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Abstract. Phytoplankton population dynamics play an im- 1 Introduction

portant role in biogeochemical cycles in the Southern Ocean

during austral summer. Recent environmental changes suchhe Southern Ocean represents approximately 20 % of the
as a rise in sea surface temperature (SST) are likely to imworld’s surface ocean area (Tomczak and Godfrey, 2003) and
pact on net primary productivity (NPP) and phytoplankton is & large sink of atmospheric carbon dioxide (3@t the
community composition. However, their spatiotemporal re-rate of ca. 15 x 10'°g C yr! (McNeil et al., 2007). This
lationships are still unclear in the Southern Ocean. Here wé€gion also has unique circulation features. For example,
assessed the relationships between NPP, dominant phytdhe Antarctic Circumpolar Current (ACC), driven by strong
plankton groups, and SST in the Indian sector of the Southwesterly winds between 45 andS5, flows through the At-

ern Ocean over the past decade (1997—2007) using satellif@ntic, Indian and Pacific Oceans without continental barrier
remote sensing data. As a result, we found a statistically{Nowlin and Klinck, 1986; Trenberth et al., 1990). The inter-
significant reduction in NPP in the polar frontal zone over 0ceanic connection driven by the ACC facilitates the global
the past decade during austral summer. Moreover, the deransport of heat and materials that influence global climate
crease in NPP positively correlated with the dominance ofand ecosystems (Gordon, 2001; Sarmiento et al., 2004). The
diatoms (Kendall's rank correlation=0.60) estimated by a ACC is also associated with several oceanic fronts: the Sub-
phytoplankton community composition model, but not cor- tropical Front (STF), Subantarctic Front (SAF), Polar Front
related with SST. In the seasonal ice zone, NPP correlatedPF) and the Southern Boundary (SB) of the ACC (Orsietal.,
with not only the dominance of diatoms positivety< 0.56), 1995; Belkin and Gordon, 1996). These frontal regions are
but also the dominance of haptophytes(—0.54) and SST  characterized by sharp horizontal gradients in hydrographic
(r =—0.54) negatively. Our results suggested that summegproperties that represent the boundaries of distinct water
NPP values were Strong|y affected by the phytop|anktonmasses (Orsi et aI., 1995; Belkin and Gordon, 1996; Rintoul
community composition in the Indian sector of the Southernand Bullister, 1999; Sokolov and Rintoul, 2002; Longhurst,
Ocean. 2006).
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waters along the western shelf of Antarctic Peninsula (WAP),
a greater dominance of cryptophytes over diatoms has been
hypothesized as a response to the regional warming (Moline
et al., 2004). Montes-Hugo et al. (2009) also found a sig-
nificant change in chlorophyll (chf) concentration between
1978-1986 and 1998-2006 periods along the WAP by using
satellite and field data. This change could be accompanied by
changes in the community composition of phytoplankton.

In the Indian sector of the Southern Ocean, many stud-
ies have examined spatiotemporal variability of primary pro-
ductivity and phytoplankton community composition (e.qg.,
Strutton et al., 2000; Westwood et al., 2010; Wright and van
den Enden, 2000; Wright et al., 2010), yet the large-scale
geographic and long-term temporal variability remains un-
clear. Owing to the recent development of satellite ocean
Fig. 1. Climatological locations of the four fronts and five frontal 4jor remote sensing, spatiotemporal variations of NPP (e.g.,

zones. STF, Subtropical Front; SAF, Subantarctic Front; PF, Po-B : o
ehrenfeld and Falkowski, 1997) and specific phytoplank-
lar Front; SB, Southern Boundary; STZ, Subtropical Frontal Zone; ) P P P

SAZ, Subantarctic Frontal Zone; PFZ, Polar Frontal Zone; AAZ, ton taxonomic or functional groups (e.g., Alvain et al., 2005,

Antarctic Zone; SACCZ, zone south of the ACC (Antarctic Circum- 2008; leat'a etal., 2011) F:an be espmated on a global scale.
polar Current). A few studies have examined spatiotemporal trends of NPP

in the Southern Ocean using satellite-based methods (Ar-
rigo et al., 2008; Smith and Comiso, 2008; Johnston and
Gabric, 2011). However, no study has assessed the relation-
Although the Southern Ocean is known as one ofships between NPP and phytoplankton taxonomic groups in
the largest high-nutrient, low-chlorophyll (HNLC) regions the Southern Ocean for long periods. Our goal here is to as-
where iron availability can control algal stocks and produc- sess the relationships between NPP, dominant phytoplankton
tivity (Martin et al., 1990; Coale et al., 2004), phytoplank- groups, and SST in the Indian sector of the Southern Ocean
ton blooms sometimes occur in several regions including theover the past decade (1997-2007) using satellite remote sens-
areas associated with sea ice retreat, strong upwelling, anihg data.
high eddy kinetic energy driven by the ACC fronts (Comiso
et al.,, 1993; Moore and Abbott, 2000). In particular, dur-
ing austral summer, phytoplankton productivity plays a cru-2 Materials and methods
cial role in the carbon cycle of the Southern Ocean (Taka-
hashi et al., 2002). It is known that efficiency of the bio- 2.1 Satellite data processing
logical carbon pump strongly depends on the phytoplank-
ton community composition. Large diatoms are thought toThe satellite dataset used in this study were normalized
be superior to other phytoplankton groups for the transportwater leaving radianceL{,n), chl a concentration (chky,
of particulate organic carbon from the surface to the deepethe aerosol optical thickness at 865nm (AOT), photosyn-
layers due to their heavy silica frustules €guer and Pon- thetically available radiation (PAR) from the Sea-viewing
daven, 2000). Precipitation of Ca@@n coccolithophores Wide Field-of-view Sensor (SeaWiFS), and SST from Ad-
increases the partial pressure of £i@ seawater (Frankig- vanced Very High Resolution Radiometer (AVHRR). Sea-
noulle et al., 1994), while the carbonate production has alsdViFS monthly data (9 km resolution) for the period from
a large effect on increasing sinking velocities and thus par-September 1997 to August 2007 were obtained from the
ticle export to the ocean interior (Buitenhuis et al., 2001). Distributed Active Archive Center (DAAC)/Goddard Space
On the other hand, the non-calcifying haptophyteeocys-  Flight Center (GSFC), NASA. Daily data (9 km resolution)
tis antarcticaregularly forms huge colonies in seasonal ice was also used for validation of a phytoplankton community
zones and coastal Antarctic waters, and possesses high sinkemposition model (see Sect. 2.2.1). Monthly data of day-
ing rates, resulting in a significant carbon export from surfacetime SST (4 km resolution) were resampled to match the res-
waters (DiTullio et al., 2000). olution of SeaWiFS data. Satellite data were analyzed for five
Recent climate changes could impact net primary produc{rontal zones within the Indian sector of the Southern Ocean.
tivity (NPP) through changes in environmental conditions Figure 1 shows climatological locations of the four fronts and
such as sea surface temperature (SST), nutrient availabifive frontal zones determined by Orsi et al. (1995) and Pol-
ity, and water column stratification (Behrenfeld et al., 2006; lard et al. (2002), respectively.
Doney, 2006). These shifts are also likely to affect the phy- An absorption-based model for estimating daily net pri-
toplankton community composition. For instance, in coastalmary productivity (Hirawake et al., 2011) was employed in
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this study. This model was developed on the basis of theon a pixel-by-pixel basis: September—November for austral
Vertically Generalized Production Model (VGPM) proposed spring, December—February for austral summer, March—May
by Behrenfeld and Falkowski (1997), and the product of thefor austral autumn, and June—August for austral winter. For
maximum primary productivity per unit of cla within the phytoplankton community composition, monthly distribu-
water-column P(‘?pt) and chla was estimated from phyto- tions and DR values for each PFT were estimated, and there-
plankton absorption coefficients. Daily net primary produc- after the seasonal DR data of each PFT were averaged every
tivity (NPP, mg C n2d~1) integrated over the upper eu- three months.
photic depth is calculated as
2.2 Validations of satellite-derived phytoplankton com-
0.66125x Eo position by HPLC pigment analysis and light mi-

NPP= [1096@¢) (0—) —002] X W X ZeuX DL, croscopy

1

@ In situ phytoplankton pigment and algal species data mea-
wherea, (0—) is the spectrally averaged absorption coef- sured with high-performance liquid chromatography (HPLC)
ficient of phytoplankton over 400-700 nm at just blow the and light microscopy, respectively, were matched up with
sea surfacefy is daily sea surface PARZe, is euphotic  daily SeaWiFS data in order to validate the results of the
depth, and “DL" is day length. Sea surfasg()) was es- PHYSAT performance in our study area. The phytoplank-
timated using the quasi-analytical algorithm (QAA) (Lee et ton pigment data were obtained from four TRDMitaka-
al., 2002) andiy was calculated from, (1) at five SeaWiFS  Maru cruises (Tokyo University of Marine Science and Tech-
bands (i.e.r =412, 443, 490, 510 and 555 nm) (Hirawake et nology) in the austral summer of 2004/2005, 2005/2006,
al., 2011).Z¢, was estimated using QAA derived absorption 2007/2008 and 2008/2009 and the Baseline Research on
and backscattering coefficients according to Lee et al. (2007)Oceanography, Krill and the Environment-West (BROKE-
DL was calculated as a function of latitude and time of yearWest) cruise (Wright et al., 2010). Samples for light mi-
(Brock, 1981). Hirawake et al. (2011) showed a better agreecroscopy were acquired from the 2004/200%itaka-Maru
ment between in situ and estimated NPP using the absorptiodruise ¢ = 14). The HPLC pigment and microscope samples
based model€ = 0.80, slope = 111+ 0.21) compared with  were collected with Teflon-coated Niskin bottles attached to
the VGPM ¢2 = 0.19, slope = ®@4+0.18) in the Indian sec-  CTD systems (Falmouth Scientific Inc. or Sea-Bird Electric,
tor of the Southern Ocean (see Appendix A for more details).Inc.) or a Teflon-coated bucket.

Phytoplankton community composition was determined
following the algorithm PHYSAT (Alvain et al., 2005), 2.2.1 Phytoplankton pigment analysis
which allowed us to estimate the spatiotemporal distributions
of the four Phytoplankton Functional Types (PFTs), that is, Seawater samples (0.5-71) collected durihgitaka-Maru
haptophytesProchlorococcusSynechococcusand diatoms, and BROKE-West cruises were filtered onto 25mm and
from SeaWiFS clk; ranging between 0.04-3mgmhand 13 mm Whatman GF/F glass fibers, respectively. The GF/F
AOT lower than 0.15. This classification relies on specific filters were blotted and stored in liquid nitrogen or a deep-
normalized water-leaving radiancgy,)) spectra defined as  freezer (-80°C) until analysis on land. Analytical pro-
cedures of phytoplankton pigments in thimitaka-Maru

L) = Lun(A)/Ljgt (&, chlsay, (2)  and BROKE-West samples were detailed in Hashihama et
al. (2008) and Wright et al. (2010), respectively. In this study,

ref ;
whereLy, is a mearLw, model that depends only on 6l o5y surface pigment data (taken from depths between 0 and
andy. is wavelength based on the five SeaWiFS bands. How+ g 1y \vere interpreted by the matrix factorization program

ever, direct comparisons of the PHYSAT results with NPP or ~ 1, - \irax (Mackey et al., 1996) to estimate the contribu-
SST values are difficult because of the limitation of PHYSAT tions of each algal class to the total aHhiomass determined

(i.e., it oply determipes which PFTs are domina}nt). To over-by HPLC. For the CHEMTAX calculations, 314 pigment
f:omethl_s problem, in each frontal zone, we defined the dom'data were categorized into the four groups (i.e., group A,
inant ratio (DR) for PFTs as follows: B, C and D) based on the cluster analysis (see Appendix B)
P and then treated separately following the method of Latasa
DRi = 5 —— x 100 (3)  (2007) with several seed values. The accessory pigment to
PFTs chl a ratios in Table 1 are based on the initial pigment ra-
where “i” indicates index for each PFT (in order, hapto- tios of Wright et al. (1996). In this study, a dominant phyto-
phytes,ProchlorococcusSynechococcusnd diatoms)p; is plankton group was defined as havia®0 % contributions
the number of pixels where PFT (i) dominates, dtpgrsis to chla biomass. The final CHEMTAX outputs were com-
the sum of the number of pixels where PFTs dominated.  pared to the results of the PHYSAT withihl pixel (i.e.,
In order to obtain seasonal data, monthly NPP and SS km) and+2 days. In the NASA's definition for data and al-
values were averaged by the following every three monthgyorithm validation (Bailey and Werdell, 2006), only data on

www.biogeosciences.net/9/3875/2012/ Biogeosciences, 9, 383%3-2012
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Table 1. CHEMTAX analysis of accessory pigment to ehlatios in the major algal classég) initial ratios; (b) final ratios. Perid, peridinin;

19butfu, 19-butanoyloxyfucoxanthin; Fucox, fucoxanthin; 19hexfu)-h@xanoyloxyfucoxanthin; Allox, alloxanthin; Chl chlorophyllb;

Chl a, chlorophylla. Groups A-D represent categories based on the cluster analysis using pigment data. Note: The common name “Green
algae” includes Chlorophyceae and Prasinophyceae and possibly Euglenophyceae.

Perid 19butfu Fucox 19hexfu Allox Cil Chla

(a) Initial ratios

(Group A)

Dinoflagellates 142 0 0 0 - 0 1
Haptophytes6 0 0.017 0.093 0.74 - 0 1
Haptophytes8 0 0.32 1.14 0.84 - 0 1
Green algae 0 0 0 0 - 024 1
Diatoms 0 0 1.20 0 - 0 1
(Group B)

Dinoflagellates 1.12 0 0 0 - 0 1
Haptophytes6 0 0.037 0.14 1.21 - 0 1
Haptophytes8 0 0.12 0.38 0.56 — 0 1
Green algae 0 0 0 0 - 0.38 1
Diatoms 0 0 0.77 0 - 0 1
(Group C)

Dinoflagellates 1.12 0 0 0 0 0 1
Cryptophytes 0 0 0 0 0.080 O 1
Haptophytes6 0 0.059 0.25 2.04 0 0 1
Haptophytes8 0 0.30 0.65 0.89 0 0 1
Green algae 0 0 0 0 0 0.30 1
Diatoms 0 0 1.58 0 0 0 1
(Group D)

Dinoflagellates 091 0 0 0 - - 1
Haptophytes6 0 0.055 0.27 2.26 - - 1
Haptophytes8 0 0.23 0.32 0.33 - - 1
Diatoms 0 0 1.07 0 - - 1
(b) Final ratios

(Group A)

Dinoflagellates 148 0 0 0 - 0 1
Haptophytes6 0 0.016 0.086 0.68 - 0 1
Haptophytes8 0 0.39 1.55 1.15 - 0 1
Green algae 0 0 0 0 - 016 1
Diatoms 0 0 1.23 0 - 0 1
(Group B)

Dinoflagellates 1.12 0 0 0 - 0 1
Haptophytes6 0 0.037 0.14 1.21 - 0 1
Haptophytes8 0 0.13 0.34 0.56 - 0 1
Green algae 0 0 0 0 - 0.45 1
Diatoms 0 0 0.77 0 - 0 1
(Group C)

Dinoflagellates 1.12 0 0 0 0 0 1
Cryptophytes 0 0 0 0 0.080 O 1
Haptophytes6 0 0.059 0.25 2.35 0 0 1
Haptophytes8 0 0.40 0.86 1.18 0 0 1
Green algae 0 0 0 0 0 0.30 1
Diatoms 0 0 1.58 0 0 0 1
(Group D)

Dinoflagellates 0.77 0 0 0 - - 1
Haptophytes6 0 0.040 0.20 1.66 - - 1
Haptophytes8 0 0.19 0.27 0.28 - - 1
Diatoms 0 0 0.88 0 - - 1

Biogeosciences, 9, 387889(Q 2012 www.biogeosciences.net/9/3875/2012/
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the same date (i.e., Day 0) is used for the matchup. However,

using such a definition, only 4 coincident data points were

available to validate PHYSAT in our study. Thus, to increaseTable 2. Inter-annual variations in seasonal mean NPP (mg C
the number of coincident SeaWiFS data, the time windowm—2d~1) in the five frontal zones from 1997 to 2007 during austral

was extended te-2 days. spring, summer, autumn and winter.
2.2.2 Light microscopy Year STZ SAZ PFZ AAZ SACCZ Total
Spring
The water samples (500 ml) collected from the sea sur- 1997 189 195 134 132 - 167
face was preserved with 4% Lugol’s iodine solution. Phy- 1998 189 176 154 144 - 169
toplankton cells were identified following Tomas (1997) and 1999 177 175 148 149 - 164
counted. Cell volumes were calculated for each species by 2000 172 171 127 106 - 148
applying cellular dimensions to the formulae for solid geo- 2001 167 172 147 138 - 157
metric shapes most closely matching the shapes of the cells 2002 185 184 144 110 - 19
i ) ) : 2003 183 172 162 130 - 164
(Hlllebrand gt al., 1999)_. S|r_lce phytoplankto_n c_ells mclu_dmg 2004 174 192 165 134 _ 166
diatoms shrink due to fixation with Lugol’s iodine solution, 2005 184 177 142 124 — 162
the cell volumes of fixed samples were corrected using the 2006 181 191 152 121 - 163
formula proposed by Montagnes et al. (1994). Furthermore, Mean 180 180 147 129 - 162
the carbon biomasses of each algal group were estimated us- SP 7 9 12 14 - 6
ing the empirical equations of Strathmann (1967) and the cell Summer
volumes, and the data obtained were compared to the final 1997-1998 167 280 202 194 180 202
X . 1998-1999 165 266 213 208 369 225
CHEMTAX outputs. Although some phytoplankton species 19992000 155 267 204 250 388 235
other than diatoms and dinoflagellates were also identified by 2000-2001 163 277 197 192 216 203
light microscopy, their quantitative data analyses were omit- 2001-2002 145 240 197 177 235 188
ted due to their relatively low abundances compared to di- 2002-2003 178 282 197 169 279 209
atoms and dinoflagellates in the present study. 2003-2004 169 285 201 173 384 220
2004-2005 165 260 183 171 296 201
i 2005-2006 177 259 178 172 332 209
2.3 Statistical analyses 2006-2007 158 240 185 201 341 209
Correlations are computed b_etween NPP, dominant ph_yto- '\S/Igan 1f§' 216§ 11916 12%1 3%032 2110
plankton groups and SST using Kendall's rank correlation Autumn
(r). Then seasonal mean values of the parameters in five 1998 129 151 80 56 84 103
frontal zones over the 10 years from 1997 to 2007 were used. 1999 125 150 83 80 101 110
Trends and their significance in the time series are estimated 2000 118 147 88 74 123 109
using the non-parametric Sen’s slope and the Mann—Kendall 2901 126 156 8 70 82 107
test. Trends at 95 % confidence level are reported here as sig- 2202 124153 80 58 84 103
> . P 9" 2003 130 153 73 57 92 103
nificant. It should pe noted that, in the Polar Frontal Zone 550, 126 144 70 53 128 103
(PF2), the Antarctic Zone (AAZ) and the zone south of the  oqp5 124 136 69 63 103 101
Antarctic Circumpolar Current (SACCZ), the cyanobacteria 2006 131 132 77 61 115 104
ProchlorococcusndSynechococcusere excluded from the 2007 129 154 84 70 117 111
correlation tests, because the two genera are very low abun- Mean 126 148 79 64 103 105
dances in areas south of 88 (Marchant et al., 1987; Odate ~ SP 4 8 7 9 17 4
and Fukuchi, 1995; Zubkov et al., 1998; Fouilland et al., oo e or o R
1999). 1999 95 57 39 - - 67
2000 98 60 36 - - 68
2001 103 66 45 - - 73
3 Results 2002 94 57 45 - - 68
2003 92 53 38 - - 65
3.1 Net primary productivity 2004 96 54 32 - - 66
2005 91 53 30 - - 62
3.1.1 Spatial and seasonal variations 2006 101 56 39 - - 10
2007 99 62 45 - - 72
The seasonal mean values of NPP over the past decade g";a” 91 Sf 359 - - %8

(1997-2007) showed significant spatial variability in our
study area (Fig. 2). Enhanced NPP values (250-400mg C
m~2d~1) were observed between the STF and PF (33555

www.biogeosciences.net/9/3875/2012/ Biogeosciences, 9, 383%3-2012
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Fig. 2. Seasonal mean values of net primary productivity (mgtznlrl) in the Indian sector of the Southern Ocean from 1997 to 2007 dur-
ing (a) austral spring (September—Novembéb), summer (December—Februar@) autumn (March—May) an¢t) winter (June—August).
Areas in black represent no satellite data due to cloudiness or sea ice cover.

during austral spring to autumn, and the area extended fronfaple 3. Annual trends (mg C m2 d—1 yr—1) for the seasonal mean
west to east toward summer (Fig. 2a to c¢). Although sea iceNPP in the five frontal zones over 1997—2007.

still existed during austral spring, relatively high values of
NPP 400 mg C nT2d—1) were observed near the receding Season STz  SAZ PFZ AAZ SACCZ

?ce edge on the Kerguelen pIateauS@OIS, 70-90E) gnd Spring 076 0.42 178 —282 _

in the Australian sector (110—155) (Flg 23) The hlgh- Summer 023 —-158 —-291 -3.29 16.60

est NPP occurred during austral summer, withOO mg C Autumn 040 -1.24 -1.38 -0.80 3.72
m~2d-1 around the Antarctic coastal areas (Fig. 2b). El-  winter -0.20 -062 -0.23 _ _
evated NPP was also found in the vicinity of the major Bold numbers denote statistical significance at the 95 % confidence level. In all
fronts (STF, SAF and PF), associated with ice retreat, the cases, number of samples is 10. '
Kerguelen plateau, and the east end of Weddell Gyre (55—

70° S, 0—20 E). Higher productivity still remained around

the Antarctic coastal areas during austral autumn (Fig. 2€)jnter-annual variations in NPP were greatest in the SACCZ,

Dugng austral winter, NPP was relative lows150mg C  \yhere seasonal sea ice cover exists, and ranged from 180 mg

m~—2d~1) compared with other seasons because of low ima-c m-2g-1 during 1997-1998 to 388 mg CTAd~! during

diance caused by'the high solar zenith a_ngle over the Southrggg_2000. The difference between the highest and lowest

ern Ocean, especially south of the PF (Fig. 2d). values exceeded 100 Tg C per season over the entire SACCZ.
The SACCZ also had the greatest range of NPP in autumn,

3.1.2 Inter-annual variations from 82mg C m2d~1 in 2001 to 128mg C m?d~1 in
2004. In winter, inter-annual variations of the spatial aver-

Inter-annual variations of seasonal mean NPP in five frontalaged NPP were greatest in the PFZ, although the difference

zones over the past decade were examined, and the réetween the highest and lowest values was only 15mg C

sults are listed in Table 2. However, it should be noted thatm~2d~1, and total production was below 8 Tg C per season

some frontal zones were excluded from the analyses, because the entire PFZ.

fewer than 60 % of the total pixels were available (mainly

due to sea ice cover). In austral spring, the AAZ had great-3.1.3 Trends over the period 1997-2007

est inter-annual variations of the spatial averaged NPP of the

five frontal zones, ranging from 106 mg C#d~1in 2000  Trends in seasonal mean NPP in five frontal zones over the

to 149mg C m?d~1 in 1999. During summer to autumn, past decade were examined, and the results are listed in

Biogeosciences, 9, 387889Q 2012 www.biogeosciences.net/9/3875/2012/
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Table 4. Kendall's rank correlations between NPP and SST in the Table 5. Kendall’s rank correlations between the dominant ratios
five frontal zones. for each phytoplankton group determined by PHYSAT éjdNPP
or (b) SST in the five frontal zones.

Season STZ SAZ PFz AAZ SACCz
Spring -0.66 -0.11 0.11 0.02 -

STZ SAZ PFZ AAZ SACCZ

Summer -0.54 -0.11 0.29 -0.64 —-0.54 (@) NPP
Autumn —0.36 0.38 —-0.04 -0.36 —-0.47 Spring
Winter 0.56 0.29 0.47 - - Haptophytes -0.16 0.02 —-0.47 -0.20 -

Prochlorococcus —0.38 —0.40 - - -

Bold numbers denote statistical significance at the 95 % confidence level. In all Synechococcus 0.33 0.56 _ _ _

cases, number of samples is 10.

Diatoms —-0.14 -0.56 0.33 0.24 -
Summer
470 Haptophytes —-0.24 -0.48 0.00 0.11 -0.54
] & PFZ X gi[;z)ms . Pro’:::hl?)r())/coccus 0.11 -0.33 - - -
i K-SST . 1 Synechococcus  0.42  0.20 - - -
2101 ‘ ‘ 1 Diatoms -0.33 011 060 042 056
Autumn
] 150 IR Haptophytes ~ —0.02  0.00 —0.60 —-0.07 —0.04
iy . \ y Prochlorococcus —0.07 0.09 - - -
S 0] 154 o Synechococcus  0.16  0.18 - - -
£ ‘ P A T R s Diatoms -0.34 -030 052 078 020
:‘; 180 A/\’.%i % 52 ‘g Winter
g — e g Haptophytes -0.16 0.11 -0.16 - -
g o R L Prochlorococcus —0.39  —0.07 - - -
g s b- SACCZ Bl Z g Synechococcus ~ 0.27  0.00 - - -
g HeossT Y 3 Diatoms 0.00 —0.47  0.03 - -
Z o] X s X A K | 1
-,///'\\," ﬁg A W e (b) SST
300 4 ’/ ,"\\\\ _"A/ /%\./ <30 - 0.0 Sprlng
e & . Haptophytes 0.30 0.39 -0.34 -0.24 -
12 Prochlorococcus  0.61 0.00 - - -
2004 Synechococcus —-0.57 -0.29 - - -
1" 1" Diatoms 009 002 034 0.29 -
100 . 0 Summer
& Haptophytes 0.13 —-0.34 -0.40 0.07 0.43

N
S
N

Prochlorococcus —0.09 -0.38 - - -
Synechococcus —0.31 -0.29 - - -
Diatoms 0.13 0.42 0.42 -0.24 -0.36

Fig. 3. Relationships between NPP, dominant phytoplankton groups Autumn

and SST for(a) PFZ and(b) SACCZ from 1997 to 2007 during Haptophytes 027 013 0.00 —0.22 018

summer. Prochlorococcus —0.31 —0.36 - - -
Synechococcus —-0.13 -0.18 - - -
Diatoms 0.41 0.34 0.14 —-0.22 —-0.33

Table 3. A statistically significant reduction in summer NPP Winter

was found in the PFZ over the decade with the annual de- Haptophytes 011 020 0.20 - -

cline rate of ca. 3mg C mfd—1y~1. However, there were  Prochlorococcus —0.20  —0.16 - - -

no significant trends in NPP in other frontal zones. Synechococeus  0.00  —0.45 - - -
Diatoms 0.12 -0.35 -0.42 - -

3.2 Relationships between NPP, dominant phytoplank-  Bold numbers denote statistical significance at the 95 % confidence level. In all cases,
ton groups and SST number of samples is 10.

3.2.1 Relationships between NPP and SST NPP and SST in the five frontal zones during autumn. Dur-

ing winter, there was a positive correlation between NPP and

Nonparametric Kendall's rank correlatio etween NPP .
s ' lons betw SSTin the STZ{ = 0.56).

and SST are shown in Table 4. During austral spring, sea
sonal averaged NPP negatively correlated with S8F (
—0.66) in the Subtropical Frontal Zone (STZ). Similarly,
during summer, NPP showed negative correlations with SST
in the STZ, AAZ and SACCZ = —0.54, —0.64, —0.54,
respectively). There were no significant correlations between
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Fig. 5. Comparisons between chllevels and carbon derived from
diatoms.

3.2.3 Relationships between dominant phytoplankton
groups and SST

Relationships between the DR for each PFT derived from
_ _ _ _ _ PHYSAT and seasonal averaged SST are shown in Ta-
Flg 4. Sites where d.latoms were predomlnant dunng \]anuary—ble 5b Durlng Sprlng, Seasonal averaged SST |n the STZ
g‘fbr“arytﬁooﬁ at‘s esstt”pated (;3/) C';Et'\r/]'TAX ﬁ”d (b) PHYSAT. blo Jas positively correlated with the DR f@rochlorococcus

ars on the plots: stations wnere potn results were comparabnie _ : . _
each other withint1 pixel and-2 days. E’r = 0.61), but also negatively with the DR fﬁyngchococ

cus(r = —0.57). From summer to winter, in the five frontal

zones there were no significant correlations between the DR
for PFTs and SST.

3.3 Comparisons between the results of PHYSAT and
3.2.2 Relationships between NPP and dominant phyto- CHEMTAX

plankton groups
During January—February 2006, the dominance of diatoms

among the phytoplankton assemblages was observed as es-
Relationships between the dominant ratios (DR) for eachtimated by CHEMTAX and PHYSAT (Fig. 4). In terms of
PFT derived from PHYSAT and seasonal averaged NPP ar¢éhe predominance of diatoms, the PHYSAT outputs derived
shown in Table 5a. During spring, NPP correlated with thefrom daily ocean color data were matched with 10 out of
DR for Synechococcysositively = 0.56), but the DR for 314 in situ pigment data. The estimates of PHYSAT were in
diatoms negativelyi(= —0.56) in the Subantarctic Frontal good agreement with the results of CHEMTAX, that is, these
Zone (SAZ). No significant correlations between the DR for matched at 7 out of 10 stations. The mismatches between
PFTs and NPP were found in other frontal zones. DuringPHYSAT and CHEMTAX were caused by green algae and
summer, the decreasing trend in NPP in the PFZ (Table ryptophytes as estimated from CHEMTAX (Table 6). How-
and Fig. 3a) positively correlated with the DR for diatoms ever, in terms of the predominance of the three other dom-
(r =0.60), while in the SACCZ, NPP correlated positively inating phytoplankton groups (i.e., haptophytBsychloro-
with the DR for diatoms«{ = 0.56), but negatively with the coccus and Synechococcissufficient data were not avail-
DR for haptophytest(= —0.54) (Fig. 3b). Similar relation- able to validate the results of the PHYSAT performance.
ships between NPP and PFTs (diatoms and haptophytes)
were found in the PFZ during autumn. During winter, in the
five frontal zones there were no significant correlations be-
tween the DR for PFTs and NPP.
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Table 6. Comparisons between CHEMTAX and PHYSAT results.

Cruise Latitude Longitude Date Daydif Pixeldif CHEMTAX PHYSAT
UM2005/2006 —44.66 22.52 6Jan 2006 -2 1 green algae diatoms
BROKE-West —60.20 77.07 11 Jan 2006 -1 1 diatoms diatoms
BROKE-West —61.30 70.36 12 Jan 2006 +2 1 diatoms diatoms
UM2005/2006 —60.06 79.09 22 Jan 2006 +1 1 diatoms diatoms
UM2005/2006 —59.90 79.60 22 Jan 2006 +1 1 diatoms diatoms
UM2005/2006 —58.65 83.50 22 Jan 2006 0 1 diatoms diatoms
BROKE-West —67.50 39.97 30 Jan 2006 0 0 cryptophytes  diatoms
BROKE-West —67.94 39.99 30 Jan 2006 0 1 diatoms diatoms
BROKE-West —68.05 39.99 30 Jan 2006 0 1 notdominant  diatoms
BROKE-West —66.56 59.97 10 Feb 2006 -1 1 diatoms diatoms

Daydif is given by the difference of date between in situ and satellite measurements; Pixeldif is given by the difference of pixel between in
situ measurement and PHYSAT data.

3.4 Comparison of CHEMTAX with microscopy performance. For diatoms, the estimates of PHYSAT derived
from daily ocean color data were in good agreement with the
In light microscopy, diatoms accounted for the highest pro-results of CHEMTAX in the Indian sector of the Southern
portion of the algal carbon biomass (44-99 %), and dinoflag-Ocean (i.e., 7 out of 10 stations; Table 6). In order to check
ellates made a smaller contribution (0-52 %) in our studyfor disparities between the estimates of PHYSAT and those
area. Other algal groups identified were haptophytes, crypof CHEMTAX, both procedures were conducted using the
tophytes and nanoflagellates. In terms of carbon biomasss0 HPLC pigment data (see above). The predominance of
the diatomCorethron inermedominated the diatom assem- diatoms among the phytoplankton assemblages was also ob-
blages and contributed to ca. 30% of the diatom biomassserved by analyzing the 60 pigment data with CHEMTAX.
A significant correlation was found between diatom-derivedn terms of the dominance of diatoms, the PHYSAT outputs,
chl a estimated by CHEMTAX and diatom carbon biomass which estimated from HPLC pigment data and the criteria of
estimated by microscopyr (= 0.80, p <0.0001,n=14)  Alvain etal. (2005), matched at 32 out of 39 data in CHEM-
(Fig. 5). At some stations, contributions of dinoflagellates TAX (i.e., 82 %). Thus, the results represent that the vali-
to the carbon biomass were relatively high (i.e., maximumdation of PHYSAT with respect to the DR for diatoms esti-
52 %). However, dinoflagellate-derived chllevels had no  mated from ocean color data succeeded in the Indian sector
relationship with their carbon biomass. of the Southern Ocean.
Recently, Kozlowski et al. (2011) reported that a subtle
but insignificant difference was found among CHEMTAX
4 Discussion methods where randomized error, feedback loops and addi-
tional diagnostic pigments were taken into account (Latasa,
4.1 \Validations of satellite-derived phytoplankton com-  2007: Wright et al., 2009). In this study, a part of BROKE-
position in the Southern Ocean West cruise data (Sect. 2.2) is incorporated, and the chemo-

o ) taxonomic pigment analysis has been reported in Wright
Validation of PHYSAT in the Southern Ocean has never beer‘bt al. (2010). Although CHEMTAX procedures between

carried out except for coastal waters along the WAP (AlvainWright et al. (2010) and our study were different from

et al., 2008, 2012). The authors reported that a significanty oy gther, both CHEMTAX estimates in diatoms showed a
fraction (73 %) of (_jiatoms estimated by PHYSAT were in ood agreementr% —0.89, p < 0.00001,1 = 115; data not
good agreement with the results based on the pigment invergy ) " A significant correlation was also found between
tory ofd|atqms in global_dan)_/ products (Alva|n etal., 2012). yiotom-derived chk estimated by CHEMTAX and carbon
Here we tried, for the first time, to validate PHYSAT per- biomass of diatoms estimated by microscopy (Fig. 5), indi-

formancg in_the_ Southern Ocean chef than seas arouno_l th’f:':lting that our CHEMTAX estimates were sufficiently reli-
WAP, using in situ phytoplankton pigment and algal SPECIeSaple. Good correlations between the results of the two tech-

data measured with HPLC and light microscopy, respectivelyiq ;o5 have also been confirmed by several studies (e.g.,
(Sects. 3.3 and 3.4). In this study, we did not follow the val- G riboii et al., 2003; Llewellyn et al., 2005; Suzuki et al.,
idation process of Alvain et al. (2008, 2012), because in O0UR011), and those could be mainly due to both the ease of

HPLC pigment data, only 19 % of the whole data (60 out of g, 156 fixation and rather simple identification for diatoms
314 samples) matched the criteria for pigment data by Alvain | microscopy.

et al. (2005) (see Table 4 of Alvain et al., 2005, for details).
Therefore, CHEMTAX was used to validate the PHYSAT
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At some stations, contributions of dinoflagellates to butalso the DR for haptophytes and SST negatively (Fig. 3b).
the algal carbon biomass were relatively high. However,In the sea ice zone of the south Indian Ocean and a large
dinoflagellate-derived cht levels had no relationship with fraction of the southwest Pacific Ocean sectob(® S, 20—
their carbon biomass (Sect. 3.4). In the Australian sectorl6®° E), Arrigo et al. (2008) also reported a strong negative
of SAZ, de Salas et al. (2011) reported that dinoflagellatescorrelation between anomalies of SST and mean annual pri-
lacking peridinin, that is, heterotrophic cells or those con-mary production derived from satellite remote sensing data.
taining fucoxanthin and its derivatives instead, were impor-However, it was difficult to show a plausible explanation for
tant contributors to the carbon biomass of total dinoflagel-the negative correlation between SST and annual primary
lates. In our microscope observations, autotrophic dinoflagproduction (Arrigo et al., 2008). South of 88, Smith and
ellates were not distinguished from heterotrophic ones, beComiso (2008) showed that the spatial distribution of SST
cause we examined neither the presence of chloroplasts navas strongly influenced by sea ice melting. Previous stud-
in vivo chlorophyll fluorescence in the samples. Furthermore,ies also suggested that sea ice melting caused the changes
dinoflagellates containing fucoxanthin derivatives are diffi- in the mixed layer depth (Mitchell and Holm-Hansen, 1991,
cult to distinguish from haptophytes by pigment analysis. Vernet et al., 2008) and iron availability (Lannuzel et al.,
Thus, the discrepancy between dinoflagellatexdelels de- 2007, 2008; van der Merwe et al., 2011), affecting the mag-
rived from peridinin and their carbon biomass in this study is nitude of NPP and phytoplankton community composition
likely due to the presence of heterotrophic dinoflagellates or(e.g., Arrigo et al., 1999; Boyd et al., 2000; Coale et al.,

autotrophic cells lacking peridinin. 2004; Westwood et al., 2010). Thus, the large variation in
NPP in the SACCZ was possibly related to the extent of sea
4.2 Trends over the period 1997-2007 ice cover, which was highly changeable from year to year

(zhang, 2007; Cavalieri and Parkinson, 2008). Further stud-
Inter-annual variations in seasonal averaged NPP were olies must be needed to clarify the relationship between sea ice
tained in five frontal zones over the past decade (1997-2007and NPP in the SACCZ.
Table 2). In the PFZ, a statistically significant reduction in
NPP was found over the decade during austral summer. Thé.3 Relationships between NPP, dominant phytoplank-
decline rate of NPP in the PFZ was ca. 3mg C%d—ty~1 ton groups, and SST
(Table 3). Furthermore, the decreasing trend in NPP posi-
tively correlated with the DR for diatoms, but did not cor- Most previous studies assessing the relationships between
relate with SST (Fig. 3a). Since the PFZ represents a highNPP, phytoplankton community composition, and SST in the
nutrient, low-chlorophyll (HNLC) region, it was likely that Southern Ocean considered rather limited regions such as
iron availability limited the growth of the phytoplankton, in the Ross Sea, coastal waters along the WAP and vicinities
particular diatoms (Martin et al., 1990; de Baar et al., 1995).0of islands, or only point observations (e.g., Claustre et al.,
Several studies reported that diatom-dominated blooms wer&997; Arrigo et al., 2000; Korb et al., 2005; Seeyave et al.,
associated with the PF (Laubscher et al., 1993; Landry et al.2007; Uitz et al., 2009). However, here we assessed, for the
2002), and it was argued that this was due to increased irofirst time, the relationships between NPP, dominant phyto-
availability in frontal regions (de Baar et al., 1995; Bathmann plankton groups, and SST in the Indian sector of the South-
et al., 1997). Although we analyzed satellite data with clima-ern Ocean over the past decade (1997-2007) using monthly
tological locations of the four fronts and five frontal zones, satellite remote sensing data. Since daily ocean color data
Sokolov and Rintoul (2009) showed that, in the circumpolarare rather scarce in high latitudes even during summer, the
average, each of the ACC fronts shifted to the south over thaise of monthly data is common in studies of the Southern
period 1992-2007. This could lead to a change in iron avail-Ocean (e.g., Smith et al., 2001, 2008; Moore and Doney,
ability in frontal regions by means of meander-induced up-2006; Johnston and Gabric, 2011). In the STZ during winter,
welling and/or enhanced eddy mixing. Alternatively, Landry where NPP positively correlated with SST (Table 4), photo-
et al. (2002) suggested that strong zooplankton grazing pressynthetic rates typically increased with increasing water tem-
sure might control phytoplankton biomass in the PFZ. Thus,peratures within the temperature range to which the cells can
a potential explanation for the significant reduction in NPP inadapt (Eppley, 1972; Neori and Holm-Hansen, 1982). How-
the PFZ during austral summer might be the complex inter-ever, NPP negatively correlated with SST in the STZ during
actions between bottom-up (e.g., iron availability) and top-austral spring to summer and in the AAZ and SACCZ during
down (e.g., grazing) controls of the diatoms. summer (Table 4). Since subtropical waters in the STZ are

In the SACCZ where seasonal sea ice cover exists, intergenerally nutrient-depleted (Longhurst, 2006), it was likely

annual variations in NPP were highest among the five frontathat nutrient supply limited the growth of the phytoplankton
zones during austral summer, and the difference between th@Read et al., 2000). Recently, Fauchereau et al. (2011) found
highest and lowest values exceeded 100 Tg C per season. A& positive correlation between chland mixed layer depth
though there was no significant trend in NPP over the decaddn the Southern Ocean north of 48 during October and
NPP correlated with not only the DR for diatoms positively, March (i.e., austral spring—summer) using a combination of
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satellite remote sensing and model data. Therefore, the nedhat values of maximum quantum vyield of carbon fixation
ative correlation between NPP and SST in the STZ duringwere high in surface waters of the PF, where contributions
austral spring to summer was possibly related to the variabil-of diatoms to the total phytoplankton biomass accounted for
ity of mixed layer depth, which can affect the variability of 60-80%. Thus, changes in the phytoplankton community
SST. However, very few studies reported negative correlatiorcomposition can strongly affect the variability of NPP in the
between NPP and SST in areas south 6f$Qe.g., Arrigoet  Southern Ocean.
al., 2008). Enhanced NPP with decreasing SST in seasonal
ice zone, as we mentioned in Sect. 4.2, could be caused b#.4 Impact of the Southern Annular Mode
sea ice melting and followed by changes in the mixed layer
depth and iron availability. Unlike the PFZ, where strong Although this study mainly focused on recent climate change
zooplankton grazing pressure might control phytoplanktonsuch as SST, previous studies examined linkages between
biomass (Landry et al., 2002), previous studies in the searegional-specific climatic variations such as the Southern An-
sonal ice zone of the Southern Ocean suggested that the mitular Mode (SAM) index and ckd; or NPP derived from
crozooplankton grazing impact was considerably reduced bycean color data (Lovenduski and Gruber, 2005; Arrigo et al.,
low temperature (Burkill et al., 1995; Tsuda and Kawaguchi, 2008; Johnston and Gabric, 2011). Lovenduski and Gruber
1997). In the marginal ice zone of the Bellingshausen Sea(2005) reported that cl; anomalies from 1997 to 2004 in
Burkill et al. (1995) showed that the magnitude of micro- areas south of the PF were correlated not only with SAM in-
zooplankton grazing was correlated positively with ambientdex positively, but also with SST negatively. Their study also
seawater temperature, but this was compromised by mucfound positive phases of the SAM were also associated with
lower prey concentrations observed at the colder sites. Thusgnhanced westerly winds over the AAZ and PFZ, driving in-
the enhanced NPP with decreasing SST could be partly duereased equatorward Ekman transport and cold SST anoma-
to low zooplankton herbivory with low water temperature. lies in these regions. As a consequence, the positive correla-
No significant correlations between the DR for each phy-tion between chl; and the SAM index could be due to the
toplankton group determined by PHYSAT and SST valuessupply of cold, iron-rich waters by upwelling (Lovenduski
based on three-monthly results (i.e., seasonal mean) werand Gruber, 2005). However, the correlations betweegchl
found in the Indian sector of the Southern Ocean through-and the SAM index in Lovenduski and Gruber (2005) were
out the year except in the STZ during spring (Table 5b).significant only in the SAZ south of Western Australia. Ar-
This suggests that other environmental factors are more imrigo et al. (2008) concluded that SAM explained 31 % of the
portant than the direct effect of temperature on phytoplank-variations in satellite-based annual primary production in the
ton community composition in our study area. During spring Southern Ocean, but the result was statistically insignificant
(September—October) in the STZ, Zubkov et al. (1998) re-(p = 0.12). Recently, in the Australian sector of the Southern
ported that the abundance Bfochlorococcusestimated by  Ocean (40-70S, 110-160E), Johnston and Gabric (2011)
flow cytometry reached maxima in equatorial waters, andfound a significant positive correlation between both sum-
their cells completely disappeared south of 38 while mer chkgor NPP and the SAM index in the 65-78 (i.e.,
Synechococcuspp. occurred with high concentrations in the SACCZ in this study) over the past decade (1997—-2007). In
upwelling region and in the frontal region and they were still this study, summer NPP in areas south of the PF (i.e., the
present south of 38. As a result, SST correlated with not AAZ and SACCZ) were significantly correlated with SST
only the abundance d®rochlorococcugositively, but also  (Table 4). In addition to the effects of sea ice melting as we
Synechococcuspp. negatively in the STZ (Zubkov et al., mentioned in the Sect. 4.2, the regional-specific climatic vari-
1998). Their results were consistent with ours based on sateltions such as SAM could possibly be related to the enhanced
lite remote sensing data in the STZ during austral spring (TaNPP with decreasing SST in seasonal ice zone.
ble 5b). Although very few studies investigated relationships be-
During austral summer to autumn, NPP positively corre-tween phytoplankton community compositions and SAM,
lated with the DR for diatoms in several frontal zones (Ta- Montes-Hugo et al. (2008) found no clear relationship be-
ble 5a). The results are also consistent with previous studiesween inter-annual variability of SAM and satellite-derived
For example, around the Crozet Islands in the PFZ, phytophytoplankton size structure index in coastal waters along
plankton productivity and community structure were closely the WAP during spring—summer of 1997-2006. Recently,
linked: the high production was supported with diatoms dur-CHEMTAX analysis of phytoplankton pigment signatures
ing the early bloom period (Seeyave et al., 2007). Korb etalong the transect of the icebreakéhstrolabe between
al. (2005) also reported high primary production and micro- Tasmania and Dumont d’Urville, Antarctica (WOCE SR3
phytoplankton (mainly diatoms) dominated production in the transect) found that changes in HPLC chlorophyll con-
AAZ northwest of South Georgia. Moreover, several studiescentrations associated with SAM were mostly due to di-
reported the taxonomic dependency of phytoplankton speatoms and haptophytes type 8 and/or dinoflagellates type 2
cific absorption coefficients in the Antarctic coastal waters(S. W. Wright, personal communication, 2012); however, this
(e.g., Claustre et al., 1997). Bracher et al. (1999) also foundransect may be atypical due to complex frontal structures.
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Thus, relationships between phytoplankton community com- 1600 7
positions and the specific regional climatic variations (e.qg., ©® Hirawake et al. (2011)

SAM) need to be carefully considered based on both field = O Uitz et al. (2009)
and satellite data in several regions in the Southern Ocean. 1200 - ° -

d?

5 Conclusions

PP (mg C m?

800 -
This study represented the first attempt to clarify the rela- z

tionships between NPP, dominant phytoplankton groups, andg
SST in the Indian sector of the Southern Ocean over the &
past decade (1997-2007) using satellite remote sensing daté.5
When trends in the summer time series for NPP were ex- g%
amined, we found over the decade within the PFZ a statisti-

cally significant reduction of NPP. Furthermore, the decreas- 0 * * *
ing trend in NPP positively correlated with the DR for di- 0 400 800 1200 1600
atoms estimfated by PHYSAT. In the seasonal ice zone (i.e., In situ NPP (mg C m2 d*)

SACCZ) during summer, NPP correlated not only with the

DR for diatoms positively, but also with the DR for hapto- Fig. A1l. A comparison between in situ NPP and satellite NPP es-
phytes and SST negatively. These results strongly suggestdinated by the method of Hirawake et al. (2011). Solid and dashed
that summer NPP values were affected by the phytoplanktorines indicate the regression line and 1:1 line, respectively.
community composition in the Indian sector of the Southern
Ocean. However, conventional algorithms for the estimates

of phytoplankton community composition still need to be <
improved. For example, although the greater dominance of
cryptophytes over diatoms in coastal waters along the WAP
has been hypothesized as a response to the regional warm
ing (e.g., Moline et al., 2004), no phytoplankton community
composition algorithms allow us to estimate the spatiotem-
poral distributions of cryptophytes. Moreover, several stud- -

ies reported taxonomic differences in photosynthetic phys- [ L | ?IEL

iology among phytoplankton groups (e.g., Claustre et al., <= -

1997; Bracher et al., 1999). Although Uitz et al. (2009) as- Fig. A2. Cluster analysis of pigment data. Framed rectangles in red,

sessed phytoplankton size class-specific primary productior&reen, blue, and purple represent cluster group A, B, C and D, re-
in the Kerguelen Islands region of the Southern Ocean, thpectively.

class-specific physiological parameters were derived from

temperate and tropical oceanic regions. An extensive field

dataset including the phytoplankton class-specific photosynagreement with the in situ NPR-%= 0.68, slope=0.87,
thetic properties in the Southern Ocean is needed to eluciRMS=0.16,p < 0.001) in the Indian sector of the Southern
date the relationships between the class-specific primary proocean. RMS means root mean square of the log-difference
duction and environmental parameters using satellite remoterror.

sensing.

400 -

15
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Appendix B
Appendix A
Cluster analysis of pigment data

Validation of the absorption-based primary productivity
model For the CHEMTAX calculations, a hierarchical cluster anal-

ysis by the Ward method (Ward, 1963) was used to clas-
Figure Al shows the result of validation of satellite-derived sify the 314 pigment data into groups. These data were suc-
NPP data with the method of Hirawake et al. (2011) and ad-cessfully categorized into the four groups (Fig. A2): Clus-
ditional 10 in situ NPP data from Uitz et al. (2009). The NPP ter A (i.e., Group A in Table 1) is characterized as very high
derived from daily ocean color data matched with 4 out of chl a and fucoxanthin concentrations. On the other hand,
10 in situ data withint-1 pixel and+1 day. If we use 13 in  cluster D has relatively low pigment concentrations. Clus-
situ NPP data, that is, 9 from Hirawake et al. (2011) and 4ter B and C show relatively high 1:®utanoyloxyfucoxanthin
from Uitz et al. (2009), the satellite NPP values are in goodand chlorophyll» concentrations, and alloxanthin level,
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Fig. A3. Distributions of the four cluster groups. Circles in red,
green, blue, and purple represent cluster group A, B, C and D, re
spectively.

respectively. Figure A3 shows the distributions of the four
cluster groups in our study area.
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