al. (2004) reported that periodic shifts in 
phytoplankton community structure, from netplankton 
(large diatoms) to relatively small nanoplankton 
(cryptophytes), might be closely related to changes in 
glacial meltwater runoff. In the nutrient-rich, strongly 
stratified western Ross Sea waters in the summer, the 
highest Chl (129–358 mg·m−2 in the upper 100 m) occurred 
in the stratified region and was dominated by netplankton. 
However, in nutrient-poor, unstratified south-central Ross 
Sea waters in early spring, moderate Chl (55–186 mg·m−2 in 
the upper 100 m) occurred in polynya and ice-edge areas, 
dominated by nanoplankton (Phaeocystis) (Goffart et al., 
2000). 

Phytoplankton size structure is controlled by complex 
interactions between physical mixing conditions, the light 
environment, and macro- and micronutrient concentrations. 
Changes in phytoplankton community structure have 
significant biological and chemical implications (Fragoso 
and Smith, 2012). For example, Phaeocystis antarctica 
(nanoplankton) absorbs twice as much CO2 per mole of 
phosphate removed than do diatoms (netplankton) (Arrigo 
et al., 1999). Additionally, it is not the preferred prey of 
microzooplankton, and its presence is closely linked to the 
dimethyl sulfide cycle between the ocean and atmosphere 
(Liss et al., 1994; Caron et al., 2000). Picoplankton also 
plays an important role in energy flow and nutrient cycling 
in marine planktonic ecosystems. Phototrophic 
picoplankton contributes significantly to phytoplankton 
biomass and production, while non-photosynthetic 
picoplankton is instrumental in carbon and nutrient 
transformation and remineralization. Therefore, monitoring 
of both the total and size-fractionated phytoplankton in the 
Amundsen Sea is necessary to identify responses of these 
marine ecosystems to environmental change. 

Southern Ocean phytoplankton are important in 

Antarctic food webs and for regulating global climate 
through the oceanic carbon cycle (Deppeler and Davidson, 
2017). In this region, phytoplankton blooms mainly 
comprise large diatoms with a unique physiology adapted to 
low iron, light, and temperature conditions (Strzepek et al., 
2019). Under severe iron limitation and in intensely 
stratified waters, large diatoms aggregate in the pycnocline 
and form a subsurface chlorophyll maximum (SCM) in the 
Seasonal Ice Zone (Gomi et al., 2007). Most commonly 
tropical SCM forms just above the pycnocline and is 
directly related to an increase in phytoplankton abundance. 
Unlike in the tropics, the Southern Ocean SCM is usually 
located at or below the pycnocline (Tripathy et al., 2015). 
The SCM contributes to water column primary production, 
facilitating large-scale downward carbon export events, and 
represents an area where macrofauna forage and intense 
zooplanktonic grazing occurs (Siegelman et al., 2019). 

With limited information available on the spatial and 
temporal formation of the Antarctic SCM, especially in the 
Amundsen Sea, studying its formation in this area will help 
identify the distributions of subsurface phytoplankton 
communities that are currently undetectable by satellites. 
We investigate total and size-fractionated phytoplankton 
and subsurface chlorophyll maxima in the Amundsen Sea 
polynya, ice zones, and open ocean regions during the 
austral summer of 2020. Differences in phytoplankton 
composition and bathymetric distribution between the 
Amundsen polynya, ice zones, and open ocean are 
identified, and possible reasons are discussed. 

2  Materials and methods 

2.1  Study area and sea ice concentrations 

The western-Antarctic Amundsen Sea lies between Cape 
Flying Fish (the northwestern tip of Thurston Island) and 
Cape Dart, Siple Island. From 3 January to 5 February 2020 
aboard the Chinese icebreaker R/V Xuelong, samples from 
46 size-fractionated Chl stations (Figure 1) from Amundsen  

 
Figure 1  Amundsen Sea size-fractionated Chl-a stations (dots) and transects (lines), 2020. 
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Figure 2  Sea ice concentration derived from the Norwegian Meteorological Institute. Dashed ellipses: red, polynya regions; black, 
open-ocean regions. Labeled dark dots indicate polynya stations. 

polynya (AP), ice zones, and open ocean regions were 
collected. Polynya regions had sea-ice concentrations below 
10% and were surrounded by ice (Arrigo and van Dijken, 
2003). Two polynya regions (red dashed ellipses) were 
identified, with labelled dark dots indicating polynya 
stations (Figure 2). Sea-ice was absent in open-ocean 
stations. Data for sea-ice concentrations are derived from 
the Norwegian Meteorological Institute (https://osi-saf. 
eumetsat.int/products/sea-ice-products). 

2.2  Euphotic zone and mixed layer depths 
(MLDs) 

We define the depth of the mixed layer as the depth at 
which the density is 0.05 kg·m−3 higher than that of the 
sea surface (Brainerd and Gregg, 1995). The depth at 
which photosynthetically active radiation (PAR) is 1% 
that of surface PAR is defined as the euphotic zone depth 
(Zeu). Vertical light attenuation (Kd) for each station is 
calculated from the linear relationship established 
between Kd and average Chl-a concentrations (Morel et 
al., 2007). Zeu is quantitatively related with Kd (Yang et 
al., 2015) as follows: 

eu d4.605Z K  ,            (1) 

2.3  Size-fractionated Chl analyses and vertical 
distribution 

Water samples for size-fractionated Chl were obtained for 
each station at 7 depths (0, 30, 50, 75, 100, 150, 200 m) 
using a CTD rosette sampler. Water samples (0.5–1 L) were 
filtered sequentially through 20 and 2 μm Nucleopore filters 
(47 mm) and Whatman GF/F filters (47 mm). Chl on filters 
was extracted in 90% acetone at −20°C for 24 h. Chl 
samples were measured onboard using a Trilogy  

fluorometer (Turner Designs, USA) (Holm-Hansen et al., 
1965). 

2.4  SCM analysis 

SCM was obtained by fitting measured vertical Chl-a data 
to a slightly modified version of the MB89 pattern (Uitz et 
al., 2006), using: 

  2
b max max( ) exp /c C s C              , (2) 

euZ Z   ,               (3) 
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eu maxSCM Z   ,              (6) 

where  is a dimensionless depth, calculated by dividing the 
geometrical depth Z by Zeu, and c() is dimensionless Chl, 
obtained by dividing the Chl at depth Z by the average Chl 

within euphotic zone depth (
euZChl ).

euZChl is calculated by 

a trapezoidal integration. maxC  is the dimensionless 

maximum Chl and max  represents the depth at which this 

maximum occurs.  denotes the width of the peak. The 
SCM is obtained by multiplying max  by Zeu. 

2.5  Data analysis 

A Spearman correlation analysis was conducted to examine 
correlations between SCM and sea ice concentration, Zeu, 
MLD, and size-fractionated column-integrated Chl at 
survey stations. A Students t-test was used to analyze for 
significant differences. Analyses were performed using 
SPSS 22.0. 
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3  Results 

3.1  Euphotic zone and MLDs 

Zeu ranged 11.3–24.3 m in the AP, 33.7–74.5 m in open 
ocean, and 13.1–53.5 m in ice zones (Table 1). Euphotic 
zone depth at AP stations were significantly lower than in 
open sea (t test, p < 0.01) and sea ice (t test, p < 0.05) 
stations because of higher Chl-a concentrations. 

MLD in AP, open ocean, and ice zones are detailed in 
Table 1. Because of stratification from melted sea ice or 
surface warming, MLD ranged 10–55 m at all stations. 
MLD in AP, open ocean, and ice zones did not differ 
significantly (t test, p > 0.05). 

3.2  Total and size-fractionated Chl 

Total column (200 m) integrated Chl (Figure 3) in AP stations 
ranged 167.6–766.3 mg·m−2 (mean ± SD, 372.3 ±      
189.0 mg·m−2), in open ocean stations 18.6–90.7 mg·m−2 
(49.0 ± 20.8 mg·m−2), and in ice zone stations 35.4–    
424.8 mg·m−2 (146.2 ± 152.1 mg·m−2). The highest and 
lowest integrated Chl values were 766.3 mg·m−2 at station 
RA2-2 and 18.6 mg·m−2 at station A3-8. Total 
column-integrated Chl in the AP was significantly higher 
than in open ocean (t test, p < 0.01) and ice zones (t test, p < 
0.01). Total column-integrated Chl within ice zones was 
greater than in open ocean regions, but the difference was not 
significant (t test, p > 0.05). Highest Chl values occurred near 
shelf regions, especially at the southern ends of transects 
RA2 and A11. 

Table 1  Amundsen Sea sea-ice concentration, Zeu, MLD, SCM, size-fractionated Chl, and total column integrated Chl  
Size-fractionated column 

(200 m) integrated 
Chl-a/(mg·m−2) Location Station 

Longitude 
/(°W) 

Latitude/ 
(°S) 

Date (UTC) 
(YY-MM-DD) 

Sea ice 
concentration 

/% 
Zeu/m MLD/m SCM/m 

Net 
>20 μm 

Nano 
2–20 μm 

Pico 
0.2–2 μm 

Total column 
(200 m) 

integrated 
Chl-a/(mg·m−2)

RA1-1 150.001 74.997 2020-01-10 0 13.7 40.0 9.2 307.6 91.4 24.1 423.0 

RA1-2 149.985 74.4997 2020-01-10 0 14.9 10.0 13.3 258.4 42.4 16.3 317.0 

RA1-3 150.002 74.0143 2020-01-11 0 20.7 40.0 13.6 104.3 42.6 34.9 181.8 

RA2-2 144.969 74.4932 2020-01-12 0 13.2 10.0 13.4 590.9 131.1 44.3 766.3 

RA2-3 145.07 73.9963 2020-01-12 0 16.2 25.0 11.4 207.9 46.8 19.2 273.9 

RA2-4 145.016 72.9755 2020-02-05 0 20.7 10.0 33.6 171.5 85.6 57.6 314.6 

RA3-3 139.803 74.0353 2020-01-30 0 18.5 10.0 5.7 129.9 30.9 48.9 209.6 

A3-1 119.809 73.022 2020-01-29 0 18.5 20.0 0.0 174.4 53.0 65.1 292.5 

A9-0 118.008 73.5992 2020-01-29 0 18.1 45.0 17.9 181.8 57.5 41.5 280.9 

A9-2 115.979 73.1888 2020-01-29 0 19.4 10.0 59.0 182.2 140.6 173.9 496.7 

A9-3 113.935 72.7952 2020-01-27 0 24.3 10.0 38.2 68.4 66.2 68.6 203.3 

A11-0 112.104 73.9862 2020-01-27 0 11.3 10.0 18.3 586.0 92.8 81.3 760.1 

A11-1 113.515 73.495 2020-01-26 0 16.0 10.0 0.0 277.2 87.1 103.4 467.7 

A11-2 115.013 72.9943 2020-01-26 0 17.7 10.0 39.8 197.5 117.1 115.1 429.7 

Polynya 

A11-3 116.537 72.4998 2020-01-25 0 23.5 10.0 26.5 66.0 53.9 47.7 167.6 

RA1-5 149.794 71.7528 2020-01-18 0 33.7 20.0 12.4 34.2 18.7 19.1 72.0 

A3-10 120.07 67.0215 2020-01-20 0 35.0 10.0 11.1 31.9 12.5 8.0 52.4 

A3-7 119.992 69.9862 2020-01-22 0 56.6 15.0 85.9 2.4 11.7 18.3 32.4 

RA1-7 150.057 70.0252 2020-01-17 0 41.9 10.0 34.8 15.7 19.0 14.0 48.7 

A3-8 119.835 69.0247 2020-01-21 0 74.5 25.0 73.7 1.8 6.1 10.7 18.6 

RA2-5 146.156 71.704 2020-01-18 0 34.1 20.0 14.8 35.5 20.2 13.5 69.3 

RA2-6 144.922 70.9613 2020-01-18 0 36.8 10.0 18.1 30.1 25.0 18.3 73.4 

RA2-7 144.966 70.0003 2020-01-16 0 43.0 10.0 30.9 19.4 12.6 12.1 44.1 

A3-9 120.05 67.9295 2020-01-21 0 36.9 10.0 51.3 26.4 25.8 32.7 84.8 

A4-6 115.029 70.421 2020-01-31 0 37.2 10.0 0.0 15.2 34.6 14.6 64.3 

RA3-6 139.996 70.9972 2020-01-15 0 42.1 10.0 22.3 19.8 14.2 12.0 46.0 

RA3-7 139.996 69.9982 2020-01-16 0 40.7 10.0 20.0 24.1 13.7 14.2 51.9 

RA4-5 134.916 71.4495 2020-02-04 0 54.5 25.0 ∕ 6.3 9.2 13.4 28.8 

Open ocean 

RA4-6 135.017 71 2020-02-04 0 60.1 35.0 54.5 6.6 8.6 11.7 26.8 
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Continued  
Size-fractionated column 

(200 m) integrated 
Chl-a/(mg·m−2) Location Station 

Longitude 
/(°W) 

Latitude/ 
(°S) 

Date (UTC) 
(YY-MM-DD)

Sea ice 
concentration 

/% 
Zeu/m MLD/m SCM/m 

Net 
>20 μm 

Nano 
2–20 μm 

Pico 
0.2–2 μm

Total column 
(200 m) 

integrated 
Chl-a/(mg·m−2)

RA4-7 135.009 69.9773 2020-02-03 0 59.3 30.0 0.0 8.3 7.6 11.2 27.1 

RA4-8 134.985 68.9903 2020-02-03 0 60.4 35.0 86.9 5.7 11.1 10.2 27.0 

A4-7 115.004 70.0053 2020-01-31 0 52.4 15.0 42.0 10.1 17.4 12.5 40.0 

A4-8 114.957 69.0102 2020-01-31 0 57.9 30.0 76.5 8.2 13.7 11.9 33.8 

A4-9 114.997 67.9988 2020-01-31 0 42.6 10.0 24.0 16.4 16.7 13.8 46.9 

Open ocean 

A4-10 115.016 67.0145 2020-02-01 0 30.8 10.0 ∕ 62.3 19.4 9.0 90.7 

RA2-1 145.254 74.8752 2020-01-12 29.97±18.22 14.0 55.0 15.8 350.2 53.3 21.4 424.8 

RA3-2 140.2 74.475 2020-01-12 22.40±12.38 18.4 15.0 6.7 159.7 30.5 18.8 208.9 

A3-3 120.05 72.356 2020-01-30 37.56±21.08 35.2 10.0 0.0 18.6 30.3 17.2 66.0 

A3-5 119.913 70.916 2020-01-23 45.60±33.89 42.8 10.0 0.0 7.4 25.6 17.9 51.0 

Ice zones 

A3-6 119.844 70.5072 2020-01-23 29.82±18.71 51.5 10.0 86.9 3.4 13.5 18.5 35.4 

RA1-0 149.996 75.4982 2020-01-10 39.96±28.71 13.1 10.0 10.6 305.6 77.6 22.0 405.2 

RA1-4 149.23 73.1418 2020-01-11 46.98±36.47 53.5 10.0 72.5 9.1 12.8 15.9 37.8 

RA3-4 140.169 72.9967 2020-01-14 32.93±23.48 22.4 30.0 11.0 91.1 30.7 18.3 140.1 

RA3-5 140.16 71.9982 2020-01-15 22.90±11.79 43.1 10.0 25.2 14.5 17.4 15.1 47.0 

 

A11-4 117.835 72.0278 2020-01-25 39.08±24.19 45.0 15.0 0.0 5.2 17.7 22.8 45.6 

 

 
Figure 3  Total column-integrated Chl (0–200 m). 

Column-integrated Chl (0–200 m, mg·m−2) values for 
netplankton (> 20 μm), nanoplankton (2–20 μm), and 
picoplankton (0.2–2 μm) in AP, open ocean, and ice zones 
are presented in Figure 4. Highest and lowest netplankton 
values were 590.9 mg·m−2 at station RA2-2 and 1.8 mg·m−2 
at station A3-8, ranging 66.0–590.9 mg·m−2 (233.6 ±  
159.8 mg·m−2) in AP stations, 1.8–62.3 mg·m−2 (19.0 ±  
14.8 mg·m−2) in open ocean stations, and 3.4–350.2 mg·m−2 
(96.5 ± 132.3 mg·m−2) in ice zones (Figure 4a). 
Column-integrated netplankton Chl in AP stations was 
significantly higher than in open sea (t test, p < 0.01) and 
sea-ice (t test, p < 0.05) stations. The netplankton and total

Chl-a distributions were similar. 
Highest and lowest nanoplankton Chl values were 

140.6 mg·m−2 at station A9-2 and 6.1 mg·m−2 at station 
A3-8, ranging 30.9–140.6 mg·m−2 (75.9 ± 34.0 mg·m−2) 
in AP stations, 6.1–34.6 mg·m−2 (15.9 ± 7.0 mg·m−2) in 
open ocean stations, and 12.8–77.6 mg·m−2 (30.9 ± 
20.3 mg·m−2) in ice zones (Figure 4b). Nanoplankton Chl 
in AP stations was significantly higher than in the open 
ocean (t test, p < 0.01) and ice zones (t test, p < 0.01). 
Column-integrated nanoplankton Chl in ice zones was 
significantly higher than in the open ocean regions (t 
test, p < 0.05). 
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Figure 4  Column-integrated Chl (0–200 m) for netplankton (> 20 μm, a), nanoplankton (2–20 μm, b), and picoplankton (0.2–2 μm, c). 

Highest and lowest integrated picoplankton Chl values 
were 173.9 mg·m−2 at station A9-2 and 8.0 mg·m−2 at station 
A3-10, ranging 16.3–173.9 mg·m−2 (62.8 ±  42.0 mg·m−2) 

in AP stations, 8.0–32.7 mg·m−2 (14.1 ± 5.3 mg·m−2) in 
open ocean stations, and 15.1–22.8 mg·m−2 (18.8 ± 
2.6 mg·m−2) in ice zones (Figure 4c). Picoplankton Chl in 



  Variability in Amundsen Sea size-fractionated phytoplankton during summer                      7 

 

the AP was significantly higher than in the open ocean (t 
test, p < 0.01) and ice zones (t test, p < 0.01). Although the 
integrated picoplankton Chl in ice zones was similar to that 
of open ocean regions, they differed significantly (t test, p < 
0.05). 

Size-fractionated Chl indicates two distinctly different 
phytoplankton communities exist in the Amundsen Sea 
(Figure 5). In polynya, net-, nano-, and picoplankton cells 
comprise 63%, 20%, and 17% of the total Chl, respectively 
(Figure 5b). In ice zones, net-, nano-, and picoplankton cells 
comprise 63%, 23%, and 14% of the total Chl, respectively 
(Figure 5c). In contrast, the contribution to total Chl of net- 
(39%), nano- (32%), and picoplankton (29%) in open ocean 
stations was more evenly spread. The total phytoplankton 
community in the Amundsen Sea was dominated by 
netplankton, accounting for 60% of the total Chl, followed by 
nano-plankton (22%) and picoplankton (18%) (Figure 5a). 

 
Figure 5  Size-fractionated Chl compositions in the overall 
Amundsen Sea (a), polynya (b), ice zones (c), and open ocean 
areas (d).  

Chl-a vertical distributions are shown in Figure 6. 
Maximum Chl occurs above 50 m, and decreases from 
50–200 m Chl at all stations. Average Chl in the upper 50 m 
at AP stations, 4.9 ± 2.9 mg·m−3, was significantly higher 
than in ice zones (2.9 ± 3.4 mg·m−3, t test, p < 0.01) and 
open ocean stations (0.5 ± 0.4 mg·m−3, t test, p < 0.01). 
Intermediate average Chl values occurred in ice zones; open 
ocean stations had the lowest average Chl-a concentration. 

Chl-a vertical distributions from 0–200 m along transects 
RA1–3, and A3 are presented in Figure 7. Maxima in the upper 
50 m are associated with AP stations near the coast along all 
transects, and deep Chl-a (> 50 m) are associated with AP 
station RA2-2 along transect RA2 (Figure 7b). 

3.3  SCM 

Chl-a vertical profiles and corresponding modeled 
dimensionless Chl-a profiles are shown in Figure 8. 

Measured Chl-a vertical profiles were used in conjunction 
with equation (2), with the fitting procedure allowing the 
five parameters in this equation to be derived for each 
station (Table S1). Corresponding modeled dimensionless 
Chl-a profiles compared well with measured Chl-a vertical 
profiles for all stations (Figure 8). The SCM ranged 0–  
59.0 m (20.0 ± 16.5 m) in AP stations, 0–86.9 m (36.6 ± 
28.6 m) in the open ocean, and 0–86.9 m (22.9 ± 31.2 m) in 
ice zones (Table 1). Average SCM values are lowest in the 
AP, followed by ice zones, then the open ocean. 

SCM distributions along transects RA1 (a), RA2 (b), 
RA3 (c), and A3 (d) are presented in Figure 7. In polynya 
and ice zones near the shelf, the SCM was very low and 
generally remained at approximately 10 m. As the latitude 
decreases, in the open ocean, the SCM occurred deeper, 
excepting station RA1-5 on transect RA1, RA2-5 on 
transect RA2, and A3-10 on transect A3. Marginal ice zone 
stations RA1-5 and RA2-5, where sea ice melting released 
phytoplankton and iron, resulted in the SCM occurring in 
the upper water column, above the mixed layer. At station 
A3-10, physical processes such as eddies may have 
reintroduced the limiting micro-nutrient iron from depths 
into the upper water column, causing a phytoplankton 
bloom, lowering the SCM. 

4  Discussion 

4.1  Amundsen Sea Chl-a concentrations  

Phytoplankton concentrations in the Amundsen Sea vary 
seasonally (Kim et al., 2015). Average column-integrated 
Chl from 0–30 m peaked in summer and decreased in 
winter (Smith et al., 1998). A comparison of dominant 
phytoplankton and Chl-a concentrations throughout the 
Southern Ocean is presented in Table 2. Lee et al. (2012) 
reported high average Chl in polynya stations (395.1 ± 
219.4 mg·m−2) compared to non-polynya stations (33.2 ± 
23.9 mg·m−2) integrated from the surface to the bottom of 
the euphotic zone from 21 December 2010 to 23 January 
2011. In contrast, Kim et al. (2016) reported a relatively low 
average Chl (49.2 mg·m−2) from 11 February to 14 March 
2012. We report average Chl (372.32 ± 189.00 mg·m−2) 
from 3 January to 5 February 2020, column integrated from 
0–200 m in polynya, being twice higher than in ice zones 
(146.17 ± 152.07 mg·m−2) and seven times higher than in 
open ocean areas (48.95 ± 20.82 mg·m−2). Our average Chl 
in polynya areas is within the range reported by Lee et al. 
(2012), but significantly higher in non-polynya areas, 
possibly due to different integrated depths between studies 
(~ 50 m in the euphotic zone in Lee et al. (2012), but 200 m 
herein). 

4.2  Amundsen Sea phytoplankton composition 

Phytoplankton community structure can significantly affect 
trophic levels, phytoplankton biochemical composition, and  
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Figure 6  Chl-a vertical distributions in polynya (a), ice zone (b), and open ocean (c) stations. 
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Figure 7  Chl-a distributions from 0–200 m along transects RA1 (a), RA2 (b), RA3 (c), and A3 (d). Dashed lines: black, MLD; orange, 
SCM. 
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Figure 8  Chl-a vertical profiles and corresponding modeled 
dimensionless Chl-a profiles at polynya (a), ice zone (b), and 
open-ocean (c) stations. 

particulate organic carbon transfer efficiency in pelagic 
food chains (Harrison et al., 1990; Lee et al., 2007; 
Cotti-Rausch et al., 2020). While the biomass of 
phytoplankton of given sizes can affect food webs, the 
activity of size fractions is more directly relevant to trophic 
dynamics and biogeochemical cycling (Cotti-Rausch et al., 
2020). At higher ammonium concentrations (~ 5 μM) in the 
Chukchi Sea and Bering Strait, small phytoplankton (<    
5 μm) incorporate more carbon into proteins than larger 

phytoplankton (> 5 μm) (Lee et al., 2009). We reported 
netplankton (> 20 μm) to dominate (63%) in polynya and 
ice zones, possibly because of P. antarctica blooms in 
seasonal ice zones and coastal Antarctic waters (DiTullio et 
al., 2000). In contrast, with decreased latitude, the 
proportion of netplankton gradually decreases and that of 
nano- and picoplankton increases. The three 
size-fractionated phytoplankton groups are more evenly 
distributed in open ocean stations, possibly because of iron 
limitation inhibiting uptake of major macronutrients by 
phytoplankton (Peloquin and Smith, 2007). 

4.3  Amundsen Sea subsurface chlorophyll 
maxima  

The stability of the tropical SCM relies on the vertical 
mixing input of limiting nutrients that enter the base of the 
mixed layer through the pycnocline, combined with a light 
field that decreases exponentially with depth (Latasa et al., 
2017). This creates an optimum depth for phytoplankton to 
grow (at the SCM), usually just above the pycnocline 
(Baldry et al., 2020). Unalike tropical regions, sufficient 
subsurface inputs of iron, the limiting micro-nutrient, are 
not widely present in the Southern Ocean (Arteaga et al., 
2019). The Southern Ocean SCM is influenced by various 
processes, such as iron fertilization from land masses, 
sea-ice retreat, eddies, buoyancy regulation by large 
diatoms, and grazing (Ardyna et al., 2019). In Amundsen 
Sea polynya and ice edge areas, sea-ice retreat releases 
phytoplankton, alleviates light limitation, and increases 
bioavailable iron concentrations with the melting of ice, 
resulting in surface water phytoplankton blooms. Around 
the Amundsen Sea shelf, the continuous supply of iron from 
ocean depths because of the Antarctic Circumpolar Current 
promotes large-scale phytoplankton blooms dominated by 
diatoms (netplankton, > 20 μm) in surface waters. The 
Amundsen Sea SCM is moderately, positively correlated 
with Zeu, and moderately, negatively correlated with 
column-integrated net- and nanoplankton Chl (Table 3). 
With diatom blooms, Zeu decreases and diatom SCMs occur 
in surface blooms, above the pycnocline. The diatom SCM 
forms under continuous iron or silicate limiting conditions 
with the reduction of surface blooms (Gomi et al., 2007). 
When nutrients from meltwater are rapidly depleted, the 
net- and nanoplankton column-integrated Chl gradually 
decreases and the surface bloom at the sea ice edge sinks 
rapidly. Sinking phytoplankton find an appropriate 
environment deeper than the pycnocline, aggregating to 
form a SCM in the Amundsen Sea open ocean. 

5  Summary and conclusions 

Average column-integrated (0–200 m) Chl from 3 January 
to 5 February 2020 in the Amundsen polynya ranged 372.3 
± 189.0 mg·m−2, consistent with values reported by Lee et al. 
(2012) for average Chl integrated from surface to the  
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Table 2  Comparison of dominant phytoplankton and Chl-a concentrations in the Southern Ocean 

Sea area Period Dominant phytoplankton Chl-a concentration Reference 

Amundsen Sea polynya 1997–2010  2.2±3.0 mg·m−3 (satellite data)* Arrigo et al., 2012 

Ross Sea Polynya 1997–2010  1.5±1.5 mg·m−3 * Yager et al., 2012 

Western central Ross Sea austral summer 1990 netplankton (large diatoms) 129–358 mg·m−2 ** 
Goffart et al., 2000; Moline et 

al., 2004 
South central Ross Sea (polynya 

and ice-edge area) 
austral spring 1994 nanoplankton (Phaeocystis) 55-186 mg·m−2 ** Goffart et al., 2000 

Amundsen Sea polynya 
21 December, 2010 to    

23 January, 2011 
netplankton 395.1 ± 219.4 mg·m−2  *** Lee et al., 2012 

Amundsen Sea non-polynya 
21 December, 2010 to    

23 January, 2011 
nanoplankton 33.2 ± 23.9 mg·m−2  *** Lee et al., 2012 

Ross Sea polynya 
14 November to 14 

December 1994 
micro- and nanoplankton 69.6 –164.7 mg·m−2  **** Saggiomo et al., 1998 

Ross Sea marginal ice zone 
14 November to 14 

December 1994 
microplankton 99.64–220 mg·m−2 **** Saggiomo et al., 1998 

Ross Sea pack ice area 
14 November to 14 

December 1994 
picoplankton 19.4–37.7 mg·m−2  **** Saggiomo et al., 1998 

Amundsen Sea 
11 February to 14 March, 

2012 
netplankton 49.2 mg·m−2  *** Kim et al., 2016 

Amundsen Sea polynya 3 January to 5 February, 2020 netplankton 372.32 ± 189.00 mg·m−2  **** This work 

Amundsen Sea ice zones 3 January to 5 February, 2020 netplankton 146.17 ± 152.07 mg·m−2  **** This work 

Amundsen Sea open ocean 3 January to 5 February, 2020 none 48.95 ± 20.82 mg·m−2  **** This work 

Notes: * mean Chl-a concentration from satellite data; ** column-integrated Chl-a concentration in the upper 100 m; *** column-integrated Chl-a concentration from 
surface to the bottom of the euphotic zone; **** column-integrated Chl-a concentration in the upper 200 m. 

 

Table 3  Correlations between the SCM and environmental parameters 

Size-fractionated column (200 m) integrated Chl-a 
Sample Sea ice concentration Zeu MLD Net 

>20 μm 
Nano 

2–20 μm 
Pico 

0.2–2 μm 

All samples −0.225 0.456** −0.034 −0.371* −0.322* −0.190 

Notes: *P < 0.05, ** P < 0.01. 

 
bottom of the euphotic zone in polynya regions. However, 
our average Chl in non-polynya areas is significantly higher 
than that reported by Lee et al. (2012). Phytoplankton 
communities in Amundsen Sea polynya and ice zones are 
dominated by netplankton, which accounts for 60% of the 
total Chl because of P. antarctica blooms (DiTullio et al., 
2000). Diatom SCMs are located in surface blooms, above 
the pycnocline. In contrast, net-, nano-, and picoplankton 
contribute more evenly to total Chl in open-ocean stations, 
likely because of iron limitation. In the open ocean, because 
of iron and light colimitation, the SCM migrates deeper and 
occurs below the pycnocline. The Amundsen Sea SCM is 
moderately correlated with Zeu and column-integrated net- 
and nanoplankton Chl. In the Amundsen Sea, sea-ice 
concentrations decrease by about 7% per decade (Cavalieri 
and Parkinson, 2008). To better understand the mechanisms 
driving significant differences in Chl, phytoplankton 
composition, and SCM depths among polynya and 
non-polynya areas in the Amundsen Sea, more seasonal and 
annual surveys are required. 
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Supplementary Table 

Table S1  Values of the five parameters to be used in equation (7) obtained for the dimensionless vertical profiles of Chl-a and subsurface 
chlorophyll maximum (SCM) for all stations in the Amundsen Sea polynya, ice zones, and open ocean 

Chl-a 
Location Station 

Cb S Cmax max  
SCM/m 

RA1-1 −0.15 −0.01 1.37 0.67 3.57 9.19 

RA1-2 −0.04 0.00 1.48 0.89 1.74 13.29 

RA1-3 0.16 0.02 1.34 0.66 0.97 13.61 

RA2-2 0.31 0.01 0.95 1.02 2.92 13.39 

RA2-3 −0.03 0.00 1.41 0.70 1.69 11.35 

RA2-4 0.96 0.10 0.59 1.62 0.86 33.60 

RA3-3 0.03 0.00 1.36 0.31 1.25 5.70 

A3-1 −0.06 0.00 2.99 −6.27 7.03 0.00 

A9-0 0.17 0.01 1.15 0.99 1.76 17.87 

A9-2 1.14 0.09 1.10 3.04 1.13 59.02 

A9-3 0.95 0.12 1.26 1.57 0.49 38.19 

A11-0 0.01 0.00 1.29 1.62 4.43 18.25 

A11-1 0.07 0.00 1.69 −4.08 7.03 0.00 

A11-2 0.69 0.05 1.14 2.24 1.83 39.77 

Polynya 

A11-3 0.27 0.03 1.43 1.12 0.85 26.45 

RA2-1 −0.03 0.00 1.32 1.13 2.90 15.77 

RA3-2 0.00 0.00 1.24 0.37 1.35 6.74 

A3-3 63.04 5.90 −69.19 −3.45 9.89 0.00 

A3-5 −0.42 −0.07 1.66 −0.60 3.09 0.00 

A3-6 1.22 0.35 1.65 1.69 0.17 86.91 

RA1-0 −0.04 0.00 1.32 0.81 2.28 10.59 

RA1-4 0.94 0.26 0.56 1.35 0.82 72.45 

RA3-4 0.04 0.00 3.28 0.49 0.38 11.02 

RA3-5 0.81 0.18 0.51 0.58 0.45 25.18 

Ice zones 

A11-4 −27.20 −2.65 41.17 −7.11 11.68 0.00 

RA1-5 0.34 0.06 0.87 0.37 1.04 12.37 

A3-10 0.05 0.01 1.25 0.32 0.99 11.07 

A3-7 1.10 0.33 0.57 1.52 0.64 85.86 

RA1-7 0.78 0.17 1.86 0.83 0.22 34.83 

A3-8 0.56 0.22 1.31 0.99 0.46 73.70 

RA2-5 0.35 0.06 0.95 0.43 0.73 14.81 

RA2-6 0.61 0.11 0.58 0.49 0.98 18.11 

RA2-7 0.59 0.13 0.90 0.72 0.38 30.91 

A3-9 0.80 0.15 1.14 1.39 0.68 51.28 

A4-6 0.29 0.05 1.04 −0.34 1.95 0.00 

RA3-6 0.60 0.13 0.61 0.53 0.79 22.33 

RA3-7 0.48 0.10 0.70 0.49 1.08 19.96 

RA4-6 0.39 0.09 0.94 0.91 0.79 54.51 

RA4-7 −9.47 −1.62 11.00 −1.07 4.43 0.00 

RA4-8 1.24 0.41 4.68 1.44 0.14 86.92 

A4-7 −0.31 −0.15 1.36 0.80 1.38 41.96 

A4-8 0.88 0.25 0.75 1.32 0.75 76.45 

Open ocean 

A4-9 0.42 0.07 0.77 0.56 0.79 23.98 

 


