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Abstract
Long-term changes in phytoplankton biomass and community composition are important in the ecosystem and biogeochemical
cycle in the Southern Ocean. We aim to ultimately evaluate changes in phytoplankton assemblages in this region on a decadal scale.
However, yearly continuous data are lacking, and long-term datasets often include seasonal variability. We evaluated the seasonal
changes in phytoplankton abundance/composition across latitudes in the Indian Ocean sector of the Southern Ocean via multi-ship
observations along the 110�E meridian from 2011 to 2013. The chlorophyll a concentration was 0.3e0.5 mg m�3 in the Sub-
antarctic Zone (40e50�S) and 0.4e0.6 mg m�3 in the Polar Frontal Zone (50e60�S); pico-sized phytoplankton (<10 mm), mainly
haptophytes, were dominant in both zones. In the Antarctic Divergence area (60e65�S), the chlorophyll a concentration was
0.6e0.8 mg m�3, and nano-sized phytoplankton (>10 mm), mainly diatoms, dominated. Chlorophyll a concentrations and
phytoplankton community compositions were the same within a latitudinal zone at different times, except during a small but
distinct spring bloom that occurred north of 45�S and south of 60�S. This small seasonal variation means that this part of the
Southern Ocean is an ideal site to monitor the long-term effects of climate change.
© 2014 Elsevier B.V. and NIPR. All rights reserved.
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1. Introduction

The Southern Ocean is very important to the global
carbon cycle. One reason is that it occupies approxi-
mately 20% of the world's ocean area, and another is its
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very high primary productivity (Arrigo et al., 1998a).
This area is a critical CO2 sink globally, with the re-
gion south of 50�S accounting for about 20% of the
global ocean CO2 sink (Takahashi et al., 2009). Its
carbon absorption rate is approximately
1.5 � 1015 g C yr�1 (McNeil et al., 2007).

The Southern Ocean is also one of the largest high-
nutrient low-chlorophyll (HNLC) areas. Iron avail-
ability may control the biomass and productivity of
phytoplankton (Martin et al., 1990). However,

mailto:iida@nipr.ac.jp
mailto:odate@nipr.ac.jp
http://crossmark.crossref.org/dialog/?doi=10.1016/j.polar.2014.03.003&domain=pdf
http://dx.doi.org/10.1016/j.polar.2014.03.003
www.sciencedirect.com/science/journal/18739652
http://dx.doi.org/10.1016/j.polar.2014.03.003
http://dx.doi.org/10.1016/j.polar.2014.03.003
http://ees.elsevier.com/polar


284 T. Iida, T. Odate / Polar Science 8 (2014) 283e297
phytoplankton blooms often have been observed in
several regions near fronts and in sea ice retreat areas
(Comiso et al., 1993; Moore and Abbott, 2000). Large
phytoplankton blooms transport particulate organic
carbon in the frustules of diatoms from the surface
layer of deep oceans. Diatoms are the main component
of the phytoplankton community in blooms around
fronts (Brzezinski et al., 2001); therefore, diatom
blooms are very important for carbon cycling in these
areas. Diatom blooms mainly occur in polar front
areas, while blooms in seasonal ice areas are domi-
nated by non-calcifying haptophytes, e.g. Phaeocystis
antarctica (Arrigo et al., 1998b). Large carbon exports
occur in haptophyte bloom areas as well (DiTullio
et al., 2000). Therefore, phytoplankton blooms and
variability in their compositions affect the carbon cycle
in the Southern Ocean.

The Southern Ocean also has one of the highest
biological productivities in the world. In particular, the
Antarctic krill Euphausia superba is a key species in
this area, and most of the sea mammals, sea birds, and
fishes depend on it for survival (e.g. Hempel, 1985).
Consequently, the biomass of phytoplankton, the food
source for krill, is an important factor in this
ecosystem, and changes in primary productivity have
large effects on the community and the carbon cycle in
this region.

The most unique hydrographic feature in the
Southern Ocean is the circumpolar current, which
strongly affects the global carbon cycle and ecosystem
dynamics. The Antarctic Circumpolar Current (ACC),
a major current in the Southern Ocean, is induced by
strong westerly winds between 45�S and 55�S (Nowlin
and Klinck, 1986). The ACC flows through the
Atlantic, Indian, and Pacific oceans without continental
barriers. Therefore, the ACC is the most important
factor affecting biogeochemical cycles, including the
iron cycle, in the Southern Ocean (e.g. Nowlin and
Klinck, 1986; Tynan, 1998; Boyd and Ellwood,
2010). The ACC is also associated with several
oceanic fronts: the Subtropical Front (STF), the Sub-
antarctic Front (SAF), the Polar Front (PF), the
Southern ACC Front (SACCF), and the Southern
Boundary (SB) of the ACC (Orsi et al., 1995; Belkin
and Gordon, 1996). These frontal regions are charac-
terized by sharp horizontal gradients in hydrographic
properties that represent the boundaries of distinct
water masses (Orsi et al., 1995; Belkin and Gordon,
1996; Rintoul and Bullister, 1999; Sokolov and
Rintoul, 2002).

Seasonal sea ice cover also affects phytoplankton
dynamics in the Southern Ocean. The sea ice is
distributed zonally by latitude, and it affects the habi-
tats of phytoplankton and zooplankton in these areas
(Massom and Stammerjohn, 2010). Antarctic
zooplankton communities can be divided into three
ice-associated zones: 1) the permanent ice-free area,
dominated by copepods and salps; 2) the seasonal sea
ice zone, dominated by E. superba; and 3) the per-
manent sea ice area, dominated by ice krill (Euphausia
crystallorophias) (Loeb, 2007). The distributions of
phytoplankton communities are closely related to these
fronts and to the distribution of sea ice.

Interannual variations in phytoplankton distribution
and primary productivity affect ecosystems and carbon
cycles in the Southern Ocean. The changes in carbon
cycling in the Southern Ocean can have global effects
because of thermodynamic circulation. Several studies
have examined the variations in phytoplankton distri-
bution and primary productivity in the Indian Sector of
the Southern Ocean (e.g. Strutton et al., 2000; Wright
et al., 2010). In particular, Johnston and Gabric (2010)
revealed that the Southern Annual Mode (SAM) and
sea surface temperatures (SST) produced conditions
that were favorable for phytoplankton growth, based
on analyses of satellite remote sensing datasets. Inter-
annual variations in annual productivity were most
closely linked to changes in sea ice cover, although sea
surface temperature also played a role, and only 31%
of the variation in annual production was explained by
the SAM.

Annual primary production could increase in the
future as stronger winds increase nutrient upwelling
(Arrigo et al., 2008). However, although the satellite
chlorophyll (chl) a dataset has been available since
1996, continuous datasets based on direct observations
are scarce for the Southern Ocean. The only moni-
toring station datasets were collected in the Antarctic
Peninsula region (Montes-Hugo et al., 2009), and very
limited data are available for other areas of the
Southern Ocean. The Japanese Antarctic Research
Expedition (JARE) has conducted monitoring since
1965 in the Indian Ocean Sector of Southern Ocean
using the icebreakers Fuji (1965e1983) and Shirase
(1983epresent) to discover long-term trends in the
oceanic environment. All hydrographic and biological
data have been published by the National Institute of
Polar Research (NIPR) (http://ci.nii.ac.jp/vol_issue/
nels/AA10457766_en.html). However, because these
data were sometime collected in different seasons and
at different positions and depths, long-term variations
in primary productivity are difficult to evaluate
directly. Therefore, we must identify seasonal changes
in phytoplankton distribution and composition before
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we can evaluate the interannual variations in phyto-
plankton based on spasmodic observation datasets.

At two time points during the austral summer from
2011 to 2013, time-series observations were conducted
in the Eastern Indian Ocean sector of the Southern
Ocean during cruises by several Japanese research
vessels. The sampling stations were distributed from
the permanently ice-free area to the seasonally ice-
covered area. The ultimate goal of this study is to
clarify the long-term variability of phytoplankton
biomass and composition in the Indian Ocean sector of
the Southern Ocean. First, we must study the seasonal
variations in hydrography and pigment-based phyto-
plankton assemblages in these areas with the aim of
evaluating the factors controlling these changes.

2. Methodology

2.1. Time-series in situ multi-ship observations

Time-series hydrographic observations were con-
ducted during cruises of the ice-breaker Shirase (Jap-
anese Marine Self Defense Force) and TRV Umitaka-
Maru (Tokyo University of Marine Science and
Technology) along the 110�E meridian from 40�S to
66�S in the Indian sector of the Southern Ocean in the
austral spring and summer of 2011/2012 and 2012/
2013 (Fig. 1). Additional data were collected during
the cruise of Shirase in December 2011, March 2012,
and December 2012, and during cruises of Umitaka-
Maru in January 2011, 2012, and 2013. The five hy-
drographic stations were located along the 110�E
meridian (at intervals of 5� latitude for both ships).
These observations were conducted as part of the
JARE long-term oceanographic monitoring program,
supported by the Ministry of Education, Culture,
Sports, Science and Technology (MEXT), Japan. On
the Shirase, vertical profiles of temperature and
salinity were collected using a con-
ductivityetemperatureedepth (CTD) probe (SBE 19
plus; Sea-Bird Electronics, Bellevue, WA, USA) with a
water sampler (SBE 55 ECO, Sea-Bird Electronics) to
depths of 500 m. On the Umitaka-Maru, these data
were collected by an SBE 9 plus with a 24 Niskin
bottle water sampler (SBE 35, Sea-Bird Electronics) to
the depth of the sea floor. The CTD sensors were
calibrated before each cruise. Seawater samples from
deeper than 10 m were collected using 4-L (Shirase)
and 2.5-L (Umitaka-Maru) Niskin bottles at pre-
defined depths of 20, 50, 75, and 100 m and of 10,
20, 30, 50, 75, and 100 m, respectively. Surface waters
were sampled for phytoplankton analysis 2e4 times
per day along the ship transects in each cruise (Fig. 1).
Seawater was pumped from an inlet at the bottom of
the ship (about 8 m below sea level for the Shirase, and
4 m below sea level for the Umitaka-Maru) with a
coated titanium pipe. Furthermore, the sea surface
temperature and salinity were monitored continuously
at 10-s intervals on both vessels. The temperature
sensor (SBE 38, Sea-Bird Electronics) was located
close to the inlet pipe at the bottom of the ship. The
salinity sensor was located in the ship laboratory.

2.2. Phytoplankton pigment analysis

Water samples for phytoplankton analyses were
kept in dark bottles during both cruises. To measure chl
a concentrations, samples were filtered with positive
pressure (<0.01 MPa) through two Nuclepore filters
with pore sizes of 2 mm and 10 mm. The filtrate was re-
filtered onto glass fiber Whatman GF/F filters to obtain
phytoplankton cells less than 2 mm and 10 mm. The
filters were immediately soaked in N,N-
dimethylformamide (Suzuki and Ishimaru, 1990), and
pigments were extracted on board. The concentration
of chl a was determined with a fluorometer (10-AU,
Turner Designs, Sunnyside, CA, USA) (Parsons et al.,
1984). We used the Welschmeyer method to measure
chl a (Welschmeyer, 1994). The fluorometer was
calibrated against a chl a standard (Wako Chemicals,
Osaka, Japan) using a spectrophotometer before each
cruise. The value of the specific absorption coefficient
reported by Porra et al. (1989) was used in
calculations.

Water samples (1.0e4.0 L) for HPLC pigment
analysis were filtered with positive pressure
(<0.01 MPa) on board onto 25-mm Whatman GF/F
filters. The filters were immediately frozen in liquid
nitrogen and stored at �80 �C until analysis. Before
HPLC analysis, the filters were cut into small pieces,
soaked in 3 ml N,N-dimethylformamide containing
canthaxanthin solution (Wako Chemicals) as an inter-
nal standard, and then sonicated for 30 s to break the
cell walls. Debris and glass fibers were removed by
filtering the samples through 0.4-mm polytetrafluoro-
ethylene membrane filters. After extraction, pigments
were separated and quantified with a Prominence
HPLC System (Shimadzu, Kyoto, Japan) as described
by Van Heukelem and Thomas (2001) (the VHT
method). We slightly modified the gradient system to
clearly separate pigments (Table 1). Before analyses,
the HPLC was calibrated with commercially available
pigment standards. We used chl a, chl b, lutein, zeax-
anthin (Extrasynthese), chlorophyll cl, chlorophyll c2,



Fig. 1. Cruise transect along the 110�E meridian in the Indian sector of the Southern Ocean. Lines show climatological locations of the five fronts

(Orsi et al., 1995) (a: 2011/2012 season, b: 2012/2013 season observation stations). STF, Subtropical Front; SAF, Subantarctic Front; PF, Polar

Front; SACCF, Southern Antarctic Circumpolar Current Front; SB, Southern Boundary; SAZ, Subantarctic Frontal Zone; PFZ, Polar Frontal

Zone; AAZ, Antarctic Zone; SACCZ, Southern ACC (Antarctic Circumpolar Current) Frontal Zone.
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peridinin, fucoxanthin, 190-hexanoyloxyfucoxanthin,
alloxanthin, prasinoxanthin, diadinoxanthin as the
standards. All pigments were provided by the Danish
Hydraulic Institute [DHI] Water & Environment,
Denmark. Pigments separated by HPLC were identi-
fied by comparing their retention times and absorbance
spectra with those of the standards.

2.3. CHEMTAX analysis

We used CHEMTAX methodology to identify the
dominant phytoplankton species (Mackey et al., 1996).
CHEMTAX analysis provides data about each
phytoplankton class in terms of its contribution to total
chl a biomass based on HPLC pigment analyses. An
initial ratio of the calculation matrix was determined as
described by Mackey et al., 1996 (Table 2a). In the
CHEMTAX analysis, the phytoplankton were sepa-
rated into eight community types: cyanobacteria, di-
noflagellates, chlorophytes, prasinophytes,
cryptophytes, haptophytes types 3 and 4, and diatoms.
This separation was based on previous phytoplankton
community studies in the Southern Ocean. In our
study, the haptophyte group was divided into two types
(T3 and T4) because of large differences in pigment
compositions between the calcified Emiliania huxleyi



Table 1

Gradient system used in VHT method.

Step Time A (%) B (%)

Start 0 95 5

2 25 35 65

3 31 5 95

End 42 95 5

Solvent A, 70:30 methanol: 28 mM aqueous TBAA, pH 6.4.

Solvent B, 100% methanol.
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and the non-calcified Phaeocystis antarctica (Jeffrey
and Wright, 1994). These species are commonly
distributed in the Southern Ocean and cause large
blooms in the seasonal sea ice area (Iida et al., 2012;
Arrigo et al., 1998b).

CHEMTAX analyses were conducted using the
procedures described in Latasa (2007) with CHEM-
TAX version 1.95 (pers. comm. with S. Wright).
CHEMTAX was run using the following parameters:
ratio-limits ¼ 500, initial time step ¼ 10, step
ratio ¼ 1.03, epsilon limit ¼ 0.0001, cut-off
step ¼ 30,00,000, iterations limit ¼ 250, elements
varied ¼ 14 (number of pigments), subiterations ¼ 1,
weighting ¼ bound relative (20) (Latasa et al., 2010).
The final pigment ratio matrix obtained from
CHEMTAX calculations varied slightly from the
initial ratio. However, these variations were within the
acceptable range proposed by Mackey et al. (1996);
therefore, our initial assumptions were considered to
be reasonable.
Table 2

Pigment: Chl a ratio used in CHEMTAX calculations, showing initial (a) an

Class Chl c3 Peri 190 but Fuco Neo Pras V

(a) Initial ratios

Diat 0 0 0 0.76 0 0 0

Hapt(T3) 0.05 0 0 0 0 0 0

Hapt(T4) 0.05 0 0.25 0.58 0 0 0

Cryp 0 0 0 0 0 0 0

Pras 0 0 0 0 0.15 0.32 0

Chlo 0 0 0 0 0.06 0 0

Dino 0 1.06 0 0 0 0 0

Cyan 0 0 0 0 0 0 0

(b) Final ratios

Diat 0 0 0 0.30 0 0 0

Hapt(T3) 0.02 0 0 0 0 0 0

Hapt(T4) 0.11 0 0.08 0.09 0 0 0

Cryp 0 0 0 0 0 0 0

Pras 0 0 0 0 0.06 0.03 0

Chlo 0 0 0 0 0.04 0 0

Dino 0 0.51 0 0 0 0 0

Cyan 0 0 0 0 0 0 0

Abbreviations: Diat ¼ Diatom; Hapt(T3) ¼ haptophytes (Type 3: Emiliania

Cryp ¼ cryptophytes; Pras ¼ prasinophytes; Chlo ¼ chlorophytes; Dino ¼
2.4. Light microscopy analysis

To verify the results of the CHEMTAX phyto-
plankton composition analysis, we evaluated the
phytoplankton composition in water samples under a
light microscope. For these analyses, 500-mL
seawater samples from pumped surface waters were
evaluated. The water samples preserved with 4%
Lugol's iodine solution were kept in a refrigerator
until analysis. Phytoplankton cells were identified and
counted on land. Quantitative analyses were difficult
because of the low cell abundance (except for
diatoms).

3. Results

3.1. Seasonal changes in hydrographic structure and
chl a

The vertical profiles of temperature showed signif-
icant seasonal variability along the 110�E meridian,
but salinity did not show seasonal trends (Fig. 2). The
spatial sampling interval was too long to observe de-
tails of the fronts, but some water masses could be
identified in this area. A strong frontal structure was
observed in the upper 500 m between 45�S and 50�S,
corresponding with the SAF fronts in December and
March, which coincided with the main stream of the
ACC. There were broad distances between isothermal
lines in January because of surface heating.
d final ratio matrices (b).

iola 190 Hex Diad Allox Lutein Zeax Chl b

0 0.14 0 0 0 0

1.71 0.14 0 0 0 0

0.54 0.12 0 0 0 0

0 0 0.23 0 0 0

.06 0 0 0 0.01 0 0.95

.06 0 0 0 0.20 0 0.26

0 0 0 0 0 0

0 0 0 0 0.35 0

0 0.09 0 0 0 0

0.59 0.05 0 0 0 0

0.19 0.07 0 0 0 0

0 0 0.19 0 0 0

.03 0 0 0 0.00 0 0.45

.04 0 0 0 0.13 0 0.16

0 0 0 0 0 0

0 0 0 0 0.37 0

huxleyi); Hapt(T4) ¼ haptophytes (Type 4: Phaeocystis antarctica);

dinoflagellates; Cyan ¼ cyanobacteria.



Fig. 2. Vertical distributions of temperature, salinity, and chlorophyll a concentrations in the upper 100 m of the water column during 2011/2012 (a: December, 2011, b: January, 2012, c: March,

2012). Arrows indicate front positions suggested by Orsi et al. (1995).
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Fig. 3. Profiles of sea surface temperature and salinity in December, 2011 (a); January, 2012 (b); March, 2012 (c); December, 2012 (d); and

January, 2013 (e). Arrows indicate front positions suggested by Orsi et al. (1995). STF, SAF, PF, SACCF and SB are as defined in the caption to

Fig. 1 and located at 41�S, 48.7�S, 52.1�S, 59.4�S, and 62.3�S respectively along the 110�E meridian.
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The PF marks the northern limit of the Antarctic
Zone (Gordon et al., 1977) and is defined by the
northernmost extent of the subsurface temperature
minimum layer cooler than 2 �C. This minimum tem-
perature layer is winter water found only south of the
PF, and it occupies the water column between 100 and
300 m (Sokolov and Rintoul, 2007). This PF structure
showed small seasonal variations (Fig. 2); water with
the minimum subsurface temperature was located
around 53�S, almost corresponding with the location
estimated by Orsi et al. (1995). The SACCF is defined
as the southernmost extent of water warmer than 1.8 �C
in the maximum temperature layer (Orsi et al., 1995).
The SACCF was identified around 60�S in our obser-
vations. The seasonal variability of the SACCF was
small, like that of the PF. The Southern Boundary of the
ACC and Antarctic Slope Front (ASF) are defined by
the southern limit of the UCDW, which is observed as
an oxygen minimum (Orsi et al., 1995). This coincides
with the southern limit of water with a temperature
maximum layer warmer than 1.5 �C in the Indian Sector
of Southern Ocean (Sokolov and Rintoul, 2007). A
water mass consistent with this definition was found
between 62�S and 63�S in this study, and its seasonal
variability was limited like those of the PF and SACCF.
Therefore, clear seasonal variations in frontal structure
were only observed for the SAF in this area.
The other regions south of the SAF showed only
small seasonal variations in front structure and current
systems. Our vertical observations were conducted at 5�

latitude intervals, so detailed frontal structure informa-
tion was limited. Therefore, we analyzed the surface T-S
datasets collected on five cruises (Fig. 3). These data
indicated that the temperature was warmer in January,
however, the front areas were not consistent across
years. Each of the fronts (SAF, PF, SACCF, and ASF)
can be identified using surface temperature and salinity
data. The temperature and salinity drop rapidly in the
SAF (located at 48�S). The position of the SAF was the
same as that predicted from vertical observations. The
temperature and salinity changed gradually along the
southern transect and corresponded with the locations of
the PF (52�S), SACCF (60�S), and SAF (63�S).

Generally, phytoplankton blooms occur in spring in
sub-polar regions. However, the chl a distribution
along the 110�E meridian showed only very small
seasonal changes (Fig. 2). There were higher chl a
concentrations in the northern- and southern-most
sections. The highest chl a concentrations were
observed in the STZ in December (about 1.3 mg m�3)
and in the Antarctic Zone (AAZ) in January (about
1.0 mg m�3), moderate concentrations were observed
in the Polar Frontal Zone (PFZ) (about
0.3e0.5 mg m�3), and the lowest chl a concentrations
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were recorded in the Subantarctic Zone (SAZ)
(<0.3 mg m�3).

3.2. Seasonal changes in surface phytoplankton
composition

A sub-surface chl a maximum (SCM) was often
observed in the Southern Ocean. However, the SCM
was difficult to identify clearly along most of the
110�E meridian without knowing the positions of the
SB in December 2011 and at the PF in March 2012
(Fig. 2). Surface chl a concentrations are more useful
for long-term monitoring because of the ease of regular
collection and for comparing with satellite data, so we
examined surface chl a (bulk- and size-fractioned)
distribution in this area (Fig. 4). We compared the
2011/2012 and 2012/2013 seasons to investigate the
interannual variability of phytoplankton distributions.
The highest chl a concentration was in the southern
region, especially south of the SACCF in each month/
year (approximately south of 61�S). In December,
2012, there were patchy regions of high chl a con-
centrations around some fronts (47�S and 55.5�S). The
relative contributions of size-fractionated cell chl a to
total chl a at surface stations is shown in Fig. 4. Micro-
Fig. 4. Relative abundance of phytoplankton in each size class in surface se

a) attributed to each size class. Sea surface water samples were collected

March, 2012 (c), December, 2012 (d), and January, 2013 (e). Arrows ind

SACCF and SB are as defined in the caption to Fig. 1 and located at 41�

meridian.
sized cells (>10 mm) were dominant and the relative
abundance of these cells increased at the southern
stations (approximately south of 61�S). In other re-
gions, pico-sized cells (0.7e2 mm) and nano-sized
cells (2e10 mm) were generally more abundant,
except in the patchy regions with high chl a concen-
trations (December, 2012, 47�S and 55.5�S).

We also used CHEMTAX analyses to evaluate
phytoplankton composition based on algal pigment
data (Fig. 5). In early December, cyanobacteria
contributed 40% of total chl a in the STF area. In the
area between the SAF and SACCF (50e60�S), hapto-
phytes (60e70%) and diatoms (20e30%) dominated
the surface layer. At most of the southern stations,
diatoms were dominant (60e70%), and the contribu-
tion of each of the other groups decreased by approx-
imately 10%. In January, cyanobacteria disappeared
from the STF area, whereas the contribution of hap-
tophytes increased to 30%. Haptophytes were domi-
nant in the PF area, and diatoms made the highest
contribution to total chl a in the area south of the
SACCF in December. In March, the proportion of
cyanobacteria increased again in the STF, but the
dominant group was the haptophytes. The haptophytes
were also dominant in the PF area, and the ratio of
awater samples, and proportion of chlorophyll a (to total chlorophyll

along the 110�E meridian in December, 2011 (a), January, 2012 (b),

icate front positions suggested by Orsi et al. (1995). STF, SAF, PF,

S, 48.7�S, 52.1�S, 59.4�S, and 62.3�S respectively along the 110�E
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diatoms increased at the more southern stations. Pra-
sinophytes were only found in the STF area, where
they contributed less than 10% of total chl a. Di-
noflagellates and cryptophytes were commonly found
in every area and season, however, their contribution to
total chl a (<10%) was smaller than those of the other
phytoplankton groups.

3.3. Time series of chl a concentrations derived from
ocean color remote sensing

There were greater differences in chl a concentra-
tions and phytoplankton species compositions among
latitudinal zones than among seasons. However, the
variations were observed only three (or two) times per
year. The surface and subsurface chl a concentrations
were relatively uniform in our on-board analyses.
Therefore, we analyzed ocean color remote sensing
datasets to evaluate spatial variability in detail, espe-
cially in frontal areas (Fig. 6). A time-series of surface
chl a data from January 2011 to March 2013 was
constructed using MODIS (MODerate resolution Im-
aging Spectroradiometer) data downloaded from the
ocean color web (http://oceancolor.gsfc.nasa.gov). We
used the MODIS level 3 daily standard mapped image
Fig. 5. Relative composition of phytoplankton in the surface water alon

December 2011 (a), January 2012 (b), March 2012 (c), December 2012 (d)

et al. (1995). STF, SAF, PF, SACCF and SB are as defined in the captio

respectively along the 110�E meridian.
9-km resolution data for temporal analysis. We
extracted chl a data, which were calculated using the
NASA standard algorithm (OC3Mv6) (O'Reilly et al.,
2000). Ocean color data cannot be observed under
clouds; therefore, we extracted and averaged the
available cloud-free data with 5 � 5 pixel resolution
(45 km � 45 km). The data points were spaced at
approximately 0.5� latitudinal intervals between 40�S
and 66�S. High chl a concentrations were found south
of 60�S. This region was covered by sea ice from May
to October (e.g. Massom et al., 2013). Generally,
melting of sea ice drives phytoplankton blooms.
However, no clear blooming events occurred in this
region. Another distinctive feature was the seasonal
variation in the SAZ. There were relatively high chl a
concentrations from January to March compared with
those in other months. There was a very low chl a
concentration (<0.2 mg m�3) around the PFZ. Overall,
the seasonal variations in the chl a concentration were
small, except during a distinct spring bloom along the
110�E meridian in the Indian Ocean sector of the
Southern Ocean. The chl a concentrations and phyto-
plankton species compositions differed among the
frontal zones (SAZ, PFZ, AAZ, and the Southern ACC
Frontal Zone (SACCZ)).
g 110�E meridian based on CHEMTAX analyses of pigment data.

, January 2013 (e). Arrows indicate front positions suggested by Orsi

n to Fig. 1 and located at 41�S, 48.7�S, 52.1�S, 59.4�S and 62.3�S

http://oceancolor.gsfc.nasa.gov


Fig. 6. Temporal and spatial variability of satellite-derived chloro-

phyll a concentrations along the 110�E meridian. Data points were

extracted from 5 � 5 pixels (¼45 km � 45 km) from MODIS level 3

daily standard mapped images. Arrows indicate front positions sug-

gested by Orsi et al. (1995). STF, SAF, PF, SACCF and SB are as

defined in the caption to Fig. 1 and located at 41�S, 48.7�S, 52.1�S,
59.4�S and 62.3�S respectively along the 110�E meridian.
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3.4. Nutrient distribution derived by WOCE

The phytoplankton composition showed analogous
patterns in same latitudinal zone (Fig. 5). The nutrient
concentrations should affect phytoplankton composi-
tion. Unfortunately, we do not have enough nutrient
samples from these cruises and cannot show the ver-
tical distributions of nutrients. Therefore, we analyzed
World Ocean Circulation Experiment (WOCE) data-
sets. During the WOCE Southern Ocean cruises by the
RSV Aurora Australis in the 2004/2005 austral summer
season, the nutrient distribution was investigated along
the 115�E meridian (Tilbrook et al., 2001). The vertical
sections of nitrate, phosphate, and silicate concentra-
tions along the 115�E transect are shown in Fig. 7. All
of the nutrients showed higher concentrations at the
southern stations. However, the ratio of change in
concentration differed among the nutrients. In partic-
ular, nitrate and phosphate remained at higher levels
while silicate was present at extremely low concen-
trations (<10 mg m�3) in the northern regions. These
distributions would be important for phytoplankton
compositions in the Indian Sector of the Southern
Ocean.

4. Discussion

4.1. Phytoplankton blooms and hydrography

The results of our study show the characteristics of
seasonal variations in chl a concentrations and phyto-
plankton compositions in the Indian Ocean sector of
the Southern Ocean. The phytoplankton composition
was uniform within the same latitudinal zone at
different times. However, small but distinct spring
blooms were detected in the SAZ and SACCZ. Previ-
ous studies revealed that the diatom Fragilariopsis
kerguelensis bloomed around the Kerguelen Plateau
and that it showed regional and seasonal variations in
its abundance (Blain et al., 2007; Mongin et al., 2008).
We detected a small bloom around the 110�E meridian,
an area downstream of the ACC from the Kerguelen
Plateau. The mechanisms of high productivity in the
Kerguelen Islands have been already investigated. The
strong ACC strikes against the Kerguelen Plateau, one
of the largest continental shelves in the world, results
in a large amount of natural iron fertilization as a result
of sub-surface water upwelling (Blain et al., 2008).
This water mass advects onto some pathways down-
stream of the ACC with many eddies and meanders.
The water mass containing high phytoplankton
biomass advected westerly, but the phytoplankton mass
disappeared around 90�E because of iron limitation.
Thus, the water mass at the 110�E meridian isn't
affected by variations at the Kerguelen Plateau.

Sokolov and Rintoul (2007) suggested that there
was little evidence that the fronts of the ACC are
associated with enhanced productivity. Rather, for
most regions with elevated chl a levels in the open
Southern Ocean, the higher productivity can be
explained by the upwelling of nutrients where the ACC
interacts with topography, followed by downstream
advection. Our study showed similar results, and we
observed that the phytoplankton composition was the
same within the same latitudinal zone. Johnston and
Gabric (2011) investigated latitude zonal mean values
of chl a concentration in the Indian Ocean sector of the
Southern Ocean (110e160�E, 40e70�E) using satellite
data. They found that the zonal mean chl a value
showed small seasonal variations, except in the area
south of 65�S. The high interannual variability in that
area was due to the retreat of sea ice. These results
were almost same as those in our study, except for the
most southern station.

Next, we considered whether currents upstream of
the ACC from the Kerguelen Islands could explain our
findings. In a previous study, the highest pigment
concentrations were detected between the fronts, rather
than in the current cores in the Atlantic Sector of the



Fig. 7. Vertical distributions of nitrate (a), phosphate (b), and silicate

(c) concentrations in upper 200 m of the water column along the

115�E meridian (collected during WOCE cruise). Arrows indicate

front positions suggested by Orsi et al. (1995). STF, SAF, PF, SACCF

and SB are as defined in the caption to Fig. 1 and located at 41�S,
49.4�S, 52.6�S, 60.5�S and 62.5�S respectively along the 115�E
meridian.
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Southern Ocean (Veth et al., 1997). Furthermore, the
distributions of phytoplankton pigments also reflected
the structure of the fronts, with distinct phytoplankton
communities detected between fronts (Bathmann et al.,
1997; Peeken, 1997). Phytoplankton blooms domi-
nated by diatoms, mainly F. kerguelensis, have been
observed in the PFZ. Other groups contributing to the
phytoplankton biomass included prymnesiophytes,
green algae, dinoflagellates, and cryptophytes; the
distributions of these groups varied over time (Peeken,
1997). We found that diatoms were not the dominant
species in the PFZ at 110 E. The reasons for the dif-
ferences between our results and those of other studies
are discussed later in this paper.

Overall, the phytoplankton variability along the
110�E meridian should be affected by the amount of
iron fertilization from the sub-surface water mass. If
the ACC has become stronger because of strong
westerly winds, then meanders and eddies will be
induced around the Kerguelen Plateau. On the other
hand, there are few meanders and eddies downstream
of the Kerguelen Plateau, a typical high-nutrient low-
Chl a (HNLC) region, where phytoplankton primary
productivity is affected by iron fertilization from ver-
tical mixing or from dust. The ocean region south of
Australia is far from the continent and receives little
dust (Li et al., 2008). Therefore, wind mixing should
be the main cause of iron fertilization in the study area.
Recently, it was reported that westerly winds are
becoming much stronger as a result of climate change
(e.g. Toggweiler and Russell, 2008). The strong west-
erly winds should enhance iron fertilization; however,
the mechanism is likely to be complicated because of
the combination of vertical and horizontal mixing. On
the other hand, only vertical wind mixing affects sur-
face iron fertilization along the 110�E meridian,
making the effects of climate change on phytoplankton
in this environment easy to evaluate. In other words,
the current phytoplankton distribution could be
considered as “background values” to evaluate the
changes in the marine environment and ecosystems
resulting from climate change and global warming.

4.2. Global nutrient circulation and phytoplankton
distribution

There were only small seasonal variations along the
110�E meridian in the Indian Ocean sector of the
Southern Ocean, compared with those in other areas in
the Southern Ocean. The chl a concentration and
phytoplankton composition differed among latitudinal
zones. There were very low chl a levels around the
SAZ (40e50�S). We size-fractionated cells collected
in the different zones and found that micro-sized cells
(>10 mm) were dominant in the southern regions. In
other regions, pico-sized cells (0.7e2 mm) and nano-
sized cells (2e10 mm) were generally more abundant
(Fig. 4). From the results of phytoplankton pigment
analysis, diatoms were more abundant in the micro-
sized phytoplankton areas, and haptophytes were
more abundant in the nano-sized phytoplankton areas
(Fig. 5). Thus, the phytoplankton composition differed
among the latitudinal zones in the Indian Ocean sector
of Southern Ocean.

Nutrient distributions are important for phyto-
plankton composition. Diatoms are especially strongly
affected by silicate concentrations and cannot grow
with less than 10 mg m�3 silicate (Tsunogai, 1979;
Tsunogai and Watanabe, 1983). Our vertical observa-
tion stations were at 5� latitude intervals, making it
difficult to describe the vertical section of the 110�

transect. So, we showed the WOCE cruise vertical
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sections of nitrate, phosphate, and silicate concentra-
tions along the 115�E transect (Fig. 7). All of the nu-
trients had higher concentrations at the southern
stations. However, the ratio of change in concentration
differed among the nutrients. In particular, nitrate and
phosphate remained at higher levels while silicate was
present at extremely low concentrations (<10 mg m�3)
in the northern regions. Silicate depletion has been
recorded previously in this area. Various explanations
have been proposed for the differences in decreasing
ratios between phosphate and silicate in ocean waters.
There are generally two explanations for the large-
scale distribution of silicate within the Southern
Ocean. The basic premises of both explanations are
that (1) organic matter is remineralized at depths
shallower than those at which dissolution of opal oc-
curs, and (2) the downward shift in silicate relative to
other nutrients is a result of global-scale biological
productivity (Brocker and Peng, 1982; Dugdale et al.,
1995). In other words, silicate becomes trapped in
deep water circulation. Even if there is a high input of
silicate to the surface, the preferential surface recycling
of nutrients will lead to rapid preferential depletion of
silicate (Dugdale et al., 1995). Sarmiento et al. (2004)
proposed an alternative hypothesis based on preferen-
tial stripping of silicate in the Southern Ocean and low
Si:N inputs into the upper ocean. Specifically, their
alternative to the vertical trapping horizontal circula-
tion mechanism proposed by Brocker and Peng (1982)
is that silicate is present at high levels in the deep sea
and low levels in the thermocline primarily because it
is preferentially stripped from the deep waters of the
Southern Ocean; thus, it cannot enter the main ther-
mocline. They also emphasize the importance of the
low Si:N ratio in supply waters in determining and
limiting diatom production rather than the preferential
recycling of nitrate as proposed by Dugdale et al.
(1995).

Interestingly, most of the nitrate in the main ther-
mocline is pre-formed; that is, except for a few regions
(tropical Atlantic and Pacific, and north Pacific), the
nitrate present in the thermocline is mainly derived
from water that sinks from the ocean surface, rather
than from remineralized organic matter. Considering
this fact, the almost complete absence of silicate im-
plies that there must be a very small amount of silicate
in waters entering the main thermocline from the ocean
surface. The only major region of the ocean surface
with low silicate and high nitrate levels is a band be-
tween approximately 40�S and 60�S in the Southern
Ocean. To understand these processes in the Southern
Ocean, we first must understand the meridional
overturning circulation pattern. The CDW upwells to
the ocean surface at the Antarctic coast. The upper
component of the CDW is carried north by wind-driven
Ekman transport, where some of it sinks to form
Antarctic Intermediate Water in the vicinity of the
PFZ. More of it sinks to form Subantarctic Mode Water
in the vicinity of the SAZ. The upwelling of deep
waters and deep mixing in the SACCZ brings large
amounts of nutrients to the surfaces of the ACC, AAZ,
and PFZ. As Ekman transport carries these waters
north, organisms use the nitrate, silicate, and other
nutrients. However, the uptake of silicate is more
efficient than that of nitrate, and consequently, the ni-
trate concentration remains high in a band where the
silicate concentration is extremely low.

The preferential removal of silicate within the AAZ
and PFZ is well-known (Kamykowski and Zentara,
1985; Pondaven et al., 2000; Smith et al., 2000.
Brzezinski et al., 2001), and iron limitation is generally
considered to explain the dramatic increase in the Si:N
content of diatoms in this band (Brzeinski et al., 2003;
Franck et al., 2000). In fact, a large diatom bloom was
observed in the Atlantic Ocean sector of the Southern
Ocean (Bathmann et al., 1997; Peeken, 1997). In the
6�W transect of the Atlantic Ocean sector of the
Southern Ocean, the sub-surface water was rich in
silicate (>20 mg m�3); in fact, this concentration was
twice that found in the Indian Ocean Sector of the
Southern Ocean (Veth et al., 1997; Sarmiento et al.,
2004). A recent study suggested that the production
of Antarctic Bottom Water has decreased (e.g. Purkey
and Johnson, 2012), reflecting the general slowing of
overturning circulation on a decadal scale. As a result,
there would be greater silicate depletion in the PFZ and
SAZ. Euphausiids are abundant in the PFZ, where they
mainly feed on diatoms (e.g. McLeod et al., 2010).
Therefore, a reduction in the biomass of diatoms in
these areas would have a negative effect on the
euphausiids.

Our study revealed that phytoplankton biomass and
composition change within the latitudinal zones along
the 110�E meridian in the Indian Ocean sector of the
Southern Ocean. The seasonal changes in this region
were small compared with those at the Kerguelen
Plateau due to a lack of downstream effects from there.
The phytoplankton concentration and composition
were relatively uniform in the same latitudinal zone at
different time points; however, there was a small but
distinct spring bloom along the 110�E meridian.
Therefore, meridional observations on a fine spatial
scale are important to assess phytoplankton variability
in the Indian Ocean sector of the Southern Ocean. In
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addition, only small variations are expected in the
110�E meridian because of its topography. In other
words, the variations in phytoplankton in this region
could be attributed to long-term climate change. We
have been monitoring observations from JARE from
the 1960s to the present. Our study revealed little
seasonal variability in phytoplankton distributions and
compositions in the same surface water masses. Thus,
the JARE historical data can be used to evaluate the
decadal changes of phytoplankton variability in the
Indian Ocean sector of the Southern Ocean. In addi-
tion, the transect is near the WOCE I9 transect (115�E
meridian), easing data comparisons between the two.
We should continue to monitor the 110�E meridian in
the future and to evaluate the effects of climate change
on this ecosystem.

5. Conclusion

In this study, we identified the seasonal variations in
phytoplankton biomass and species composition in the
Indian Sector of the Southern Ocean using multi-ship,
multi-seasonal observations. The chl a concentration
was uniform within the same latitudinal zone at
different time points, except during a small but distinct
spring bloom that occurred north of 45�S and south of
60�S along the 110�E meridian. The phytoplankton
species composition was also uniform within the same
latitude zone at different time points from late spring
to late summer. At the northern station, the phyto-
plankton community was dominated by haptophytes,
and the ratio of diatoms increased further south. The
paucity of dissolved iron may explain the low chl a
concentration in this region. Iron upwells from the sub-
surface at the Kerguelen Plateau because of its
topography. However, iron is depleted at the 110�E
meridian. The difference in species composition
among the latitudinal zones was because of differences
in macronutrient distributions. Because of its short
residence time, silicate is depleted in the PFZ; this is
related to global nutrient circulation. We believe that
monitoring the long-term variability of ecosystems in
the Southern Ocean is important. The differences in
phytoplankton abundance are relatively small
compared with those in other, high-productivity areas.
However, the long-term variations in this area should
not be neglected, because they reflect the effects of
global warming and climate change. Therefore, the
110�E meridian should continue to be monitored to
evaluate the effects of climate change on this
ecosystem. The establishment of a sentinel monitoring
system in this area would be advantageous.
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