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We investigated the heterotrophic bacterial biomass and production in February 2012, in four habitats (a polynya,
sea-ice zone, ice shelf, and the open sea) in the Amundsen Sea to determine the spatial distribution, controlling
factors, and ecological role of the bacteria during a late phytoplankton bloom by Phaeocystis antarctica. Bacterial
abundance (BA) and production (BP) were highest at the center of the polynya, and both were significantly
correlated with phytoplankton biomass. BP accounted for average 17% of the organic carbon produced by phy-
toplankton primary production (PP), which is higher than the average BP:PP ratio reported in most open ocean.
The abundance of heterotrophic nanoflagellates (HNF) was correlated with the BA, and the average bacteria:HNF
ratio (260) was lower than the values reported in most marine environments (400–1000), including the Ross Sea
Polynya (800). Evidence for a tight coupling of bacteria and phytoplankton activities on the one hand and intense
HNF grazing on bacteria on the other could be found in the high BP:PP and low bacteria:HNF ratios, respectively.
Interestingly, these data were accompanied by low particulate carbon export fluxes measured during the late
Phaeocystis bloom. Together, these results indicated that the microbial loop plays a significant role in the bio-
geochemical carbon cycle and food web processes in the Amundsen Sea Polynya.

& 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Heterotrophic prokaryotes (hereafter bacteria, as the traditional
ecological term) are a significant biological controlling factor in
biogeochemical carbon cycles in the water column (Kirchman,
2008). Heterotrophic bacteria directly metabolize or contribute to
the solubilization of sinking and suspended particulate organic
carbon (POC), and are responsible for the rapid turnover of dis-
solved organic carbon (DOC) from various sources (Carlson, 2002;
Nagata, 2008). The DOC assimilated by the bacteria is then either
transferred to higher trophic levels via the microbial loop (Azam
et al., 1983; Sherr et al., 1988) or respired to CO2 (Ducklow et al.,
1986; del Giorgio et al., 1997), which determines the role of the
microbial loop in biogeochemical carbon cycles and the efficiency
of the biological pump or export flux (Legendre and Fèvre, 1995).
Therefore, it is essential to quantify bacterial parameters such as
biomass, production, and respiration, and their controlling factors
in time and space to construct models for biogeochemical carbon
).
cycles and microbial food web processes at the local or global scale
(Ducklow, 2000; del Giorgio and Williams, 2005).

The coastal zone of the Southern Ocean is typically character-
ized by the occurrence of polynyas; i.e., areas of seasonally
recurring open water surrounded by sea-ice (Williams et al., 2007;
Nihashi and Ohshima, 2015). Due to the combined effects of the
enhanced light conditions, supply of Fe, and formation of stratified
conditions resulting from melting sea-ice, polynyas are among the
most productive marine ecosystems (Sedwick and DiTuillo, 1997;
Smith and Gordon, 1997; Arrigo and van Dijken, 2003; Montes-
Hugo and Yuan, 2012), and thus are regarded as significant sources
of biogenic gases and as a sink for atmospheric CO2 (Miller and
DiTuillo, 2007; Arrigo et al., 2008). Therefore, it is particularly
important to determine the role of heterotrophic bacteria that are
associated with the fate of primary production (PP) in highly
productive polynyas and continental shelves in the Southern
Ocean, where rapid warming and glacial ice melting occurs
(Ducklow and Yager, 2006, Kirchman et al., 2009).

The Amundsen Sea is located in western Antarctica between the
Ross Sea and Bellingshausen Sea (69°S–74°S; 100°W–135°W, Fig. 1),
and is characterized by a large polynya from November to February
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Fig. 1. Map of study area showing sampling stations and average sea ice concentration in February, 2012. Contour lines indicate sea ice concentration. Average sea ice
concentration data was obtained from the Nimbus-7 Scanning Multichannel Microwave Radiometer (SMMR, 1979–1987), the Defense Meteorological Satellite Program
(DMSP) Special Sensor Microwave/Imager (SSM/I, 1987–2007) and the Special Sensor Microwave Imager/Sounder (SSMIS, 2008-present) (Cavalieri et al., 1996).
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(Arrigo and van Dijken, 2003). Satellite images show that the
Amundsen Sea has experienced significant surface warming and loss
of sea-ice (Jacobs et al., 1996; Jenkins et al., 1997; Stammerjohn et al.,
2008; Thoma et al., 2008). The glaciers near the Amundsen Sea are
undergoing the highest rates of melting and thinning in the Antarctic
continent (Rignot, 2008; Schoof, 2010). The inflow of warm Cir-
cumpolar Deep Water (CDW) that eventually upwells underneath
the Pine Island Glacier (PIG), Getz Ice Shelf and Dotson Ice Shelf is the
main cause of the increased rate of glacier melt in the Amundsen Sea
(Jenkins et al., 2010; Jacobs et al., 2011). Since the glacial meltwater
contains high Fe (Poulton and Raiswell, 2005), the melting ice pro-
vides an ideal condition for phytoplankton blooms within the coastal
polynya during the spring and summer (Alderkamp et al., 2012;
Fragoso and Smith, 2012; Gerringa et al., 2012). As a result, the
Amundsen Sea Polynya (ASP) is reported to be the most productive
of the 37 coastal polynyas around Antarctica (Arrigo and van Dijken,
2003; Arrigo et al., 2012) with the highest PP per unit area, ranging
from 175 to 220 g C m�2 y�1 (Lee et al., 2012; Kim et al., 2014a).
Although several microbiological studies have been conducted in
various polynyas in the Arctic and Antarctic oceans (e.g., Ducklow
and Yager, 2006), little is known about the bacterial dynamics in the
ASP (Yager et al., 2012; Kim et al., 2014b; Delmont et al., 2014). The
main objectives of this study were: (1) to identify the spatial dis-
tribution of bacterial abundance (BA) and bacterial production (BP)
along the continental shelf, polynya and ice shelf of the Amundsen
Sea; (2) to elucidate the factors controlling BA and BP; and (3) to
evaluate the significance of the microbial loop during a late bloom of
Phaeocystis antarctica in the ASP.
2. Materials and methods

This study was conducted during a Korean Amundsen Sea expe-
dition on board the icebreaker R/V Araon from February 9 to March
10 in 2012. Earlier studies in the ASP reported that the highest
phytoplankton biomass occurs in January–February, and the bloom
declines quickly in late February–early March (Arrigo and van Dijken,
2003). The average chlorophyll-a (Chl a) concentration and PP in
January has been reported as 395 mgm�2 and 2.2 g C m�2 day�1,
respectively, (Lee et al., 2012), but declined to 65 mgm�2 and
0.25 g C m�2 d�1, respectively, in February (Kim et al., 2014a).
Therefore, our sampling period was regarded as a late bloom con-
dition. Size-fractionated analysis of Chl a concentration also revealed
that large phytoplankton (420 um), mostly Phaeocystis antarctica,
were the most dominant phytoplankton communities, comprising
more than 60% of total Chl a (Lee et al., 2012; Kim et al., 2014a). Four
representative sites were selected along the marginal sea-ice zone in
the outer shelf (Stns 1 and 7), the polynya (Stns 10, 16, 17 and 71), the
ice shelf region (Stns 19, 31 and 34), and an open sea site (Stn 39) in
the Amundsen Sea (Fig. 1). In order to examine the dependence of BP
on DOC, we re-visited the center of the polynya in March (i.e., Stn 17-
1; measurements from February are denoted as Stn 17, whereas
those from March are denoted as Stn 17-1, Figs. 2 and 3).

2.1. Physico-chemical parameters

Temperature and salinity were measured using a conductivity-
temperature-depth (CTD) probe (SBE 911 Plus, Seabird Electronics).
Seawater samples for chemical and biological analyses were col-
lected from depths of 100, 70, 60, 40–50, 30, 10, and 1 m using
Niskin bottles attached to a rosette sampler. The sample bottles
were first washed with 10% HCl and rinsed with Milli-Q water. The
Chl a concentration was determined using a fluorometer (Turner
Designs Trilogy) after filtration through GF/F filters (0.7 mm pore
size) (Parsons et al., 2005). In addition, in situ Chl a fluorescence was
measured using an underwater fluorometer (SeaTech) to depict the
vertically continuous distributions of Chl a. The Chl a concentrations
were then calculated from the linear relationship between the
in situ fluorescence (flu) and the spectrophotometrically measured
concentrations of Chl a; Chl a¼0.644�fluþ0.549 (r2¼0.86, n¼49).

Samples used to measure chromophoric dissolved organic
matter (CDOM) were filtered through a syringe filter (Advantec,
pore size 0.2 mm) that had been pre-washed with ultra-pure Milli-
Q water, and then stored in 150 mL amber bottles in the dark at
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Fig. 2. Vertical profiles of temperature, salinity and density during a late phytoplankton bloom in February in the Amundsen Sea Polynya (ASP). Stn 17-1 denotes that the
sampling was conducted at Stn 17 after the bloom in March.
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2–4 °C in a refrigerator (Stedmon and Markager, 2001). The
absorbance of the samples was measured on board using a double-
beam Shimadzu UV-1800 spectrophotometer with a 10-cm quartz
cell in the spectral range 350–900 nm. A quartz cell filled with the
pre-filtered Milli-Q water was used as the reference for all sam-
ples. The absorbance at 375 nm relative to distilled water was
measured, and then the absorption coefficient at 375 nm
(CDOM(375) m�1) was determined (Kowalczuk et al., 2005).

2.2. Microbiological parameters

Samples for enumerating the BA were preserved with glutar-
aldehyde at a final concentration of 1% and stored in a freezer at
�20 °C (Hyun and Yang, 2003). The BA was measured using the
DAPI-staining method (Porter and Feig, 1980). More than 20 micro-
scopic fields were examined using an epifluorescence microscope
(Nikon, Eclipse 80i) equipped with a mercury lamp (HB-10101 AF), an
ultraviolet (UV) excitation filter, and a BA 420 barrier filter.

Heterotrophic BP was estimated from the rate of 3H-thymidine
(3H-TdR) incorporation (Fuhrman and Azam, 1980, 1982). Duplicate
20-ml water samples were incubated in the dark with 3H-TdR (final
concentration, 10 nM thymidine, Moravek, MT-6034) at in situ water
temperature (�2 to �1 °C) for 30 min in disposable plastic cen-
trifuge tubes. At the end of incubation, the samples were collected by
vacuum filtration onto 0.2-μm cellulose nitrate membrane filters
(MFS). Cold trichloroacetic acid (TCA) insoluble macromolecules
were precipitated using ice-cold TCA (final concentration, 5%) solu-
tions for 15 min, and then rinsed three times with ice-cold 80%
ethanol. The filters were placed in scintillation vials. In the lab, after
adding 10 ml of scintillation cocktail (Lumagel Safe, Lumac-LSC), the
activity of the cold TCA insoluble macromolecules was determined
using a liquid scintillation counter (LKB, Rack Beta II). Control sam-
ples were treated with 5% TCA before the addition of 3H-TdR. The
radioactivity that accumulated in the cold TCA insoluble after the
30 min incubation at the sea-ice zone (average, 2540 dpm), polynya
(average, 5513 dpm), ice-shelf (average, 2859 dpm) and open sea site
(average, 744 dpm) was higher than the average radioactivity of the
killed control by a factor of 5.5, 12.0, 6.2, and 1.6, respectively.

To determine the abundance of heterotrophic nanoflagellates
(HNF) that have been identified as potentially important grazers of
heterotrophic bacteria in the marine ecosystem (Becquevort et al.,
2000; Calbet et al., 2001), 50–100-mL water samples were pre-
served with glutaraldehyde (1% final concentration), and then
stored at 4 °C before staining and filtration. Aliquots of the pre-
served samples were stained with proflavin (0.33%) for 1 h before
filtration, and then filtered onto black 0.45-μm Nucleopore filters.
During filtration, the samples were drawn down until 5 mL
remained in the filtration funnel. Concentrated DAPI (50 μg mL�1

final concentration) was then added and allowed to sit briefly (5 s)
before the remaining sample was filtered (Taylor et al., 2011).
Filters were mounted onto glass slides with immersion oil and
cover slips. At least 50 fields per sample were counted with an
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Fig. 3. Vertical profiles of chlorophyll a (Chl a), bacterial abundance (BA), and bacterial production (BP) during a late phytoplankton bloom in February in the ASP. Stn 17-1
denotes that the sampling was conducted at Stn 17 after the bloom in March.
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epifluorescence microscope (Olympus BX 51) at magnifications of
200–640� using a blue light excitation filter set for chlorophyll
autofluorescence and a UV light excitation filter set for cells
stained with DAPI. Autotrophic organisms were distinguished
from heterotrophs by the presence of chlorophyll, which was
visualized as red fluorescence under blue light illumination.

2.3. Data analysis and conversion factors

Vertical temperature and salinity profiles from the CTD were used
to estimate the mixed layer depth (MLD). The MLD was defined as the
depth at which the density change exceeded 0.05 kgm�3 relative to
the density at 10 m (Brainerd and Gregg, 1995). The euphotic depth
was defined as the depth at which the irradiance became 1% of its
value just under the surface of the water. The phytoplankton C bio-
mass (Chl-C) was converted using a C to Chl a ratio (C:Chl a) of 50 that
was adopted in the Ross Sea when the annual Phaeocystis bloom was
declining in late summer (January–February) (Ducklow et al., 2000).
The C:Chl a ratio estimated in the Ross Sea was highly variable from as
low as 25 in late spring to 1150 in autumn according to the photo-
physiological status of Phaeocystis (Smith et al., 2000).

Bacterial carbon biomass (BCB) was estimated using a conver-
sion factor of 10 fg C per cell (Fukuda et al., 1998). To convert thy-
midine incorporation rates to bacterial cell production, a conversion
factor of 8.6�1017 cells produced per mol of thymidine incorpo-
rated into the cold TCA insoluble material was used, as previously
determined in the Ross Sea (Ducklow et al., 1999). Water column
inventories of nitrate, Chl a, BA and BP were obtained from the
integration of volume-based values at depths down to the surface
mixed layer. Total bacterial community growth rates, i.e., biomass
turnover rates, were estimated by dividing the mixed-layer depth
integrated bacterial production by the integrated bacterial biomass
(Kirchman et al., 2009). Primary production for calculating the BP:
PP ratio was adopted from Kim et al. (2014a).
3. Results

3.1. Hydrography

In the summer, three major water masses characterize the
physical properties of the surface waters of the coastal Southern
Ocean (Clarke et al., 2012): (1) fresher and warmer Antarctic Sur-
face Water (AASW) (between depths of 0–50 m at Stn 39);
(2) winter water (WW) that is saltier, near freezing, and was
formed in the previous winter; and (3) warm CDW flowing into
the Amundsen Sea along the bottom of the continental shelf
(below a depth of 300 m at Stn 39). The WW is capped by the
warmer and fresher AASW, resulting in a subsurface temperature
minimum between depths of 50–100 m as seen at Stn 39 (Fig. 2).
As it was defined in the Eastern Amundsen Sea (Jacobs et al., 2011),
the warm and saline CDW that intrudes onto the continental shelf



Table 1
Oceanographic parameters in the surface water column under different water regimes of the Amundsen Sea, February 10–March 09, 2012.

Oceanographic setting Stn Sea-ice
coverage
(%)

Sampling
Date

UTC Latitude
(°S)

Longitude
(°W)

Water
depth
(m)

Euphotic
depth
(m)

Mixed
depth
(m)

Temp
(°C)

Sal.
(psu)

NO�
3 –N

(mM)
PO3�

4 –P
(mM)

Chl a
(mg L�1)

Outer shelf Sea ice zone 1 85.3 10-Feb. 10:18 71.661 116.778 473 27.9 34 �1.81 33.13 21.71 1.703 2.65
7 46.6 11-Feb. 03:32 72.846 116.503 638 22.8 33 �1.66 33.58 20.54 1.670 3.39

Polynya Center 10 0 12-Feb. 09:49 73.250 114.998 825 14.8 41 �1.07 34.01 11.33 1.118 3.60
16 0 14-Feb. 11:00 73.499 113.000 525 18.1 32 �1.40 33.16 14.18 1.312 5.28
17 0 14-Feb. 18:37 73.500 114.003 711 17.6 38 �1.23 33.48 9.172 0.915 5.16
71 0.4 16-Feb. 02:34 73.821 113.067 783 14.8 58 �1.33 33.72 11.84 1.203 5.36

Ice shelf 19 0 16-Feb. 11:40 74.202 112.511 1064 41.8 49 �1.66 33.14 23.88 1.836 0.74
31 0 24-Feb. 11:12 75.087 101.759 947 33.1 40 �1.19 33.55 17.78 1.145 1.47
34 0 25-Feb 04:28 74.647 101.533 541 26.3 75 �1.04 33.91 16.43 1.330 1.17

Open sea 39 0 09-Mar. 06:18 71.581 133.988 3965 15.5 32 �1.29 34.69 24.75 1.837 0.86

Table 2
Depth-integrated (down to the mixed-layer depth unless otherwise indicated) phytoplankton carbon biomass (Chl-C), bacterial carbon biomass (BCB), and abundance of
heterotrophic nanoflagellates (HNF), and rates of bacterial production (BP) and bacterial biomass turnover. PP, primary production.

Oceanographic setting Stn Chl-Ca

(mmol C m�2)
BCBb

(mmol C m�2)
BPc

(mmol C m�2 d�1)
Bacterial turn-
over rate
(d�1)

BCB
/Chl-C
(%)

BPmld

/PPd

(%)

BPeup
/PPd

(%)

HNF
(�109 cells
m�2)

BPmld BPeup

Outer shelf Sea ice zone 1 342 4.59 1.90 1.52 0.41 1.34 9.3 7.5 25.6
7 360 7.39 4.47 3.40 0.60 0.61 32.2 24.5 47.7
Mean
(71 SD)

351
(13)

5.99
(1.98)

3.18
(1.82)

2.46
(1.33)

0.51
(0.14)

0.98
(0.52)

20.7
(16.2)

16.0
(12.0)

36.7
(15.7)

Polynya Center 10 630 25.52 8.10 3.49 0.32 4.05 28.4 12.2 107
16 716 27.00 8.14 4.98 0.30 3.77 25.5 15.6 103
17 755 20.57 9.84 4.86 0.48 2.73 80.7 39.8 138
71 1256 36.89 17.33 5.06 0.47 2.94 – – 240
Mean
(71 SD)

839
(283)

27.50
(6.84)

10.85
(4.39)

4.60
(0.74)

0.39
(0.09)

3.37
(0.64)

44.9
(31.0)

22.6
(15.1)

147
(63.9)

Ice shelf 19 170 11.09 4.96 4.23 0.45 6.53 5.1 4.3 50.3
31 234 12.71 4.28 3.69 0.34 5.43 20.9 18.0 47.8
34 430 15.69 7.09 3.76 0.45 3.65 – 80.5
Mean
(71 SD)

278
(135)

13.16
(2.33)

5.44
(1.46)

3.89
(0.29)

0.41
(0.06)

5.20
(1.45)

13.0
(11.2

11.2
(9.7)

59.5
(18.2)

Open sea 39 107 1.33 0.36 0.19 0.267 1.25 11.8 13.5

a Carbon biomass of Chl-a was calculated using C:Chl-a of 50 that was estimated during bloom in the Ross Sea (Smith et al., 2000).
b Bacterial carbon biomass was calculated from 10 fg C per cell (Fukuda et al., 1998).
c Bacterial C production was calculated using conversion factor of 8.67�1017 cells produced per mol TdR (Ducklow et al., 1999) and 10 fg C per cell (Fukuda et al., 1998).
d Data from Kim et al. (2014).
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was observed at depths 4300 m, the salinities 434.6 psu, and
the temperature 41.5 °C at Stn 39. In contrast, the AASW that is
colder than the CDW is distributed in the surface layer over the
shelf region (outer shelf-polynya-ice shelf), which is freshened as
the ice melts in the summer (Klinck, 1998). In addition, as the
warm CDW is introduced onto the continental shelf, it mixes with
the fresh, cold AASW to form Modified Circumpolar Deep Water
(MCDW). The MCDW between 100 and 300 m at Stn 39 enters the
shallow shelf along deep troughs (Nitsche et al., 2007).

3.2. Physico-chemical environments

Within a water column at a depth of 100 m, where our micro-
biological analysis was conducted, the water temperature ranged from
�1.81 to �1.04 °C, and the salinity was 33.13 to 34.01 psu (Table 1).
The lowest surface water temperature was in the sea-ice zone (Stn 1),
where the ice cover on the surface water was over 85%. At the open
sea site (Stn 39), a strong density gradient appeared at a depth of
50 m. The water temperature between depths of 100–200 m indicated
that the CDW mixed with cold AASW at these depths to form MCDW
(Fig. 2). The vertical profiles of water temperature, salinity, and density
indicated that the salinity gradient resulting from melting ice was the
major factor determining the water column density in the surface
water column (Fig. 2). The most pronounced physical feature asso-
ciated with the spatial distribution of phytoplankton was the strong
pycnocline that resulted from the salinity gradient at depths of 30–
50m in the polynya and marginal ice zone in the outer shelf, whereas
relatively few physical variations were observed at the ice shelf site.
The high temperature and salinity at Stns 31 and 34 (Fig. 2) indicated
that an upwelling of warm MCDW occurred at the PIG (Jacobs et al.,
2011) during the sampling. In March, the surface temperature at the
polynya (Stn 17-1 in Fig. 2) dropped to �1.75 °C.

Both nitrate and phosphate were abundant in the surface water
column (Table 1). In near surface water, the nitrate and phosphate
concentrations were low in the center of the polynya
(11.6372.06 mM N; 1.1470.17 mM P) where the highest Chl a
concentration was observed, whereas higher concentrations were
observed at the ice shelf (19.3673.97 mM N; 1.4470.36 mM P).

3.3. Microbiological parameters

3.3.1. Phytoplankton biomass
Microscope observations revealed that colonial P. antarctica

dominated the phytoplankton bloom in the central polynya. Chl a
concentrations within the surface mixed layer were higher at the
polynya stations, ranging from 2.93 to 6.30 mg L�1 (Fig. 3), than at
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Fig. 4. Relationships between bacterial parameters, and physico-chemical and biological parameters.
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the outer shelf (2.26–3.39 mg L�1), ice shelf (0.65–1.67 mg L�1) and
open sea (0.85–0.88 mg L�1) sites. There was a uniform vertical
distribution of Chl a in the polynya and the outer shelf within the
surface mixed layer, but the concentration then decreased below
the mixed-layer depth. On the other hand, the vertical distribution
was homogenous at the open sea and ice shelf sites (Fig. 3). Depth
integrated phytoplankton C biomass (Chl-C) at the polynya
(8397232 mmol C m�2) was higher by factors of 2.4, 3.1, and
7.8 than that at the outer shelf (351713 mmol C m�2), ice-shelf
(2787136 mmol C m�2), and open sea (107 mmol C m�2) sites,
respectively (Table 2).

3.3.2. Abundance of bacteria and heterotrophic nanoflagellates
The BA in the mixed layer was highest at the polynya, (average,

7.88�105 cells mL�1; 4.77–11.83�105 cells mL�1) compared to the
outer shelf (average, 2.48�105 cells mL�1; 1.44–3.47�105 cells
mL�1), ice shelf (average, 3.35�105 cells mL�1; 1.64–5.36�105

cells mL�1), and open sea (average, 0.50�105 cells mL�1; 0.37–
0.60�105 cells mL�1) sites (Fig. 3). The maximum BA observed at
the polynya was 1.18�106 cells mL�1 at a depth of 30 m at Stn 16.
Depth integrated BCB at the polynya (27.576.8 mmol C m�2) was
higher than at the outer shelf (6.072.0 mmol C m�2), ice-shelf
(13.272.3 mmol C m�2) and open sea (1.4 mmol C m�2) sites by
factors of 4.5, 2.1, and 20, respectively (Table 2). The depth-
integrated HNF abundance at the polynya (146764�109 cells
m�2) was higher than at the outer shelf (37715�109 cells m�2),
ice shelf (60718�109 cells m�2), and offshore (13.5�109 cells
m�2) sites by factors of 4, 2.5, and 11, respectively (Table 2).

3.3.3. Bacterial production
The BP was highest at the polynya (average, 10.8 pM TdR h�1;

2.2–21.5 pM TdR h�1) compared the outer shelf (average, 4.7 pM TdR
h�1; 1.4–8.6 pM TdR h�1), ice shelf (average, 5.9 pM TdR h�1; 1.2–
12.2 pM TdR h�1) and open sea (average, 0.7 pM TdR h�1; 0.3–
1.4 pM TdR h�1) sites (Fig. 3). The maximum BP was 21.5 pM TdR
h�1 at a depth of 20 m at Stn 71. Depth-integrated BP at the polynya
(10.974.4 mmol C m�2 d�1) was higher by factors of 3.4, 2.0, and
27.3 compared to the outer shelf (3.271.8 mmol C m�2 d�1), ice-
shelf (5.571.5 mmol C m�2 d�1) and open sea (0.4 mmol
C m�2 d�1) sites, respectively (Table 2).

3.4. Relationships with temperature, phytoplankton, CDOM, and HNF

The BA and BP data for all sampling sites were pooled, and
correlations between bacterial parameters and physico-chemical
parameters were determined (Fig. 4). The correlations between
temperature and bacterial growth rates (r2¼0.083, P¼0.3708,
n¼60) and between temperature and BP (r2¼0.0524, P¼0.0784,
n¼60) were not significant within the narrow temperature ranges
we observed (Fig. 4). Significant positive correlations were
obtained between the spatial distribution of Chl a and BA
(r2¼0.6957, Po0.0001, n¼58), and between Chl a and BP
(r2¼0.8378, Po0.0001, n¼59) (Fig. 4). The average BCB accounted
for less than 5% of phytoplankton biomass, and BP amounted to
17% of PP on average (Table 2). The highest BP:PP ratio of ca. 0.4 at
Stn 17 was due to the unexpectedly low PP at the center of the
polynya (Kim et al., 2014a). If this abnormally low PP value was
excluded, BP accounted for 13% of the PP on average within the
euphotic depth. The absorption coefficients of CDOM(375) mea-
sured in the surface water column during the late bloom ranged
from 0.0690 to 0.2764 m�1, and were generally higher at the
center of the polynya, where the average value was 0.2476 m�1

(Fig. 4). The CDOM(375) concentration was lowest at Stn 1 (0.1152–
0.1842 m�1) in the sea-ice zone where the extent of ice cover was
high (85.3%, Table 1). The CDOM concentrations displayed a sig-
nificant positive correlation with BA (r2¼0.6037, Po0.0011, n¼14)
and BP (r2¼0.8005, Po0.0001, n¼14) (Fig. 4).

The average BCB accounted for less than 5% of phytoplankton
biomass, and BP amounted to 17% of PP on average (Table 2). The
highest BP:PP ratio of ca. 0.4 at Stn 17 was due to the unexpectedly
low PP at the center of the polynya (Kim et al., 2014a). If this
abnormally low PP value was excluded, BP accounted for 13% of
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the PP on average within the euphotic depth. The absorption
coefficients of CDOM(375) measured in the surface water column
during the late bloom ranged from 0.0690 to 0.2764 m�1, and
were generally higher at the center of the polynya, where the
average value was 0.2476 m�1 (Fig. 4). The CDOM(375) concentra-
tion was lowest at Stn 1 (0.1152–0.1842 m�1) in the sea-ice zone
where the extent of ice cover was high (85.3%, Table 1). The CDOM
concentrations displayed a significant positive correlation with BA
(r2=0.6037, Po0.0011, n=14) and BP (r2=0.8005, Po0.0001, n=14)
(Fig. 4).

To evaluate the prey–predator relationship, we plotted the BA
against the HNF abundance (Fig. 5). The average bacteria:HNF
ratios were 125 (open sea site), 236 (center of polynya), 280 (ice
shelf), and 354 (outer shelf), with an overall average of 260. The
ratio was fairly constant at most sites, but was highly variable
(136–1340) at the ice-covered outer shelf sites (Stns 1 and 7).
Overall, the HNF abundance was significantly correlated with the
spatial distribution of BA (r2¼0.7788, Po0.0001, n¼60) (Fig. 5).
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4. Discussion

4.1. Spatial distribution of Chl a, BA, and BP

The distribution of Chl a displayed large spatial variation, with
the highest values at the polynya sites (Fig. 3). Higher Chl a con-
centrations at the center of the polynya were associated with the
relatively strong stratification formed by the melting of sea-ice
(Table 2, Fig. 2). Yager et al. (2012) reported that in early summer
(December–January) the high phytoplankton biomass in the fresher
and warmer water reflected the influence of melting sea-ice and the
upwelling of glacier-derived melt water, which resulted in stratifi-
cation of the water column, enhanced solar radiation, and the
addition of Fe or other micronutrients to the upper mixed layer. The
relatively low Chl a concentration at Stns 31 and 34 near the PIG
was associated with the well-mixed water column resulting from
the upwelling of warm MCDW (Jacobs et al., 2011). Similarly, low
Chl a concentrations were observed at Stn 19 near the Dotson Ice
Shelf, where the surface water column was also well mixed.

The BA and BP in the ASP displayed large spatial variations in
accordance with the distribution of Chl a (Fig. 4), and were highest
at the center of the polynya (Fig. 2, Table 2). The BA (1.44–
11.83�105 cells mL�1) and BP (8.1–17.3 mmol C m�2 d�1) in this
study (February) were higher than the corresponding values in
early summer (BA, 1.2–7.5�105 cells mL�1; BP, 0.02–
0.23 mmol C m�2 d�1) (Yager et al., 2012). Because the phyto-
plankton parameters (PP¼2.2 g C m�2 d�1; Chl a¼395 mgm�2)
were higher in January (Lee et al., 2012) than in February
(PP¼0.25 g C m�2 d�1; Chl a¼143 mgm�2) (Kim et al., 2014a), our
results of a higher BA and BP in late summer (February) than in
early summer (January) indicated a time lag between the bacterial
and Phaeocystis blooms. A similar time lag has been reported in the
Ross Sea Polynya (ca. 30 days, Ducklow et al., 2001), Prydz Bay and
the Weddell Sea (15–30 days, Billen and Becquevort (1991)).

4.2. Control of BP

In the Amundsen Sea, the rapid melting of the glaciers and ice-
shelves resulting from the intrusion of CDW and the upwelling of
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warm MCDW (Jacobs et al., 1996; Jenkins et al., 2010) may release
a substantial amount of Fe into surface waters to support phyto-
plankton blooms (Gerringa et al., 2012; Thuróczy et al., 2012) and
presumably bacterial growth. Given that Fe is available from
melting ice and inorganic nutrients are abundant (Table 1) in the
Southern Ocean, temperature and DOC are likely the two main
controls that limit bacterial growth in the polar seas (Kirchman
et al., 2009; Pomeroy and Deibel, 1986). Kirchman et al. (2009)
found a positive relationship between temperature and bacterial
growth in the oceans, including polar seas. However, based on the
unexpectedly high Q10 (4100) at temperatures below 0 °C, they
concluded that the positive relationship between temperature and
bacterial parameters was largely determined by other factors that
co-vary with temperature. Indeed, previous studies in the Ross Sea
also found no direct effect of temperature on BP (Carlson et al.,
1998; Ducklow et al., 2001). In this study, the relationship between
bacterial growth and bacterial production was not significantly
correlated with temperature, even below 0 °C (Fig. 4).

In contrast to temperature, BP was significantly correlated with
phytoplankton biomass (r2¼0.8378, Po0.0001) and CDOM(375)

(r2¼0.8005, Po0.0001) (Fig. 4). These relationships suggest that DOC,
which originates from phytoplankton, significantly promotes the
maintenance of the high BP during the late Phaeocystis bloom. The
DOC produced from the phytoplankton is available for stimulating
bacterial growth through a variety of mechanisms such as direct
extracellular release, sloppy feeding on phytoplankton by zooplankton,
viral lysis, and solubilization by heterotrophic bacteria attached to
particles (see Nagata, 2008). A coupling between bacteria and phyto-
plankton has been well established in the Southern Ocean (Cota et al.,
1990; Ducklow et al., 1999; Lochte et al., 1997; Morán et al., 2001).

To further demonstrate the dependence of BP on DOC, we re-
visited the center of the polynya in March (i.e., Stn 17-1 that is
denoted as Stn 17 in February, Figs. 2 and 3). The Chl a concentra-
tions significantly decreased after the bloom declined (i.e., from
4.671.1 μg L�1 during the late bloom to 1.770.3 μg L�1after the
bloom, P¼0.029, Fig. 6A). Despite the significant decrease in phy-
toplankton biomass, the mean CDOM(375) concentration after the
bloom (0.2570.03 m�1) was not significantly different from the
CDOM(375) measured during the bloom (0.2670.04 m�1, P¼0.661,
Fig. 6B). Similarly, the BP during the bloom (11.571.5 pM TdR h�1)
did not significantly decreased after the bloom (9.171.4 pM TdR
h�1) (P¼0.085, Fig. 6C). Therefore, the high BP and CDOM(375) that
persisted after the Phaeocystis bloom further supported that BP was
sustained by the DOC that remained in the system after the bloom.
It is well-known that DOC accumulation occurs in the water column
during and after the bloom or productive period. For example,
Billen and Fontigny (1987) observed a rapid increase in DOC during
a spring bloom of Phaeocystis pouchetii, and high concentrations
(almost 5 mg C L�1) remained after the Phaeocystis bloom on the
Belgian coast. Carlson et al. (2000) also reported that both DOC and
POC accumulated as a spring bloom of P. antarctica progressed, with
maximum concentrations of 46–55 μM DOC and 4100 μM POC in
the top 50 m during late summer (February). They reported that the
DOC produced during the Phaeocystis bloom was relatively labile
and turned over within 6 months, reaching a background level in
late winter. Similarly, Kirchman et al. (2001) reported that DOC
(mostly polysaccharides) increased at least threefold during a
Phaeocystis bloom in the Ross Sea, and argued that the accumula-
tion of dissolved polysaccharides and other semi-labile DOCs have
the potential to support high BP even after the bloom.

In the present study, CDOM(375) was used as a proxy of DOM to
stimulate BP after the bloom (Fig. 6). CDOM is generally known to be
produced by bacteria using non-fluorescent organic matter derived
from phytoplankton (Rochelle-Newall and Fisher, 2002). CDOM may
also be generated directly through extracellular release by prokaryotes,
and excretion by zooplankton and Antarctic krill (Nelson et al., 2004;
Steinberg et al., 2004; Urban-Rich et al., 2006; Ortega-Retuerta et al.,
2009). The photolysis of CDOM also results in the release of low-
molecular-weight compounds, which can be an important labile
substrate for microbial communities (Morán and Zepp, 1997). Ober-
nosterer et al. (2001) reported that in the central Crozet Basin in the
Southern Ocean, DOM with initially low bioavailability could be pho-
tochemically transformed to compounds with higher bioavailability.
4.3. Control of BA

Despite the general consensus that bacterial production is
coupled with phytoplankton, a few studies reported that proto-
zoan grazing could induce a weak coupling between bacteria and
phytoplankton (Bird and Karl, 1999; Duarte et al., 2005). During a
spring bloom in the Gerlache Strait, Bird and Karl (1999) reported
that the bacterial biomass was o2% of the total plankton biomass,
and BP was �3% of the corresponding PP, which implied that the
microbial loop was uncoupled from primary producers during the
spring bloom period. Based on prey–predator plotting that
revealed a bacteria:HNF ratio of 85, they speculated that protozoan
grazing on bacteria was largely responsible for the uncoupling.

In this study, the bacteria:HNF ratio was 260 on average (Fig. 5),
which was lower than the range (400–1000) reported in most marine
environments (Sanders et al., 1992) including the Ross Sea Polynya
(800) where the bacteria:HNF ratio approached 10,000 in some
samples (Ducklow and Yager, 2006). In addition, the mean BA in the
mixed layer of the ASP in the present study (February, 7.88�105 cells
mL�1) was lower than that observed in the same season in the Ross
Sea Polynya (11.5�105 cells mL�1, Ducklow et al., 2001), although the
BP was higher in the ASP than in the Ross Sea Polynya. In addition to
the low bacteria:HNF ratio, a direct grazing experiment conducted
along with this study revealed that bacterivory removed average 93%
(51–144%) of BP, and consumed 27% (12–53%) of bacterial standing
stock in the ASP (Yang EJ, unpublished data). These results strongly
suggest that heterotrophic protozoa effectively control the bacterial
biomass during the late bloom in the ASP.

The large number of HNF grazing on bacteria (i.e., low bacteria:
HNF ratio) may reflect the existence of an intermediate trophic
level between krill and bacterivores in the Antarctic waters
(Ducklow and Yager, 2006). The grazing control of mesozoo-
plankton on heterotrophic bacteria via a trophic cascade (i.e.,
mesozooplankton – microprotozooplankton – nanoprotozoo-
plankton – bacteria) in coastal marine ecosystems has been well
documented. For example, based on a mesocosm experiment,
Zöllner et al. (2009) demonstrated that high copepod grazing on
microzooplankton (ciliates) suppressed BA by enhancing the
amount of HNF grazing on bacteria. In the Southern Ocean, Yang
et al. (2012) also demonstrated an inverse relationship between
microprotozoa and heterotrophic nanoprotozoa (i.e., bacterivores),
along the Weddell Sea–Scotia Sea Transect.

Investigations on the zooplankton composition and distribution
conducted along with our study in February (Lee et al., 2013) and
that conducted earlier in January (Wilson et al., 2015) revealed that
copepod abundance was low in the ASP, and the mesozooplankton
biomass was dominated by the ice krill, Euphausia crystallorophias
(Lee et al., 2013; La et al., 2015; Wilson et al., 2015). Ko et al. (2015)
based on a trophodynamic analysis using fatty acids and stable
isotopes, further demonstrated that adult E. crystallorophias did not
graze on Phaeocystis, but rather displayed a carnivorous feeding
behavior. Therefore, if the krill effectively suppress the biomass of
microzooplankton (Ko et al., 2015) that would otherwise actively
graze on the HNF (o10 μm), then the HNF could act as a control on
bacteria biomass, resulting in a relatively low bacteria:HNF.
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4.4. Significance of the microbial loop during a late bloom

The major components of the microbial loop are the supply of
DOM originating from phytoplankton, the uptake of DOM by
heterotrophic bacteria, and the consumption of the bacteria by
heterotrophic protists (Azam et al., 1983). Therefore, to establish
the significance of the microbial loop in the microbial food web
process in the ASP, the bacteria should consume a significant
portion of primary production via production and/or respiration,
and the bacteria should be effectively consumed by bacterivores
(see Ducklow and Yager, 2006). In the present study, the average
BP:PP ratio of 17% (Table 2) was higher than that reported during
the Phaeocystis bloom in the Ross Sea (ca. 10%, Kirchman et al.,
2009). The BP:PP ratio in the Southern Ocean varies according to
the stage of the phytoplankton bloom (Cota et al., 1990; Lochte
et al., 1997; Ducklow et al., 2001; Obernosterer et al., 2008;
Manganelli et al., 2009). In general, a small proportion of the PP is
consumed by BP in the early phase and during the bloom, but the
consumption by BP increases during the decline of the bloom. For
example, BP accounted for 76% of PP during the austral autumn,
but only 14% in the spring (Cota et al., 1990). In the Ross Sea,
Ducklow et al. (2001) estimated a BP:PP ratio of 0.04 in October,
0.11 in January, and 0.81 in April, which reflected the variations in
BP:PP according to the different stages of the P. antarctica bloom.
Consequently, in light of the low bacteria:HNF ratio (i.e., intense
grazing on bacteria, Fig. 5) in the present study and the fact that
both copepod and krill do not significantly consume Phaeocystis
(Hansen et al., 1993; Haberman et al., 2003; Ko et al., 2015), the
high BP:PP ratio suggested that a substantial amount of PP was
likely channeled to nano- and microprotozooplankton via the
microbial loop, rather than being directly transferred to metazoa
via a conventional grazing food web during a late bloom. Based on
mixed culture experiments for protozoa and copepod grazing on
Phaeocystis, Hansen et al. (1993) found that protozoa rather than
copepods were responsible for the declining numbers of Phaeo-
cystis. In addition, Shields and Smith (2008) demonstrated that
microzooplankton (ciliates) consume Phaeocystis in the Ross Sea,
which also implies that a substantial fraction of P. antarctica
colonies directly enter the microbial loop before sinking.

Because high bacterial activity may prevent a significant fraction of
large phytoplankton from reaching metazoan consumers (Legendre
and Fèvre 1995), the microbial loop plays a significant role in deter-
mining the efficiency of the export of biogenic carbon. The BP:PP ratio
and the export flux are inversely related (Cho et al., 2001), implying
that the large bacterial contribution to organic carbon mineralization
during the late Phaeocystis bloom will diminish the export flux.
Indeed, the export flux from the euphotic zone accounted for 30% (14–
53%) of PP in the polynya and ice shelf during the late bloom in
February (Kim et al., 2014c), whereas approximately 60% of the PP was
exported during relatively earlier bloom in January (Yager et al., 2012).
Consequently, the high BP:PP ratio reflecting the lower export pro-
duction in the surface water, together with the active mineralization of
organic matter by bacterial respiration within the mesopelagic layer
(50–350m) of the ASP (Ducklow et al., 2015) further implied that the
functioning of the biological pump could be weakened during the
Phaeocystis bloom in the ASP.
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