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ARTICLE INFO ABSTRACT

Available online 2 May 2015 The biochemical compositions (proteins, carbohydrates, and lipids) of phytoplankton provide useful

information for their environmental growth conditions and nutritional status as a basic food source for
upper trophic consumers. Concentrations of these compositions were assessed at 100, 30, and 1% light
penetration depths within the euphotic zone in the Amundsen Sea, Antarctica, using colorimetric
techniques. The major inorganic nutrients were generally abundant throughout the study area. The
average chlorophyll a (chl-a) concentration was 49.2 mg m~2 (S.D.= + 27.6 mg m~2) and large phyto-
plankton ( > 20 um) accounted for 64.1% of the total chl-a concentration. The biochemical compositions
of the phytoplankton were not significantly different among different light depths or productivity
stations. The overall compositions of proteins, carbohydrates, and lipids from all stations averaged 65.9%
(S.D.= +12.5%), 22.4% (S.D.= +10.9%), and 11.7% (S.D.= + 6.5%), respectively. Regardless of dominant
phytoplankton species, nitrogen-abundant conditions sustained high protein compositions of phyto-
plankton in the Amundsen Sea during the cruise period. Based on the macromolecular compositions, the
average food material (FM) concentration was 219.4 pugL~! (S.D.= + 151.1 pgL~") and correlated
positively with the primary productivity in the Amundsen Sea. High protein/carbohydrate ratios ( > 1)
and large proportions of proteins suggest that phytoplankton provide nitrogen-sufficient foods to higher
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trophic consumers through a higher efficiency of protein carbon incorporated into herbivores.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Phytoplankton consist of important biochemical components such
as proteins, carbohydrates, and lipids. The proteins play a role in
biological processes such as enzymatic catalysis and growth, and
transfer carbon to herbivore biomass with higher efficiency than
other biomolecular classes (Stryer, 1988; Lindqvist and Lignell, 1997).
The lipids and carbohydrates act as an energy storage and are
essential components of all membranes (Handa, 1969; Parrish, 1987).

These macromolecules are analyzed to determine the physio-
logical condition of phytoplankton in various oceans using the
carbon isotope allocations into different photosynthetic endpro-
ducts (proteins, polysaccharides, lipids, and low molecular weight
metabolites) after incubation or the analysis of differences in the
macromolecular composition of bulk particulate organic matter
(POM) samples (Fabiano et al., 1993; Danovaro et al., 2000; Suarez
and Marafién, 2003; Lee et al., 2008, 2009; Kim et al., in press). The
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advantage of carbon isotope method is that it elucidates the rapid
response of biochemical compositions to environmental factors
during short-time scales. However, previous studies have reported
that carbon incorporated into their cells could change depending
on the time in the day-night cycle (Lancelot and Mathot, 1985;
Boéchat and Giani, 2008). Therefore, these results can not reflect
patterns of the photosynthetic carbon allocations of phytoplank-
ton for a longer period. In comparison, macromolecular composi-
tions of bulk POM samples obtained by filtering seawater provide
the physiological status of the phytoplankton over a relatively long
time period, thus indicating the food quality for higher trophic
levels (Fabiano et al, 1993, 1996; Boéchat and Giani, 2000;
Danovaro et al., 2000; Kim et al., in press).

POM largely originates from dissolved organic substances or
particulate sized organic detritus of allochthonous (terrestrial material
and fecal matter) or autochthonous origin such as phytoplankton and
bacteria (Volkman and Tanoue, 2002). It plays a crucial role in
controlling nutritional, microbial, and geochemical cycles in various
ecosystems (Wakeham and Lee, 1989; Benner et al., 1997; Danovaro
et al,, 2000). However, discrimination between particulate and dis-
solved matter by filtration is difficult because particles depend on
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different filter types and pore size. POM analysis usually requires
filters of sizes from 0.2 to 0.7 um (Fabiano et al., 1995, 1999; Volkman
and Tanoue, 2002; Sugimoto et al., 2006). Fabiano et al. (1995) and
Fabiano et al. (1999) used 0.2 um pore-size polycarbonate filters and
0.4 um pore-size filters for analyses of lipids, proteins, and carbohy-
drates in POM, respectively. Since POM contains pico-sized phyto-
plankton (0.2-2 pm) and bacterioplankton, water samples were
filtered through 0.2 pm pore diameter (Fabiano et al,, 1995). However,
the use of GFJF glass fiber filters (nominal pore size 0.7 pm) is most
common in most studies concerning particulate matter samples
rather than using 0.2 um nuclepore filters which tend to clog rapidly
(Rios et al., 1998; Danovaro et al., 1999, 2000; Khodse and Bhosle,
2012). Also, GFJF filters have good resistance to most organic and
inorganic solvent and are made low blank contamination by combus-
tion. Several studies reported that POM in the euphotic zone is mostly
composed of phytoplankton (Saino and Hattori, 1980; Fabiano et al.,
1993; Biddanda and Benner, 1997). Hence we analyzed the bulk
biochemical components of POM to understand the overall body
composition of phytoplankton in the Amundsen Sea.

Although no significant trend in the mean sea ice coverage was
found for the Antarctic Ocean as a whole, the Antarctic sea ice
cover has increased slightly since the late 1970s while Arctic sea
ice has decreased (Parkinson and Cavalieri, 2012; Strammerjohn
et al., 2012). However, regional variability is large in the Antarctic
Ocean: slight increases in the Ross Sea, Weddell Sea, and Indian
Ocean sectors, but significant decreases in the Amundsen-
Bellingshausen Sea regions during 1979-2010, based on satellite
data (Parkinson and Cavalieri, 2012). A rapid sea ice retreat in the
Amundsen Sea is caused by relatively high light intensity during
the austral spring-summer and an intrusion of warm Circumpolar
Deep Water (CDW) (Rignot and Jacobs, 2002; Walker et al., 2007;
Parkinson and Cavalieri, 2012; Strammerjohn et al., 2012). The
decrease in sea ice cover from environmental change could alter
physiological conditions of phytoplankton as a basic food source
and thus the marine ecosystem in the Amundsen Sea. However,
biochemical compositions of phytoplankton have not been inves-
tigated in the Amundsen Sea. Therefore, the main objectives of this
study are to (1) understand the physiological status of phytoplank-
ton based on macromolecular composition, (2) determine impor-
tant controlling factors for the different compositions, and
(3) estimate the concentrations of food material (FM) available
to higher trophic levels in the Amundsen Sea.

2. Materials and methods
2.1. Study area and water sampling

All samples were obtained in the Amundsen Sea in the western
Antarctic Ocean from 11 February to 14 March, 2012 using the R/V
ARAON (Fig. 1 and Table 1). Sampling was conducted at 14 stations
to determine the biochemical compositions of POM. Physical
properties such as water temperature and salinity and water
samples for biological and chemical property analysis were
obtained from a CTD—rosette sampler system equipped with 24
10-L Niskin bottles.

2.2. Major inorganic nutrient and chlorophyll a analyses

Samples for major inorganic nutrients and chlorophyll a (chl-a)
were obtained at 3 depths with different light levels (100, 30, and
1% surface light). The major inorganic nutrients (ammonium,
phosphate, nitrate+nitrite, and silicate) were measured on board
using a QuAAtro auto analyzer (Seal Analytical, Germany). Sea-
water samples for total chl-a were filtered through 25 mm GF/F
filters (Whatman, nominal 0.7 um pore size). For size-fractionated

chl-a, the samples were passed sequentially through 20 pm and
3 um membrane filters, then 47 mm GF/F filters (Whatman,
nominal 0.7 pm). Chl-a was extracted in 90% acetone for 24 h at
4 °C following Parsons et al. (1984), and quantified using a Trilogy
fluorometer (Turner Designs, USA).

2.3. Particulate organic carbon, nitrogen, and 6>C analyses

Samples for particulate organic carbon (POC), nitrogen (PON),
and §C were filtered through 25 mm GF/F filters (Whatman,
nominal 0.7 pm). The filters were immediately frozen and pre-
served at —80 °C until analysis. After overnight HCl fuming to
remove carbonate, a Finnigan DeltaP!"* XL mass spectrometer was
used for determining concentrations of POC and PON at the stable
isotope laboratory of the University of Alaska Fairbanks.

2.4. Macromolecular analysis of POM and statistical analyses

Water samples to obtain the macromolecular composition
(proteins, carbohydrates, and lipids) of POM were obtained from
3 depths with different light levels (100, 30, and 1%) during the
cruise. One liter of each seawater sample was filtered through a
pre-combusted 47 mm GF/F filter (Whatman, nominal 0.7 pm) and
then was stored at —80 °C until analysis. Extractions and quanti-
fications of biochemical classes were performed in the laboratory
based on the method used by Kim et al. (in press). Proteins were
analyzed quantitatively using the method of Lowry et al. (1951).
Absorbance was measured at 750 nm using a spectrophotometer
(Labomed, Germany). The concentration of proteins was calculated
from calibration curves with a protein standard solution (2 mg mL™?,
SIGMA). Carbohydrate analyses were performed following extraction
using the phenol-sulfuric method from Dubois et al. (1956). The
concentration of carbohydrates was determined by measuring the
absorbance of samples at 490 nm with a glucose standard solution
(1mgmL~!, SIGMA). Lipids were extracted from POM with
chloroform and methanol (1:2, v/v) according to Bligh and Dyer
(1959) and Marsh and Weinstein (1966). Absorbance for lipids was
measured at 360 nm. Tripalmitin solutions were used as the
standard for lipid concentration. Food material (FM) was defined
as the sum of particulate protein, carbohydrate, and lipid concen-
trations (Danovaro et al., 2000). Statistical analyses were per-
formed using SPSS software for t-tests and Pearson's correlation
coefficient at the level of significance (p < 0.05).

3. Results
3.1. Physical and chemical characteristics of the study area

Physical characteristics of the study area are presented in
Table 1. Small fluctuations were observed in water temperature
(—1.8 to —0.9°C) and salinity (33.4 to 33.9 psu) within the
euphotic zone at all stations (Table 1). The average temperature
and salinity from the surface to the depth of 1% light were —1.5 °C
(8.D.= +£0.3°C) and 33.6 psu (S.D.= + 0.2 psu), respectively.

The vertical profiles of major inorganic nutrients (ammonium,
phosphate, nitrate+ nitrite, and silicate) between the surface and
1% light depths at all stations except St. 35 are shown in Table 2.
Ammonium and phosphate concentrations ranged from 0.1 to
2.8 uM and 1.2 to 2.4 uM with means of 1.1 uM (S.D.= + 0.7 uM)
and 1.7 pM (S.D.= +0.3 uM), respectively. The nitrate+ nitrite
concentration was lowest at St. 10 (11.8 uM) and highest at a
depth of 1% light at St. 63 (29.8 uM). Silicate concentration ranged
from 53.6 to 91.6 uM (Table 2). Generally, major inorganic nutrient
concentrations at sampling depths were not significantly different
among the macromolecular stations (Table 2).
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Fig. 1. Location of sampling area in the Amundsen Sea in 2012 (large open circles represent macromolecular stations).

Table 1
Locations and environmental conditions at 14 composition stations in the Amund-
sen Sea (temperature and salinity were averaged from surface to 1% light depth).

Table 2
The vertical concentration profiles of major inorganic nutrient from the surface to
1% light depth in the Amundsen Sea.

Station Latitude Longitude Euphotic depth Temperature Salinity Station Light Phosphate Nitrate+Nitrite Ammonium Silicate
(s) (‘W) (m) (°0) (psu) depth (%) (uM) (rM) (rM) (rM)
St.3  71.946 118.454 20 181 33.64 st.3 100 1.746 22.621 0.503 69.717
St.7  72.846 116.346 20 —1.65 33.59 30 1.806 23.279 0.503 70.432
St.10  73.25 114.998 34 -116 33.54 1 1.821 23.696 0.591 70.949
St.13  72.751 111.997 86 —~1.80 33.88 st.7 100 1.750 21.714 0.797 85.296
St.16  73.499 113.000 12 ~1.40 33.64 30 1.783 21.567 0.822 85.717
St.17  73.500  115.003 35 -127 33.60 1 1.784 21.459 0.840 85.916
St.19 74194 112,529 40 ~158 33.79 St.10 100 1.165 11.763 0.603 81.009
St.22  73.924 116137 30 -0.92 33.72 30 1214 11.864 0.805 81.746
St.31 75087  101.759 32 —117 33.71 1 2.359 28.292 2.762 91.607
St.35  74.571 106.599 50 - - St.13 100 2127 28.766 0.252 71229
St.39  71.581 133.988 25 -126 33.39 30 2.208 28.809 0.207 71.748
St. 40 73.686  136.984 20 -1.83 33.60 1 2.308 29.824 0.096 75.154
St.63  73.094 117.587 20 —-175 3341 St.16 100 1.362 14.893 0.558 76.457
St.86 73.809  106.537 35 —-152 3353 30 - - - -
1 1.405 15.342 0.665 77.352
St.17 100 1418 16.493 0.592 78.008
30 1.466 17.013 0.630 79192
1 2127 27.775 0.754 88.523
3.2. Total and size-fractionated chlorophyll a concentrations 5t19 100 1930 25104 0.733 80107
30 2.040 25.419 0.820 81.808
1 - - - -
Average chl-a concentration of phytoplankton integrated from st.22 100 1321 12.567 2016 84.245
100% to 1% light penetration depths was 49.2 mgm~2 (S.D.= 30 1379 12.946 2.082 84.895
+27.6 mg m~2; Table 3). The lowest and highest concentrations 1 1483 13.932 2.306 85.802
were 8.0 mg m~2 at St. 39 and 95.8 mg m 2 at St. 10, respectively. St.31 100 1516 18.657 2406 62.999
. . . 30 1.551 18.937 2.249 63.292
The size-fractionated chl-a concentrations were averaged from 1 1583 19132 2348 63.623
3 depths (100, 30, and 1% surface light). The phytoplankton St.39 100 1.926 25.949 0.775 54.654
community in the Amundsen Sea, with the exception of 4 stations 30 1.988 26.411 0.712 54.872
(Stns. 31, 39, 40, and 86), was dominated by large-sized phyto- 1 2.020 26.343 0.697 53.617
lankton ( > 20 pm) accounting for 64.1 + 9.8% of the total chl-a st40 100 2035 25.504 1091 67.025
p ; K 8 %1 £ 9,00 30 2.083 25362 1.094 67.613
concentration, followed by middle-sized (3-20 um; 23.6 + 3.4%), 1 2.087 26.058 1.089 67527
and small cells (0.7-3 pm; 12.4 + 6.5%) (Table 3). At Stns. 31, 39, 40, St.63 100 1437 18.508 0.763 80.735
and 86, middle-sized phytoplankton (3-20 pm) were predominant 30 1495 17243 0.896 80.786
oy : 1 1.637 20.695 1.006 81429
(50.9 + 14.7%) in the phytoplankton community (Table 3). st 86 100 1462 15.640 1636 68285
30 1.472 15.947 1.926 68.049
1 1.650 18.738 2.017 66.394

3.3. Particulate organic carbon, nitrogen, and 5">C analyses

The POC and PON concentrations averaged over depths for 100% to
1% surface light were 194.3 + 1389 ug L™, and 411 +29.0 ugL~",
respectively (Table 3). A strong linear relationship was found between
POC and PON (PON=POC:0.2101, *=0.98, p < 0.001). The C/N ratio
of POM was highest (6.6) at St. 3, whereas it was the lowest (4.7) at St.
39 among the 14 stations, with a mean of 5.5 (S.D.= + 0.5). The §>C
value of POM ranged from —28.0%0 to —24.7%. with a mean of
—25.8%o0 (S.D.= + 1.0%0) (Table 3).

3.4. Biochemical compositions of POM

Biochemical compositions and FM (food material) of POM at
100, 30, and 1% light penetration depths for each station are sum-
marized in Table 4. The average concentrations of the proteins,
carbohydrates, and lipids from the 14 stations were 146.8 pg L~!
(S.D.= +973pgL™1), 535 ug L~ (S.D.= +£52.2 pg L™ 1), and 19.1
pg L~ (S.D.= + 6.3 pg L~ 1), respectively. Proteins and carbohydra-
tes were relatively high, ranging from 5.9 to 396.2 ugL~! and
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2.8 to 216.0 ug L™, respectively, whereas lipids had a narrow
range from 13.2 to 36.9 pg L. For the 14 stations, the percentage
of each biochemical component of POM at the depth of each of the
three tested light levels is shown Fig. 2. The proteins contributed
approximately > 60% to the biochemical compositions regardless
of depth, whereas the contribution of lipids was the lowest
(<15%). The depth-averaged macromolecular composition of
POM was dominated by proteins (mean + S.D.=65.9 + 12.5%),
followed by carbohydrates (mean + S.D.=22.4 + 10.9%), and lipids
(mean +S.D.=11.7 + 6.5%) (Fig. 3). Based on the composition of
proteins, carbohydrates, and lipids, the average FM concentration
of POM was 2194 ugL~! (S.D.= +151.1 pgL~!) in this region
(Fig. 4). The highest value of FM (639.4 ug L~ ') was observed at
St. 16, whereas the lowest was 42.7 ug L~ ! at St. 13 (Fig. 4).

3.5. Biochemical composition in relation to environmental factors

Based on Pearson's correlation analysis, the percentage of
carbohydrates was found to have a positive relationship only with
silicate (r=0.36, n=37, p <0.05) and a negative relationship with

Table 3
Total chl-a concentrations (mg m~2), percentage of size-fractionated chl-a (%), POC,
PON, and 5'3C (Total chl-a was integrated from surface to 1% depths, whereas the
remaining parameters were averaged from 100, 30, and 1% light penetration
depths).

Station  Integrated  Size-fractionated chl-a POC PON 4C
chl-a (mg (g (ng (%o)
m-2) >20pm 3- 07- L) LY
(%) 20pm 3pm
(%) (%)
St. 3 43.2 68.1 23.6 83 188.6 333 -—-247
St. 7 67.0 63.7 234 129 227.7 551 —-258
St. 10 95.8 - - - 3614 779 -253
St. 13 293 - - - 86.3 178 —-25.0
St. 16 74.5 76.3 18.7 5.0 660.8 1383 —-26.2
St. 17 65.7 67.3 229 9.8 2373 46.7 -25.7
St. 19 26.8 46.9 295 23.6 85.7 18.7 —-27.0
St. 22 56.3 62.0 235 14.5 3016 566 —24.8
St. 31 91.2 22.8 64.1 131 2373 545 —28.0
St. 35 30.7 - - - 1103 232 -263
St. 39 8.0 27.6 523 20.1 1259 312 -253
St. 40 8.2 373 30.0 32.7 100.2 188 —-255
St. 63 43.7 - - - 175.5 378 248
St. 86 48.2 231 57.0 199 136.8 321 -26.6
Average 49.2 49.5 345 16.0 1943 411 -258
SD.(+) 276 20.5 16.7 8.2 1389 29.0 1.0
Table 4

proteins (r=—0.85, p <0.01; Table 5). Proteins had negative rela-
tionships with lipids, phosphate, and dissolved inorganic nitro-
gen (DIN=nitrate+ nitrite+ammonium concentration) (r= —0.50,
—0.48, and —0.39, respectively, p <0.01), whereas lipids had a
negative relationship with silicate (r=—0.47, p<0.01). We also
assessed the relationship between the biochemical composition and
physical properties. Temperature was correlated only with lipids

Percentage (%)
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Fig. 2. The macromolecular compositions (carbohydrates, proteins, and lipids) of
phytoplankton from depths at three light levels (100, 30, and 1%).

70°S

B Carbohydrates _
B Proteins
71°s _| W Lipids

‘ 0
4 o
wgu
oo
S 2
st -
.

st

72°5 _| Pt}

73°S |

2

T T T T T
140°W 130°W 120°wW 110°W 100°W 920°W

Fig. 3. Macromolecular composition of phytoplankton averaged from three depths
at different light levels (100, 30, and 1%) at each station in the Amundsen Sea.

The concentrations of different macromolecular classes (carbohydrates, proteins, and lipids) of phytoplankton at three light penetration depths (100, 30, and 1%).

Station Carbohydrate concentration (ugL~") Protein concentration (ng L") Lipid concentration (ng L") FM concentration (pg L")
St. 3 38.3 (36.8-40.6) 112.1 (105.6-120.6) 14.1 (14.0-14.2) 164.5 (160.5-172.2)
St. 7 83.2 (72.4-90.7) 190.7 (178.3-204.2) 19.7 (15.9-21.9) 293.5 (286.6-297.8)
St. 10 128.8 (76.3-193.5) 299.1 (248.6-395.4) 24.8 (18.5-34.4) 452.7 (348.1-623.2)
St. 13 27.7 (23.4-33.3) 44.7 (5.9-89.9) 14.2 (13.4-15.1) 86.6 (42.7-137.4)
St. 16 204.5 (193.0-216.0) 3914 (386.5-396.2) 34.4 (31.8-36.9) 630.2 (621.0-639.4)
St. 17 87.3 (74.1-97.8) 180.2 (156.1-212.9) 216 (16.3-28.9) 289.1 (261.9-331.7)
St. 19 414 (35.6-47.2) 80.2 (62.4-98.0) 13.2 (13.2-13.2) 134.7 (111.1-158.3)
St. 22 67.1 (39.8-107.5) 2214 (188.4-245.2) 26.9 (16.6-33.5) 315.3 (244.8-383.2)
St. 31 37.7 (22.8-59.1) 184.1 (177.9-190.8) 171 (16.3-17.8) 238.9 (230.0-254.2)
St. 35 18.2 (13.4-23.9) 88.3 (62.0-103.2) 171 (15.9-18.9) 123.5 (95.1-142.4)
St. 39 13.0 (6.5-19.7) 63.4 (51.1-84.2) 14.9 (14.2-15.9) 91.3 (72.2-111.3)

St. 40 12.5 (2.8-29.4) 35.3 (21.3-45.5) 15.8 (14.4-17.2) 63.6 (61.6-65.0)

St. 63 23.0 (19.0-26.2) 140.1 (114.5-152.9) 18.5 (18.0-19.5) 181.6 (158.8-194.6)
St. 86 13.4 (6.1-22.7) 83.0 (74.1-92.7) 18.2 (17.6-19.1) 114.6 (105.9-121.9)
Average 53.5 146.8 191 2194

SD.(+) 52.2 973 6.3 1511
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and salinity correlated with carbohydrates (r=-0.35 and 0.37,
respectively, p < 0.05; Table 5).

4. Discussion and conclusions
4.1. Origin of POM

Since POM is derived from different sources, the C/N ratio and
stable carbon isotope ratio ('3C) are useful tools to assess major
components of organic matter in the oceans (Lobbes et al., 2000;
Lee and Whitledge, 2005). The average C/N ratios for fresh living
phytoplankton and bacteria are generally 6-10 and 3-5, respec-
tively, whereas it varies from 15 or higher for the terrestrial POM
(Redfield et al., 1963; Goldman et al., 1987; Lee and Fuhrman,
1987; Zweifel et al., 1993; Montagnes et al., 1994; Fagerbakke et al.,
1996; Rios et al., 1998; Lobbes et al., 2000). The §'3C signature of
oceanic POM provides the key evidence for a marine origin.
According to earlier studies, §>C values ranged from —27.5%. to
—26.4%0 for POM (mainly consisting of diatoms) in samples
collected from the Antarctic Australian Sector (Wada et al., 1987)
and —25.6 + 1.9%. for phytoplankton ( < 62 um) near King George
Island, Antarctica (Corbisier et al., 2004). Moreover, Lee et al.
(2012) observed &'C values of POM (mostly dominated by
Phaeocystis sp.) between —29.3%0 and —27.7%. in the Amundsen
Sea polynyas. In this study, the C/N ratio and 6'3C value of POM
ranged from 4.7 to 6.6 (mean + S.D.=5.5 + 0.5) and from —28.0%0
to —24.7%. (mean + S.D.= —25.8 + 1.0%0), respectively. In addi-
tion, material inputs in the Amundsen Sea are more likely to be

700

600 - =

[ Carbohydrates
[ Proteins
B Lipids

500 -
400 -
300

200 - 1

" LA0lln |40 AR a M

I T AT B I O N I
M S P O e O M SIS VIS Sgs C R 8
Station

FM concentration (ug L'l)

Fig. 4. FM (Food Material) concentrations (sum of carbohydrates, proteins, and
lipids concentrations) of phytoplankton averaged from three depths at different
light levels (100, 30, and 1%) at each station.

Table 5

driven by the seasonal Sea ice rather than riverine source (Jenkins
et al., 2010). This implies that the POM was mostly derived from
phytoplankton and not greatly influenced by terrestrial organic
matter and bacteria. Therefore, the biochemical compositions of
POM are believed to have been affected largely by growth condi-
tions of phytoplankton in this study.

4.2. Phytoplankton biomass

The phytoplankton biomass in the Antarctic Ocean shows a strong
seasonal variability (El-Sayed and Weber, 1982; Moline and Prézelin,
1996; Smith et al., 1998, 2000). Smith et al. (1998) found that the
average chl-a concentration peaked in summer and decreased in
winter within the top 30 m near the western Antarctic Peninsula.
Moline and Prézelin (1996) observed a high chl-a concentration in
December during their observation period from August 1993 to
January 1994 in shelf waters adjacent to Palmer Station, Antarctica.
In our study, the mean chl-a concentrations integrated from surface to
the 1% light depth was 49.2 mg m~2 (S.D.= =+ 27.6 mg m~2; Table 3).
In comparison, Lee et al. (2012) reported that the average chl-a
concentration was 190.3 mg m 2, ranging widely (6.7-742.5 mg m~2)
in the Amundsen Sea in 2010/2011. The integrated chl-a concentration
in this study was significantly lower than in 2010/2011 (Lee et al.,
2012), mainly due to a large seasonal variation of primary production
in the Amundsen Sea (Kim et al, 2015). Our measurement was
conducted during the late summer period (February-March) after a
large phytoplankton bloom, whereas the phytoplankton biomass in
Lee et al. (2012) was measured during late December to January
within the bloom period (Arrigo and van Dijken, 2003; Arrigo
et al., 2012).

4.3. Biochemical composition in relation to environmental factors

In our study, overall protein composition was highest
(65.9 +12.5%) and lipid composition was lowest (11.7 4 6.5%). This
pattern is the reverse of the trend in the Arctic Ocean, where the lipid
composition was highest (50 + 12.5%) and the protein contribution
was lowest (15 + 11.2%), reported by Kim et al. (in press). According to
earlier reports, the macromolecular composition of phytoplankton is
highly variable depending on various environmental factors such as
light conditions (Morris et al., 1974; Smith and Morris, 1980), growth
stages (Smith et al., 1997), species (Liebezeit, 1984; Moal et al., 1987;
Rivkin and Voytek, 1987), and nutrient availability (Morris et al., 1974;
Kilham et al., 1997). Therefore, we would like to address these main
controlling factors one by one.

A higher light intensity usually results in diminished protein
content and relatively enhanced lipid content, as suggested by
several studies (Smith and Morris, 1980; Smith et al., 1987, 1997;
Sudrez and Marafién, 2003; Lee et al., 2008). Boéchat and Giani
(2008) reported that the diel cycle of light clearly plays a primary role

Pearson's correlation matrix of macromolecular compositions and environmental factors. DIN: total dissolved inorganic nitrogen.

%Carbohydrates %Proteins %Lipids PO, Sio, DIN Salinity Temperature
%Carbohydrates 1
%Proteins —0.85"* 1
%Lipids - —0.50"* 1
PO4 - —0.48** 1
Sio, 0.36* - - 1
DIN - -0.39* 0.98** - 1
Salinity 0.37* - - - - - 1
Temperature - - —0.35% -0.36" - —0.35% - 1

“~" indicates not significant.

* p < 0.05.
** p <001
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in the biochemical composition of phytoplankton. However, no
significant relationship between biochemical compositions and the
light levels at our sampled depths was found in our study (Fig. 2). The
mean mixed layer depth (mean 4+ S.D.=34.7 + 13.7 m) was similar to
the mean euphotic depth in this study (mean + S.D.=32.8 + 18.3 m)
(t-test, p > 0.05), which implies that light conditions of the phyto-
plankton during growth could be similar within the euphotic layer
given a well mixed water column condition during our cruise period.
Growth stage is another controlling factor of the biochemical
composition of phytoplankton. Some studies reported that actively
growing phytoplankton is mainly associated with protein synthesis
(Morris, 1981; Rios et al.,, 1998), while the proportion of storage
compounds (carbohydrates and lipids) decreases. In other words,
under stationary phase conditions or as phytoplankton become
degraded, the protein proportion tends to decrease. The growth rate
of phytoplankton in this study could be lower than that in developing
bloom conditions since our measurements were done during a later
stage of bloom development (Smith et al.,, 2000). In fact, Kim et al.
(2015) reported an average specific carbon uptake rate (not con-
sidering phytoplankton biomass) significantly lower in this study
year than that in Lee et al. (2012). This indicated that phytoplankton
was not active growth condition in this study. Nevertheless, we
found high protein concentrations during a later bloom stage in this
study (Table 4). This result is consistent with result of Fabiano et al.
(1993) who reported that proteins are always dominant in a marginal
ice zone regardless of the bloom stage in the Ross Sea, Antarctica.
In our study, the large differences in the phytoplankton size
structure were mainly attributed to a different species composi-
tion in the Amundsen Sea. The phytoplankton community at all
stations except 4 (Stns. 31, 39, 40, and 86) was dominated by large-
sized phytoplankton ( > 20 um) accounting for 64.1 + 9.8% of the
total chl-a concentration (Table 3). At Stns. 31, 39, 40, and 86,
middle-sized phytoplankton (3-20um) were predominant
(50.9 + 14.7%; Table 3). The dominant species was Phaeocystis
antarctica at most of our stations, but Dactyliosolen tenuijunctus
(diatoms) was the most dominant species at 4 of the stations (Stns.
31, 39, 40, and 86). Several studies have shown that the biochem-
ical composition of marine phytoplankton depends on species
composition (Liebezeit, 1984; Moal et al., 1987; Rivkin and Voytek,
1987; Harrison et al., 1990). The different sizes of phytoplankton,
based on isotope-labeled experiments, incorporate different quan-
tities of macromolecular classes (Lee et al., 2009). Lee et al. (2009)
reported that small phytoplankton ( <5 pm) incorporated much
more carbon into proteins than large-sized phytoplankton
(>5um) under substantially high ammonium concentrations
(~5uM) in the Bering Strait and the Chukchi Sea. However,
proteins were predominant at all stations in this study. A possible
reason for no discernable differences in biochemical composition
among stations dominated by different species could be environ-
mental factors such as nutrients, which are a more important
factor than species composition in allocation into different macro-
molecular compositions. In C-labeling experiments, Suirez and
Marafiéon (2003) reported that patterns in photosynthate parti-
tioning among macromolecules were not related to the species
composition of phytoplankton over an entire annual cycle. Our

Table 6

data also support that phytoplankton species are, therefore, less
important than environmental factors in controlling patterns in
macromolecular compositions.

Nutrient availability is an important factor that determines the
biochemical composition of phytoplankton. Generally, protein
contents increases under nitrogen-replete conditions or those
where nutrients are not limited. In nutrient-limited conditions,
triglyceride content (energy storage) increases because of shifts
from protein to lipid metabolism (Lombardi and Wangersky, 1991;
Smith et al,, 1997; Takagi et al., 2000). Subsequently, lipids and
carbohydrates increase under conditions of nutrient stress (Shifrin
and Chisholm, 1981; Harrison et al., 1990). In this study, high
concentrations of major inorganic nutrients in the euphotic layer
and high protein contents in POM ( > 60%) were observed (Fig. 3
and Table 2). Our results were similar to those reported previously
in the Ross Sea, Antarctica, which showed a predominance of
proteins ( > 50%), extracted using a similar method (Fabiano et al.,
1993, 1996). In contrast, overall lipid composition in the Arctic
Ocean accounted for approximately 50% of POM and the proteins
were generally low ( < 15%) during the summer season (Kim et al.,
in press). One of the major reasons for these differences in protein
compositions is likely to be an ambient nutrient availability,
particularly for nitrogenous compounds. In the Arctic Ocean, the
concentration of nitrate + nitrite was mostly depleted in the upper
mixed layer (~20 m) and the ammonium concentration was lower
than 1 pM (Kim et al., in press). In contrast, the Amundsen Sea has
nitrogen-replete conditions (Minas et al., 1986; Lee et al., 2012).
The nitrate+nitrite concentration in this study was > 10 uM and
the average ammonium was 1.1 pM (S.D= 4+ 0.7 uM) within the
euphotic zone (Table 2). Normally, the protein/carbohydrate ratio
of phytoplankton indicates the nitrogen availability. Values higher
than 1 were generally observed in high productivity or bloom
regions under nitrogen-abundant conditions (Fabiano
et al., 1984, 1992, 1993), whereas the values lower than 1 indicated
nitrogen-limited conditions (Mayzaud et al., 1989; Lizotte and
Sullivan 1992; Danovaro et al., 2000). The average protein/carbo-
hydrate ratio in this study was 4.2 (S.D= + 3.4), which suggests
sufficient nitrogen availability for the phytoplankton. Along with
the high ratio of protein/carbohydrate, high proportions of protein
indicate no nitrogen-limiting conditions affecting growth; this
provides a higher efficiency in carbon transfer to higher trophic
levels in the Amundsen Sea during the cruise period.

4.4. Estimation of FM concentration

Food material (FM) is defined for the sum of protein, lipid, and
carbohydrate concentrations of POM (Danovaro et al.,, 2000). In
this study, the average FM concentration was 219.4 ugL~' (S.
D.= + 151.1 ug L= 1) (Fig. 4). This value is lower compared to those
reported previously from the Antarctic region (Table 6). Fabiano
et al. (1996) reported a relatively higher FM concentration with a
mean of 374 ug L~ ! in the upper mixed layer ( <48 m) in Terra
Nova Bay (Table 6). In the Ross Sea, the average FM concentration
measured by Fabiano et al. (1993) was 294.4uglL~! (S.D.=
+2281ugL~1) with the highest concentration at 699 pgL~'.

Comparison of proteins, carbohydrates, lipids, and FM concentrations from different areas in the Antarctic and Arctic Oceans.

Area (depth) Proteins (ngL~')  Carbohydrates (ngL~')  Lipids (ngL~') FM (ugL~')  Authors

Ross Sea, Antarctica (euphotic zone, <66 m) 18-650 18-279 2-94 81-699 Fabiano et al. (1993)
Terra Nova Bay, Antarctica (mixed layer; <48 m) 108-632 32-444 3-64 - Fabiano et al. (1996)
Cretan Sea (0-1500 m) 7-92 13-149 4-63 54-200 Danovaro et al. (2000)
Off Princess Astrid Coast, Antarctica (0-100 m) 24-200 23-138 15-174 148-393 Dhargalkar et al. (1996)
Chukchi Sea, Arctic (euphotic zone) 1-86 22-147 50-105 94-246 Kim et al. (in press)
Amundsen Sea, Antarctica (euphotic zone, <86 m) 6-396 3-216 13-37 43-639 Present study
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Fig. 5. Linear regression between FM concentration and daily primary productivity
in the Amundsen Sea. FM concentration and daily primary productivity were
integrated from euphotic water depths and converted to log scale for linear
regression.

However, similar values (mean=217.5pugL~!) were observed
along the Princess Astrid Coast, Antarctica in May (Dhargalkar et
al., 1996). The difference in the FM concentration is likely to be
induced by a regional difference in phytoplankton production. The
mean daily carbon uptake rate was 02gCm 2d-! (SD.=
+01gCm~2d~") in this study (Kim et al., 2015). The Ross Sea
is considered as the most productive in the Southern Ocean, with a
daily production reaching up to 2.6 gCm~2d~! (El-Sayed et al.,
1983; Smith et al., 1996, 2000; Arrigo et al., 1998). In comparison,
the FM concentrations ranged from 93.6 to 245.9 pg L~! with an
average of 1492 pgL~' (S.D.= +36.5ugL~") in the northern
Chukchi Sea (the western part of the Arctic Ocean) during summer,
recently reported by Kim et al. (in press). This concentration is
approximately 70% of our FM concentration in this study (Table 6).
According to Yun et al. (2014), the northern Chukchi Sea has a
relatively low primary production (<0.2gCm~2d~'). A strong
positive linear relationship (y=0.7523x+2.1459, r*=0.71) on a
log-log scale was found between FM concentration and the daily
primary productivity vertically integrated from the euphotic depth
(Fig. 5). Thus, the FM concentrations can reflect the regional
primary production and a valuation of potential food sources for
higher trophic consumers in marine ecosystems. However, to
prove the FM concentration as an indicator for potential food
sources to consumers, more detail studies are needed.

In this study, the §C signature of oceanic POM was used for
determining its origin. In fact, 5"*C measurements have been widely
applied to the dietary relationships between animals and their foods
because stable isotope ratios in animal tissues are related to those of
their foods (DeNiro and Epstein, 1978; Fry et al., 1984; Hobson et al.,
1997; Lee et al., 2005; Stowasser et al., 2012). A further investigation for
the 63C pathways between POM and their potential grazers such as
zooplankton could provide a better insight.

This result is based solely on one time measurement in the
Amundsen Sea. In this study, we discussed only POM for potential
food material. However, dissolved organic matter (DOM) such as
accumulation of DOM and extracellular polymeric substances
(EPS) produced by microorganisms such as prokaryotes (bacteria)
and eukaryotes (phytoplankton and fungi) could be a potential
energy and matter source for some other organisms in marine
ecosystems (Passow, 2002). Therefore, a further investigation for
the contribution of DOM will be warranted for a better estimation
for the FM concentration in the marine ecosystem of the Amund-
sen Sea. Moreover, further studies are needed for a better under-
standing of potential effects on the biochemical composition of

POM including phytoplankton, and the roles in the biological
pump under current environmental changes such as melting sea
ice in Antarctica.

Acknowledgments

We thank the captain, officers and crew of the Korean Research
Icebreaker, ARAON for their outstanding assistance during the
cruise. We very much appreciate Dr. Jin Young Jung for construc-
tive comments for this paper. We especially thank the anonymous
reviewers who greatly improved an earlier version of the manu-
script. This research was supported by the Korea Polar Research
Institute (KOPRI; PP14020).

References

Arrigo, KR., Lowry, KE., van Dijken, G.L, 2012. Annual changes in sea ice and
phytoplankton in polynyas of the Amundsen Sea, Antartica. Deep-Sea Res. II 5,
71-76.

Arrigo, K.R., van Dijken, G.L, 2003. Phytoplankton dynamics within 37 Antarctic
coastal polynya systems. ]J. Geophys. Res. 108 (C8), 3271. http://dx.doi.org/
10.1029/2002JC001739.

Arrigo, KR., Worthen, D.L, Lizotte, S.M.P., 1998. Primary production in Southern
Ocean waters. ]. Geophys. Res. 103, 15587-15600. http://dx.doi.org/10.1029/
98JC00930.

Benner, R., Biddanda, B., Black, B., McCarthy, M., 1997. Abundance, size distribution,
and stable carbon and nitrogen isotopic compositions of marine organic matter
isolated by tangential-flow ultrafiltration. Mar. Chem. 57, 243-263.

Biddanda, B., Benner, R., 1997. Carbon, nitrogen, and carbohydrate fluxes during the
production of particulate and dissolved organic matter by marine phytoplank-
ton. Limnol. Oceanogr. 42, 506-518.

Bligh, E.G., Dyer, W.J., 1959. A rapid method of total lipid extraction and purifica-
tion. Can. J. Biochem. Physiol. 37, 911-917.

Boéchat, I.C., Giani, A., 2000. Factors affecting biochemical composition of seston in
an eutrophic reservoir (Pampulha Reservoir, Belo Horizonte, MG). Rev. Brasil.
Biol. 60, 63-71.

Boéchat, I.C., Giani, A., 2008. Seasonality affects diel cycles of seston biochemical
composition in a tropical reservoir. ]. Plankton Res. 30, 1417-1430.

Corbisier, T.N., Petti, M.A.V., Skowronski, R.S.P,, Brito, T.A.S., 2004. Trophic relation-
ships in the nearshore zone of Martel Inlet (King George Island, Antarctica):
&'3C stable-isotope analysis. Polar Biol. 27, 75-82.

Danovaro, R., Dell' Anno, A., Pusceddu, A., Marrale, D., Croce, N.D., Fabiano, M.,
Tselepides, A., 2000. Biochemical composition of pico-, nano- and micro-
particulate organic matter and bacterioplankton biomass in the oligotrophic
Cretan Sea (NE Mediterranean). Prog. Oceanogr. 46, 279-310.

Danovaro, R., Marraleb, D., Della Croce, N., Parodi, P., Fabiano, M., 1999. Biochemical
composition of sedimentary organic matter and bacterial distribution in the
Aegean Sea: trophic state and pelagic-benthic coupling. ]. Sea Res. 42, 117-129.

DeNiro, MJ., Epstein, S., 1978. Influence of diet on the distribution of carbon
isotopes in animals. Geochim. Cosmochim. Acta 42, 495-506.

Dhargalkar, V.K., Matondkar, S.G.P,, Verlencar, X.N., 1996. Seasonal variation in
carbon budget in water column off Princess Astrid Coast, Antarctica. Scientific
Report: Twelfth Indian Expedition to Antarctica, pp. 259-266.

Dubois, M., Gilles, K.A., Hamilton, J.K., Rebers, P.A., Smith, F, 1956. Colorimetric
method for determination of sugars and related substances. Anal. Chem. 28,
350-356.

El-Sayed, S.Z., Biggs, D.C., Holm-Hansen, O., 1983. Phytoplankton standing crop,
primary productivity, and near-surface nitrogenous nutrient fields in the Ross
Sea, Antarctica. Deep-Sea Res. A30, 871-886.

El-Sayed, S.Z., Weber, L.H., 1982. Spatial and temporal variations in phytoplankton
biomass and primary productivity in the southwest Atlantic and the Scotia Sea.
Polar Biol. 1, 83-90.

Fabiano, M., Danovaro, R., Crisafi, E., La Ferla, R., Povero, P., Acosta Pomar, L., 1995.
Particulate matter composition and bacterial distribution in Terra Nova Bay
(Antarctica) during summer 1989-1990. Polar Biol. 15, 393-400.

Fabiano, M., Povero, P, Danovaro, R., 1993. Distribution and composition of
particulate organic matter in the Ross Sea (Antarctica). Polar Biol. 13, 525-533.

Fabiano, M., Povero, P., Danovaro, R., 1996. Particulate organic matter composition
in Terra Nova Bay (Ross Sea, Antarctica) during summer 1990. Antarct. Sci. 8,
7-13.

Fabiano, M., Povero, P.,, Danovaro, R., Misic, C., 1999. Particulate organic matter
composition in a semienclosed Periantarctic system: the Straits of Magellan.
Sci. Mar. 63, 89-98.

Fabiano, M., Povero, P., Medica, D., 1992. Carbohydrates, proteins and chlorophylls
in the particulate organic matter of surface coastal waters of Ligurian Sea. Boll.
Oceanol. Teor. Appl. 10, 41-51.

Fabiano, M., Zavattarelli, M., Palmero, S., 1984. Observations sur la matiere
organique particularize an Mer Ligure (chlorophylle, proteines, glucides,
lipides). Thetys 11, 133-140.


http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref1
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref1
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref1
http://dx.doi.org/10.1029/2002JC001739
http://dx.doi.org/10.1029/2002JC001739
http://dx.doi.org/10.1029/2002JC001739
http://dx.doi.org/10.1029/2002JC001739
http://dx.doi.org/10.1029/98JC00930
http://dx.doi.org/10.1029/98JC00930
http://dx.doi.org/10.1029/98JC00930
http://dx.doi.org/10.1029/98JC00930
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref4
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref4
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref4
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref5
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref5
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref5
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref6
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref6
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref7
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref7
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref7
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref8
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref8
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref9
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref9
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref9
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref9
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref9
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref10
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref10
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref10
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref10
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref11
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref11
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref11
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref12
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref12
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref13
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref13
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref13
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref14
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref14
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref14
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref15
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref15
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref15
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref16
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref16
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref16
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref17
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref17
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref18
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref18
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref18
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref19
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref19
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref19
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref20
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref20
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref20
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref21
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref21
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref21

B.K. Kim et al. / Deep-Sea Research II 123 (2016) 42-49 49

Fagerbakke, K.M., Heldal, M., Norland, S., 1996. Content of carbon, nitrogen, oxygen,
sulfur and phosphorus in native aquatic and cultured bacteria. Aquat. Microb.
Ecol. 10, 15-27.

Fry, B., Anderson, RK,, Entzeroth, L., Bird, ].L., Parker, P.L., 1984. '>C enrichment and
oceanic food web structure in the Northwestern Gulf of Mexico. Contrib. Mar.
Sci 27, 49-63.

Goldman, J.C,, Caron, D.A., Dennet, M.R., 1987. Regulation of gross growth efficiency
and ammonium regeneration in bacteria by C:N ratio. Limnol. Oceanogr. 32,
1239-1252.

Handa, N., 1969. Carbohydrate metabolism in the marine diatom Skeletonema
costatum. Mar. Biol. 4, 208-214.

Harrison, P.J., Thompson, P.A., Calderwood, G.S., 1990. Effects of nutrient and light
limitation on the biochemical composition of phytoplankton. J. Appl. Phycol. 2,
45-56.

Hobson, K.A., Sease, ]., Merrick, R.L., Piatt, J.F, 1997. Investigating trophic relation-
ships of pinnipeds in Alaska and Washington using stable isotope ratios of
nitrogen and carbon. Mar. Mamm. Sci. 13, 114-132.

Jenkins, A., Dutrieux, P., Jacobs, S.S., McPhail, S.D., Perrett, ].R., Webb, A.T., White, D.,
2010. Observations beneath Pine Island Glacier in West Antarctica and
implications for its retreat. Nat. Geosci. 3, 468-472.

Khodse, V.B., Bhosle, N.B., 2012. Nature and sources of suspended particulate
organic matter in a tropical estuary during the monsoon and pre-monsoon:
insights from stable isotopes (6Cpoc, 6°Ntpn) and carbohydrate signature
compounds. Mar. Chem. 145-147, 16-28.

Kilham, S.S., Kreeger, D.A., Goulden, C.E., Lynn, S.G., 1997. Effects of nutrient
limitation on biochemical constituents of Ankistrodesmus falcatus. Freshw. Biol.
38, 591-596.

Kim, B.K, Joo, HT, Yang, EJ., Lee, S.H., Hahm, D.S,, Lee, T-S., Lee, S.H., 2015. Large
seasonal variation in phytoplankton production in the Amundsen Sea. Polar
Biol. 38, 319-331.

Kim, B.K,, Lee, J.H., Yun, M.S,, Joo, H., Yang, EJ., Chung, KH., Kang, S-H., Lee, S.H.,
High lipid composition of particulate organic matter in the northern Chukchi
Sea, 2011. Deep-Sea Res. II, in press.

Lancelot, C., Mathot, S., 1985. Biochemical fractionation of primary production by
phytoplankton in Belgian coastal waters during short- and long-term incuba-
tions with '“C-bicarbonate I. Mixed diatom population. Mar. Biol. 86, 219-226.

Lee, S., Fuhrman, J.A., 1987. Relationships between biovolume and biomass of
naturally derived marine bacterioplankton. Appl. Environ. Microbiol. 56,
1298-1303.

Lee, S.H., Kim, B.K,, Yun, M.S,, Joo, H., Yang, EJ., Kim, Y.N., Shin, H.C,, Lee, S., 2012.
Spatial distribution of phytoplankton productivity in the Amundsen Sea,
Antarctica. Polar Biol. 35, 1721-1733.

Lee, S.H., Kim, H-J., Whitledge, T.E., 2009. High incorporation of carbon into proteins
by the phytoplankton of the Bering Strait and Chukchi Sea. Cont. Shelf Res. 29,
1689-1696.

Lee, S.H., Whitledge, T.E., 2005. Primary and new production in the deep Canada
Basin during summer 2002. Polar Biol. 28, 190-197.

Lee, S.H., Schell, D.M., McDonal, T.L., Richardson, W.J., 2005. Regional and seasonal
feeding by bowhead whales Balaena mysticetus as indicated by stable isotope
ratios. Mar. Ecol. Prog. Ser. 285, 271-287.

Lee, S.H., Whitledge, T.E., Kang, S-H., 2008. Carbon uptake rates of sea ice algae and
phytoplankton under different light intensities in a Landfast Sea Ice Zone,
Barrow, Alaska. Arctic 61, 281-291.

Liebezeit, G., 1984. Particulate carbohydrate in relation to phytoplankton in the
euphotic zone of the Bransfield Strait. Polar Biol. 2, 225-228.

Lindqvist, K., Lignell, R, 1997. Intracellular partitioning of '#CO, in phytoplankton
during a growth season in the northern Baltic. Mar. Ecol. Prog. Ser. 152, 41-50.

Lizotte, M.P,, Sullivan, C.W., 1992. Biochemical composition and phytosynthate
distribution in sea ice microalgae of McMurdo Sound, Antarctica: evidence for
nutrient stress during the spring bloom. Antarct. Sci. 4, 23-30.

Lobbes, J.M., Fitznar, H.P,, Kattner, G., 2000. Biogeochemical characteristics of
dissolved and particulate organic matter in Russian rivers entering the Arctic
Ocean. Geochimi. Cosmochim. Acta 64, 2973-2983.

Lombardi, A.T., Wangersky, PJ., 1991. Influence of phosphorous and silicon on lipid
class production by the marine diatom Chaetoceros gracilis grown in turbidostat
cage cultures. Mar. Ecol. Prog. Ser. 77, 39-47.

Lowry, O.H., Rosebrough, NJ., Farr, A.L, Randall, RJ., 1951. Protein measurement
with the folin phenol reagent. J. Biol. Chem. 193, 265-275.

Marsh, J.B., Weinstein, W.J., 1966. Simple charring method for determination of
lipids. ]. Lipid Res. 7, 574-576.

Mayzaud, P., Chanut, J.P., Ackman, R.G., 1989. Seasonal change of the biochemical
composition of marine particulate matter with special reference to fatty acids
and sterols. Mar. Ecol. Prog. Ser. 56, 189-204.

Minas, H.J., Minas, M., Packard, T.T., 1986. Productivity in upwelling areas deduced
from hydrographic and chemical fields. Limnol. Oceanogr. 31, 1182-1206.
Moal, J., Martin-jezequel, V., Harris, R.P., Samain, J.-F,, Poulet, S.A., 1987. Interspecific
and intraspecific variability of the chemical composition of marine phytoplank-

ton. Oceanologica Acta 10, 339-346.

Moline, M.A., Prézelin, B.B., 1996. Long-term monitoring and analyses of physical
factors regulating variability in coastal Antarctic phytoplankton biomass, in situ
productivity and taxonomic composition over subseasonal, seasonal and
interannual time scales. Mar. Ecol. Prog. Ser. 145, 143-160.

Montagnes, DJ.S., Berges, J.A., Harrison, PJ., Taylor, FJ.R., 1994. Estimation carbon,
nitrogen, protein, and chlorophyll a from volume in marine phytoplankton.
Limnol. Oceanogr. 39, 1044-1060.

Morris, 1., 1981. Photosynthetic products, physiological state, and phytoplankton
growth. Can. Bull. Fish. Aquat. Sci. 210, 83-102.

Morris, I, Glover, H.E., Yentsch, C.S., 1974. Products of photosynthesis by marine
phytoplankton: the effect of environmental factors on the relative rates of
protein synthesis. Mar. Biol. 21, 1-9.

Parkinson, C.L., Cavalieri, D.J., 2012. Antarctic sea ice variability and trends, 1979-
2010. Cryosphere 6, 871-880.

Parrish, C.C., 1987. Time series of particulate and dissolved lipid classes during
spring phytoplankton blooms in Bedford Basin, a marine inlet. Mar. Ecol. Prog.
Ser. 35, 129-139.

Parsons, T.R., Maita, Y., Lalli, CM., 1984. A Manual of Chemical and Biological
Methods for Seawater Analysis. Pergamon Press, Oxford p. 173.

Passow, U., 2002. Transparent exopolymer particles (TEP) in aquatic environments.
Prog. Oceanogr. 55, 287-333.

Redfield, A.C., Ketchum, B.H., Richards, F.A., 1963. The influence of organisms on the
composition of sea-water. In: Hill, N. (Ed.), In the Sea, 2nd ed. Wiley, New York,
USA, pp. 26-77.

Rignot, E.R,, Jacobs, S.S., 2002. Rapid bottom melting widespread near Antarctic Ice
Sheet grounding lines. Science 296, 2020-2023.

Rivkin, R.B., Voytek, M.A., 1987. Photoadaptations of photosynthesis and carbon
metabolism by phytoplankton from McMurdo Sound, Antarctica. 1. Species-
specific and community responses to reduced irradiances. Limnol. Oceanogr.
32, 249-259.

Rios, AF, Fraga, F, Pérez, FF, Figueiras, EG., 1998. Chemical composition of
phytoplankton and particulate organic matter in the Ria de Vigo (NW Spain).
Sci. Mar. 62, 257-271.

Saino, T., Hattori, A., 1980. >N natural abundance in oceanic suspended particulate
matter. Nature 283, 752-754.

Shifrin, N.S., Chisholm, S.W., 1981. Phytoplankton lipids: Interspecific differences
and effects of nitrate, silicate and light-dark cycles. ]. Phycol. 17, 374-384.
Smith, R.C., Baker, K.S., Vernet, M., 1998. Seasonal and interannual variability of
phytoplankton biomass west of the Antarctic Peninsula. J. Mar. Syst. 17,

229-243.

Smith, R.E.H., Clement, P.,, Cota, G.F, Li, W.K.W.,, 1987. Intracellular photosynthate
allocation and the control of Arctic marine ice algal production. J. Phycol. 23,
251-263.

Smith, R.E.H., Gosselin, M., Taguchi, S., 1997. The influence of major inorganic
nutrients on the growth and physiology of high arctic ice algae. J. Mar. Syst. 11,
63-70.

Smith Jr, W.0., Marra, ]., Hiscock, M.R., Barber, R.T., 2000. The seasonal cycle of
phytoplankton biomass and primary productivity in the Ross Sea, Antarctica.
Deep-Sea Res. 1l 47, 3119-3140.

Smith Jr, W.0., Nelson, D.M., DiTullio, G.R., Leventer, A.R., 1996. Temporal and
spatial patterns in the Ross Sea: Phytoplankton biomass, elemental composi-
tion, productivity and growth rates. J. Geophys. Res. 101, 18455-18465.

Smith, A.E., Morris, 1., 1980. Pathways of carbon assimilation in phytoplankton from
the Antarctic Ocean. Limnol. Oceanogr. 25, 865-872.

Strammerjohn, S., Massom, R., Rind, D., Martinson, D., 2012. Regions of rapid sea ice
change: an inter-hemispheric seasonal comparison. Geophys. Res. Lett. 39,
L06501. http://dx.doi.org/10.1029/2012GL050874.

Stowasser, G., Atkinson, A., McGil, RAR,, Phillips, R.A., Collins, M.A., Pond, D.W.,,
2012. Food web dynamics in the Scotia Sea in summer: a stable isotope study.
Deep-Sea Res. 11 59-60, 208-221.

Stryer, L., 1988. Biochemistry, 3rd ed. W.H. Freeman and Company, New York, USA,
p. 1136.

Sudrez, 1., Marafién, E., 2003. Photosynthate allocation in a temperate sea over an
annual cycle: the relationship between protein synthesis and phytoplankton
physiological state. ]. Sea Res. 50, 285-299.

Sugimoto, R., Kasai, A., Yamao, S., Fujiwara, T., Kimura, T, 2006. Short-term
variation in behavior of allochthonous particulate organic matter accompany-
ing changes of river discharge in Ise Bay, Japan. Estuar. Coast. Shelf Sci. 66,
267-279.

Takagi, M., Watanabe, K., Yamaberi, K. Yoshida, T, 2000. Limited feeding of
potassium nitrate for intracellular lipid and triglyceride accumulation of
Nannochloris sp. UTEX LB1999. Appl. Microbiol. Biotechnol. 54, 112-117.

Volkman, J.K., Tanoue, E., 2002. Chemical and biological studies of particulate
organic matter in the ocean. J. Oceanogr. 58, 265-279.

Wada, E., Terazaki, M., Kabaya, Y., Nemoto, T., 1987. '°N and 'C abundances in the
Antarctic Ocean with emphasis on the biogeochemical structure of the food
web. Deep-Sea Res. 34, 829-841.

Wakeham, S.G., Lee, C., 1989. Organic geochemistry of particulate matter in the
ocean: The role of particles in oceanic sedimentary cycles. Org. Geochem. 14,
83-96.

Walker, D.P,, Brandon, M.A,, Jenkins, A., Allen, ].T., Dowdeswell, J.A., Evans, ]J., 2007.
Oceanic heat transport onto the Amundsen Sea shelf through a submarine
glacial trough. Geophys. Res. Lett. 34, L02602. http://dx.doi.org/10.1029/
2006GL028154.

Yun, M.S., Whitledge, T.E., Kong, M., Lee, S.H., 2014. Low primary production in the
Chukchi Sea shelf, 2009. Cont. Shelf Res. 76, 1-11.

Zweifel, U.Z., Norrman, B., Hagstrom, A., 1993. Consumption of dissolved organic
carbon by marine bacteria and demand for inorganic nutrients. Mar. Ecol. Prog.
Ser. 101, 23-32.


http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref22
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref22
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref22
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref23
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref23
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref23
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref23
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref23
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref24
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref24
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref24
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref25
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref25
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref26
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref26
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref26
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref27
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref27
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref27
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref28
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref28
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref28
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref29
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref29
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref29
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref29
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref29
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref29
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref29
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref29
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref29
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref29
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref29
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref29
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref30
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref30
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref30
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref31
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref31
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref31
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref33
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref33
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref33
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref33
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref33
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref34
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref34
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref34
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref35
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref35
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref35
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref36
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref36
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref36
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref37
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref37
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref38
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref38
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref38
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref39
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref39
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref39
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref40
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref40
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref41
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref41
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref41
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref41
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref41
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref42
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref42
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref42
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref43
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref43
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref43
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref44
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref44
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref44
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref45
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref45
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref46
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref46
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref47
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref47
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref47
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref48
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref48
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref49
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref49
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref49
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref50
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref50
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref50
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref50
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref51
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref51
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref51
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref52
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref52
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref53
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref53
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref53
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref54
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref54
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref55
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref55
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref55
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref56
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref56
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref57
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref57
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref58
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref58
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref58
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref59
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref59
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref60
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref60
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref60
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref60
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref61
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref61
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref61
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref62
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref62
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref62
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref62
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref63
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref63
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref64
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref64
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref64
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref65
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref65
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref65
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref66
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref66
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref66
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref67
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref67
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref67
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref68
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref68
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref68
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref69
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref69
http://dx.doi.org/10.1029/2012GL050874
http://dx.doi.org/10.1029/2012GL050874
http://dx.doi.org/10.1029/2012GL050874
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref71
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref71
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref71
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref72
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref72
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref73
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref73
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref73
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref74
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref74
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref74
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref74
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref75
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref75
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref75
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref76
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref76
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref77
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref77
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref77
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref77
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref77
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref77
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref77
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref78
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref78
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref78
http://dx.doi.org/10.1029/2006GL028154
http://dx.doi.org/10.1029/2006GL028154
http://dx.doi.org/10.1029/2006GL028154
http://dx.doi.org/10.1029/2006GL028154
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref80
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref80
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref81
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref81
http://refhub.elsevier.com/S0967-0645(15)00141-1/sbref81

	Macromolecular compositions of phytoplankton in the Amundsen Sea, Antarctica
	Introduction
	Materials and methods
	Study area and water sampling
	Major inorganic nutrient and chlorophyll a analyses
	Particulate organic carbon, nitrogen, and δ13C analyses
	Macromolecular analysis of POM and statistical analyses

	Results
	Physical and chemical characteristics of the study area
	Total and size-fractionated chlorophyll a concentrations
	Particulate organic carbon, nitrogen, and δ13C analyses
	Biochemical compositions of POM
	Biochemical composition in relation to environmental factors

	Discussion and conclusions
	Origin of POM
	Phytoplankton biomass
	Biochemical composition in relation to environmental factors
	Estimation of FM concentration

	Acknowledgments
	References




