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of nitrate and silicic acid, suggesting that factors other than 
macronutrient depletion limited diatom production. In gen-
eral, the contribution of diatoms to the total phytoplankton 
biomass in the KE region was small in both winter (2.9%) 
and spring (16%). This study showed that the phytoplank-
ton communities in the KE region during the spring bloom 
were generally composed of non-diatom phytoplankton 
groups, chlorophytes, cryptophytes, and prasinophytes. It 
is necessary to identify the roles of non-diatoms in grazing 
food chains to more accurately evaluate the KE as a nurs-
ery area for pelagic fish.

Keywords  HPLC · Phytoplankton community · Kuroshio 
Extension · Spring bloom

1  Introduction

The Kuroshio Extension (KE) and its adjacent regions are 
important nursery grounds for small pelagic fishes dur-
ing winter and spring (Watanabe 2007). Food availability 
in these regions may be one of the factors that affect fluc-
tuations in the populations of these fishes (Takahashi et al. 
2008). Copepods, including their nauplii, are the main prey 
of larval fish (Nakata 1988, Nakata et al. 1995). Thus, the 
productivity of large phytoplankton, the preferred prey of 
copepods, is a key determinant of the recruitment success 
of these fishes. However, Nishibe et  al. (2015) revealed 
that the contribution of small phytoplankton (<10  µm) to 
total phytoplankton biomass and primary production was 
generally higher than that of large phytoplankton (>10 µm) 
across the KE during spring bloom. They suggested that 
the growth of diatoms, which dominate in communities 
of large phytoplankton, is regulated by low concentra-
tions of silicic acid and possibly iron in the KE region, in 

Abstract  The relationships between the spatiotemporal 
variation in phytoplankton community structure and envi-
ronmental variables were investigated in the Kuroshio 
Extension (KE) region from winter to spring by analys-
ing biomarker pigments. In winter, when the mixed layer 
was deep, phytoplankton communities were characterised 
by low biomass and a relatively high dominance of cryp-
tophytes, followed by chlorophytes and pelagophytes. In 
spring, phytoplankton biomass generally increased with 
shoaling of the mixed layer. In April, when nitrate was 
not exhausted, chlorophytes became the most dominant 
group throughout the KE region, followed by cryptophytes. 
In May, in the south of the KE, phytoplankton biomass 
decreased with the depletion of nitrate and cyanobacteria 
dominated, whereas at the northern edge of the KE, phy-
toplankton biomass remained high. A predominance of 
diatoms occurred sporadically at the northern edge of the 
first ridge with a shallow mixed layer and an elevated nutri-
cline. In contrast, the contribution of diatoms was low at 
the northern edge of the second ridge, despite high levels 
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addition to nitrate limitation. Despite the fact that primary 
production in the KE is dominated by small phytoplankton 
(<10 µm), productivity may be as high as that of the slope 
water of the Kuroshio in spring, when large phytoplankton 
dominate total primary production (Nishibe et  al. 2015). 
These results indicate that the KE region may have a phy-
toplankton community during spring bloom which is differ-
ent from that in the slope water of the Kuroshio.

Since the KE is part of the western boundary current 
extension of a subtropical gyre propagating eastwards 
off the main island of Japan, the succession of the phyto-
plankton community of this region depends on its physi-
cal environment, namely, the vertical and lateral mixing 
processes of the subtropical Kuroshio, subpolar Oyashio, 
and coastal water masses, which in turn control the nutri-
ent supply, light environment and phytoplankton species 
composition. The northwards and southwards convex parts 
of the meander are called ridges and troughs (Fig. 1b and 
d), respectively, and are numbered consecutively from west 

to east (Qiu and Chen 2005; Nishibe et  al. 2015). Clay-
ton et al. (2014) conducted a fine-scale observation of the 
phytoplankton community structure across the KE front of 
the first ridge in autumn (October) and found differences 
between the phytoplankton communities in the oligotrophic 
subtropical and nutrient-rich subpolar water masses, which 
are largely distributed in the south and north of the front, 
respectively. However, the spatial distribution of the phy-
toplankton communities near the front is influenced by 
the intrusion of the southern warmer water into the north 
as a warm filament (Clayton et al. 2014) and the transpor-
tation of the coastal (Marumo 1967; Clayton et  al. 2017) 
and Oyashio water masses (Yamamoto et  al. 1988; Clay-
ton et al. 2014). A high abundance of diatoms was observed 
in the low-salinity Oyashio water mass at the sea surface 
in the vicinity of the northern edge of the first ridge of the 
KE (Clayton et al. 2014). Similarly, the highest abundance 
of diatoms was observed in spring at the northern edge of 
the first ridge (Marumo et al. 1961; Yamamoto et al. 1988), 

Fig. 1   Sampling stations and flow paths of the Kuroshio and the 
Kuroshio Extension in the study sites in a, b winter and c, d spring 
from 2008 to 2011. Flow paths were drawn based on the Quick Bul-
letin of Ocean Conditions issued by the Japan Coast Guard (http://

www1.kaiho.mlit.go.jp/KANKYO/KAIYO/qboc/) except for April 
2008, when the position of the first ridge was revised based on physi-
cal observations made during cruises

http://www1.kaiho.mlit.go.jp/KANKYO/KAIYO/qboc/
http://www1.kaiho.mlit.go.jp/KANKYO/KAIYO/qboc/
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where primary production is enhanced due to shoaling of 
the mixed layer caused by distribution of the warmer south-
ern water in the cold northern water (Nishibe et al. 2015). 
Yamamoto et al. (1988) found a dominance of small phy-
toplankton (<10  µm) across the KE in the vicinity of the 
first ridge, with an increase in the contribution of large phy-
toplankton (>10 µm) in the north of the temperature front. 
On the other hand, small phytoplankton (<10  µm), espe-
cially picophytoplankton (<2  µm), were reportedly domi-
nant across the KE in the vicinity of the second ridge in 
spring (Odate and Maita 1988). These studies indicate that 
the occurrence of a large phytoplankton community mainly 
consisting of diatoms seems to be limited to the frontal area 
of the KE, and small phytoplankton groups are dominant 
in the other areas, although the taxonomic composition 
of small phytoplankton—which also affects copepod pro-
duction (Calbet et al. 2000)—has not been investigated in 
detail (Clayton et al. 2017).

To understand the ecological significance of the KE as a 
nursery ground for pelagic fish, the distribution and succes-
sion of the phytoplankton community during spring bloom, 
which coincides with their recruitment season (Noto and 
Yasuda 2003; Yatsu et al. 2005; Takasuka et al. 2007; Wata-
nabe 2007), must be investigated in detail with extensive 
spatial coverage so that the regional characteristics of the 
KE are clarified. Therefore, the study reported in the pre-
sent paper attempted to reveal the entire phytoplankton 
community structure in the vicinity of the KE in winter and 
spring and to relate that structure to environmental condi-
tions by analyzing phytoplankton pigments, which is nec-
essary to clarify the biomass and the relative contribution 
of algal taxa.

2 � Materials and methods

Hydrographic surveys and water sampling were conducted 
at 90 stations near the KE and Kuroshio in winter and 
spring between 2008 and 2011 (Fig. 1), during 6 cruises of 
R/V Wakataka-maru (Japan Fisheries Research and Educa-
tion Agency), R/V Shoyo-maru (Fisheries Agency), R/V 
Hakuho-maru, and R/V Tansei-maru (JAMSTEC). A SBE 
9plus CTD (Sea-Bird Electronics) with a fluorometer (Wet-
labs) was used to obtain temperature, salinity, and chloro-
phyll fluorescence profiles. Underwater light intensity was 
measured with a PNF (profiling natural fluorescence) radi-
ometers (Biospherical). Using acid-cleaned Niskin bottles 
mounted on a CTD carousel system, water samples were 
collected from a depth of 10 m in winter and spring, and 
from the subsurface chlorophyll a maximum (SCM) in 
spring. They were also collected from depths correspond-
ing to 50, 25, 10, 5, and 1% light intensity just beneath the 
surface as well as from the surface itself using a bucket at 

stations where primary production was measured (Nishibe 
et al. 2015). Two-litre water samples were filtered through 
Whatman GF/F filters under gentle suction (<0.02  MPa), 
and the filters were maintained at −80  °C until analysis 
was performed on land.

In a laboratory, the filters were completely broken apart 
by sonication (Sonifier 150, Branson) in 3.5  mL of 95% 
methanol, and pigments were extracted in the dark at 4 °C 
for 3 h. The extracts were filtered through a 0.2-µm PTFE 
syringe filter and then 1.6  mL extracts were injected into 
a HPLC (high-performance liquid chromatography) sys-
tem after being mixed with 0.4  mL ultrapure water. Pig-
ments were eluted based on a high-pressure mixing proto-
col described by Zapata et al. (2000). During the analysis, 
a 150-mm reversed-phase C8 column with a pore size of 
3.5  µm (GL Science) was maintained at 25  °C. Pigments 
were detected by a photodiode array UV–Vis detector 
(SPD-M10AV, Shimadzu) with a spectral resolution of 
1.2 nm. Pigments were identified and quantified by refer-
ring their retention times, absorption spectra, and peak 
areas to those of standards (Danish Hydraulic Institute).

The relative contribution of algal taxa was estimated 
from concentrations of biomarker pigments using the 
CHEMTAX calculation (Mackey et al. 1996), as performed 
with the CHEMTAX v.1.95 software. Diatoms, dinoflag-
ellates, haptophytes, pelagophytes, cryptophytes, chloro-
phytes, prasinophytes, cyanobacteria, and Prochlorococ-
cus were chosen for phytoplankton groups in the initial 
ratio matrix. This was based on previous reports of their 
occurrence in the vicinity of the KE (Throndsen 1983; 
Kok et  al. 2012a, b, 2014) and our preliminary survey 
(data not shown) in the vicinity of the KE and the Kuro-
shio in winter and spring (Table 1). Fucoxanthin (“Fuco”), 
peridinin (“Perid”), 19′-hexanoyloxyfucoxanthin (“Hex”), 
19′-butanoyloxyfucoxanthin (“But”), diadinoxanthin 
(“Diad”), alloxanthin (“Allo”), violaxanthin (“Viola”), pra-
sinoxanthin (“Pras”), zeaxanthin (“Zea”), chlorophyll b 
(“Chl b”), divinyl chlorophyll a (“DV Chl a”), and mon-
ovinyl chlorophyll a (“Chl a”) were used as the biomarker 
pigments in the initial ratio matrix. Ratios of the biomarker 
pigments to Chl a or DV Chl a in each phytoplankton group 
were derived using methods from Miki et al. (2008). In the 
following description, the total Chl a is the sum of the Chl 
a and DV Chl a concentrations. Since phytoplankton adjust 
their intracellular pigment concentrations according to light 
availability (Mackey et al. 1998), phytoplankton taxonomic 
compositions were estimated separately for samples taken 
at depths >30 m and ≤30 m (generally corresponding to the 
upper and lower parts of the euphotic zone, respectively) 
via CHEMTAX calculations. In the CHEMTAX calcula-
tions, we adopted the method of Mackey et  al. (1996), in 
which the CHEMTAX calculation was performed only 
once and the phytoplankton groups roughly corresponded 
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to the class level, for the following reason: the cell-specific 
chlorophyll a content of cyanobacteria estimated from suc-
cessive calculations (Latasa 2007) was considerably lower 
than the general value previously reported for the study 
area (1.0–1.4 fg cell−1; Hashihama et al. 2008), while the 
cell-specific chlorophyll a content estimated using a single 
iteration was closer to the reported value (see Fig. S1a, b 
in the Electronic supplementary material, ESM). The esti-
mated phytoplankton communities at a depth of 10  m in 
winter and spring and at the SCM in spring were clustered 
based on the biomass (Chl a or DV Chl a concentration) 
of each algal taxon using a group average method employ-
ing Bray–Curtis similarity (PRIMER v6, PRIMER-E Ltd, 
Plymouth, UK) (Clarke and Gorley 2006). Vertical taxo-
nomic compositions were estimated at the stations where 
primary production was measured (Nishibe et al. 2015).

Samples for nutrient analysis were maintained at –20 °C, 
and concentrations of nitrate, silicic acid, and phosphate 
were measured colourimetrically in a laboratory on land 
using an autoanalyser (TRAACS2000, Bran+Luebbe, UK) 
(Hansen and Koroleff 1999). Concentrations of ammonium 
were also measured during the spring cruises. Mixed-layer 
depth (hereafter, MLD) was defined as the depth where 
sigma-θ increased by 0.125 from its value at a depth of 
10  m (Levitus 1982). Relationships between the environ-
mental parameters and phytoplankton community types, as 
determined from the cluster analysis, were analysed using 
principal component analysis (PCA) diagrams (PRIMER 
v.6). In the PCA analysis, each environmental parameter 
was normalised and then log(X) and log(Y + 1) transforma-
tions were performed for the MLD, the SCM (X m), and 
nutrient (nitrate, phosphate, silicic acid, and ammonium) 
concentrations (Y µM) (Clarke and Gorley 2006).

Indicative temperatures of the KE (14  °C) and Kuro-
shio (15 °C) axes at a depth of 200 m (Kawai 1972) were 
applied to assign the stations to distinct water masses that 
vary across the KE or Kuroshio axes. Moreover, stations 
near the KE were distinguished based on temperature at a 
depth of 10  m into those in the KE region (>17  °C) and 

those in the Kuroshio–Oyashio transition region (<17  °C, 
hereafter “transition region”) according to Nishibe et  al. 
(2015).

3 � Results

3.1 � CHEMTAX calculation

Ratios of biomarker pigments to Chl a or DV Chl a in the 
final ratio matrices did not vary drastically from those in 
the initial ratio matrix, except that the ratio of Chl b to Chl 
a of prasinophytes in winter doubled (Tables  1, 2). The 
final ratios of photosynthetic accessory pigments of Fuco 
of diatoms and Pras and Chl b of prasinophytes showed 
higher values in samples taken at depths of ≤30  m than 
>30 m (Table 2b, c). On the other hand, the final ratios of 
photoprotective pigments of Diad of pelagophytes, Viola of 
chlorophytes and Zea of cyanobacteria showed higher val-
ues in samples taken at depths >30 m than in those taken at 
≤30 m. Variations in the ratios of the other biomarker pig-
ments with respect to Chl a or DV Chl a in the final ratio 
matrices was small between samples taken at depths >30 m 
and those taken at ≤30 m. Significant positive correlations 
were observed between Chl a concentrations of cyano-
bacteria and cell densities of Synechococcus and between 
Chl a concentrations and cell densities of cryptophytes, as 
measured using flow cytometry (p < 0.05, t test; Fig. S1 in 
the ESM).

3.2 � Phytoplankton community structure in relation 
to environmental conditions in winter and spring

In the clustering analysis, during each season and at each 
sampling depth, stations were divided into several groups 
according to appropriate levels of similarity (>ca. 50%) 
in their phytoplankton communities. Phytoplankton com-
munities at depths of 10  m in winter were clustered into 
two groups (WH and WL) based on a similarity of 60% 

Table 1   Initial ratios of 
biomarker pigments to 
chlorophyll a (w/w) in the 
CHEMTAX calculations 
performed in this study

Fuco Perid Hex But Diad Allo Viola Pras Zea Chl b DV Chl a Chl a

Diatoms 0.75 0 0 0 0.14 0 0 0 0 0 0 1

Dinoflagellates 0 1.1 0 0 0.24 0 0 0 0 0 0 1

Prymnesiophytes 0 0 1.7 0 0.10 0 0 0 0 0 0 1

Pelagophytes 0.35 0 0 0.76 0.19 0 0 0 0 0 0 1

Cryptophytes 0 0 0 0 0 0.23 0 0 0 0 0 1

Chlorophytes 0 0 0 0 0 0 0.06 0 0.01 0.26 0 1

Prasinophytes 0 0 0 0 0 0 0.06 0.32 0 0.95 0 1

Cyanobacteria 0 0 0 0 0 0 0 0 0.35 0 0 1

Prochlorococcus 0 0 0 0 0 0 0 0 0.32 1.1 1 0



467Phytoplankton community structure, as derived from pigment signatures, in the Kuroshio…

1 3

(Fig.  2a). The first group, WH, was characterised by a 
higher total Chl a (0.37 ± 0.090 µg L−1, n = 26) than the 
other group, WL (0.16 ± 0.026 µg L−1, n = 12) (Fig. 2a; 
Table  3). The most dominant group was cryptophytes 
in both WH and WL, accounting for 24–25% of the total 
Chl a. Chlorophytes (16%), and pelagophytes (15%) were 
subdominant in WH, while the relative importance of pela-
gophytes (21%) was higher in WL, followed by prymne-
siophytes (17%). The contribution of diatoms to total Chl 
a was small (<11%) in both WH and WL (Fig. 2a). In the 
vicinity of the KE, WH and WL were generally distributed 
in the north and the south of the KE, respectively (Fig. 3). 
However, WH was also observed in the south of the KE 
and near the cold core ring along 142°E in 2009 (Fig. 3a). 
In the vicinity of the Kuroshio, WH was distributed in the 
north of the Kuroshio and only along 137°E in the south of 
the Kuroshio (Fig. 3b). In contrast with the KE region, WL 
was observed to the north of the Kuroshio axis (Stns. 1 and 

10). Throughout the study sites, WH was observed under a 
wider range of environmental conditions than WL (Fig. 4). 
In general, WH was associated with lower temperatures 
and salinity, a shallower MLD and higher nutrient concen-
trations than WL (Table 3).

In spring, the communities were clustered into five 
groups (SH1, SH2, SH3, SL1, and SL2), each of showed 
any intragroup similarity of 52% at depths of 10  m 
(Fig.  2b). Three of those groups had a high total Chl a 
(SH1: 0.54 ± 0.21 µg L−1, n = 29; SH2: 0.69 ± 0.13 µg 
L−1, n  =  6; SH3: 0.62  µg L−1) and two groups had a 
low total Chl a (SL1: 0.24 ± 0.034 µg L−1, n = 7; SL2: 
0.18 ± 0.043 µg L−1, n = 8) (Fig. 2b; Table 3). The flow 
path of the KE was variable in 2008–2010 (Fig. 5). Large 
fluctuations in the meander of the KE were observed in 
April 2008, and the first ridge formed near 147°E at a 
high latitude of ca. 38°N (Fig. 5a). In contrast, the mean-
der of the KE was rather stable in April 2010 and May 

Table 2   Final ratios of 
biomarker pigments to 
chlorophyll a (w/w) in the 
CHEMTAX calculations 
performed in this study

Fuco Perid Hex But Diad Allo Viola Pras Zea Chl b DV Chl a Chl a

(a) Winter

 Diatoms 0.98 0 0 0 0.11 0 0 0 0 0 0 1

 Dinoflagellates 0 1.1 0 0 0.24 0 0 0 0 0 0 1

 Prymnesiophytes 0 0 1.6 0 0.12 0 0 0 0 0 0 1

 Pelagophytes 0.35 0 0 0.76 0.07 0 0 0 0 0 0 1

 Cryptophytes 0 0 0 0 0 0.27 0 0 0 0 0 1

 Chlorophytes 0 0 0 0 0 0 0.06 0 0.01 0.26 0 1

 Prasinophytes 0 0 0 0 0 0 0.09 0.52 0 1.9 0 1

 Cyanobacteria 0 0 0 0 0 0 0 0 0.35 0 0 1

 Prochlorococcus 0 0 0 0 0 0 0 0 0.32 1.1 1 0

(b) Above 30 m depth in spring

 Diatoms 0.88 0 0 0 0.11 0 0 0 0 0 0 1

 Dinoflagellates 0 1.1 0 0 0.24 0 0 0 0 0 0 1

 Prymnesiophytes 0 0 1.7 0 0.10 0 0 0 0 0 0 1

 Pelagophytes 0.35 0 0 0.76 0.19 0 0 0 0 0 0 1

 Cryptophytes 0 0 0 0 0 0.27 0 0 0 0 0 1

 Chlorophytes 0 0 0 0 0 0 0.04 0 0.01 0.26 0 1

 Prasinophytes 0 0 0 0 0 0 0.06 0.32 0 0.95 0 1

 Cyanobacteria 0 0 0 0 0 0 0 0 0.87 0 0 1

 Prochlorococcus 0 0 0 0 0 0 0 0 0.32 1.1 1 0

(c) At and below 30 m depth in spring

 Diatoms 1.1 0 0 0 0.08 0 0 0 0 0 0 1

 Dinoflagellates 0 1.1 0 0 0.24 0 0 0 0 0 0 1

 Prymnesiophytes 0 0 1.6 0 0.10 0 0 0 0 0 0 1

 Pelagophytes 0.35 0 0 0.76 0.03 0 0 0 0 0 0 1

 Cryptophytes 0 0 0 0 0 0.26 0 0 0 0 0 1

 Chlorophytes 0 0 0 0 0 0 0.02 0 0.01 0.26 0 1

 Prasinophytes 0 0 0 0 0 0 0.06 0.46 0 1.4 0 1

 Cyanobacteria 0 0 0 0 0 0 0 0 0.73 0 0 1

 Prochlorococcus 0 0 0 0 0 0 0 0 0.32 1.1 1 0
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2009, and the first ridge formed near 144°E at relatively 
low latitude of 36.5°N (Fig. 5b, d). Near the KE in April 
2008 and 2010, phytoplankton communities were char-
acterised by a uniform distribution of SH1 (Fig.  5a, b). 
Chlorophytes and cryptophytes were the most dominant 
and subdominant groups, respectively (Fig.  2b), except 
at Stn. KE3-6 south of the first trough (Fig.  5a), where 
the community was categorised as SL1, with no par-
ticular dominant phytoplankton group (Fig.  2b). In the 
Kuroshio region in April, various types of phytoplank-
ton communities were observed (Fig. 5c). Whereas SH1 
was distributed near the Kuroshio axis (Stns. C03, E04, 
and E05), SH2 (in which diatoms dominated, and there 
was a high total Chl a) was observed in the inshore 
areas of the Kuroshio (Stns. C01, C02, and E02). Here, 
the dominance of diatoms with a low total Chl a (SL1) 
was also observed at Stns. E01 and E03 (Figs.  2b, 5c), 
though the same community was also found in the south 
of the Kuroshio (Stns. E06, C04, and C05). In May of 
2009, a distinct distribution pattern of communities with 
a high total Chl a was observed to the north and those 
with a low total Chl a to the south in the vicinity of the 
KE (Fig.  5d). A community dominated by diatoms was 
observed sporadically at the northern edge of the first 
ridge (Stn. T3) in the KE region as well as in the north of 
the second ridge (Stn. K1), and by a warm core ring (Stn. 
A17) in the transition region (Fig.  5d). Unlike in April, 
the occurrence of SH1 was restricted to the northern edge 
of the KE (Stns. K17, K8, and T1) in May (Fig.  5a, b, 
d). Dominant groups of SH1 changed from chlorophytes 
(April) to cryptophytes, followed by prasinophytes (Stns. 
K17 and T1) and cyanobacteria (Stn. K8) (Fig.  2b). In 
addition, SH3, in which cryptophytes and prasinophytes 
were the dominant groups, was observed north of the 
first trough of the KE at Stn. K6. In the south of the KE, 
phytoplankton communities—predominantly cyanobac-
teria (SL2)—characterised by low biomass were found 
between the first and second ridges. Generally, phyto-
plankton communities with a low total Chl a (SL1 and 
SL2) were observed at stations with higher temperatures 
and lower nutrient concentrations (Fig.  6; Table  3). On 
the other hand, phytoplankton communities with a high 
total Chl a (SH1, SH2, and SH3) were not associated 
with specific environmental parameters (Fig. 6; Table 3). 
SH1 was generally observed at high temperatures 
(19.5 ± 1.3 °C) and relatively low nitrate concentrations 

(0.63 ±  0.49  µM). Communities dominated by diatoms 
(SH2) occurred at three stations in different regions: two 
stations were in the transition region (Stns. A17 and K1) 
and the other station (Stn. T3), which had a relatively 
high temperature, was at the northern edge of the first 
ridge (Fig.  5d). The community that was dominated by 
cryptophytes and prasinophytes but lacked chlorophytes 
(SH3) was associated with a relatively low temperature 
(17.3 °C) and a depleted nitrate concentration (<0.1 µM). 
SH2 and SH3 were observed in environments with a shal-
lower MLD compared with the environments associated 
with SH1 (Fig. 6; Table 3).

In spring, the formation of the SCM was observed 
at 50% and 88% of the stations during the WK0804 
(April 2008) and WK0905 cruises (May 2009), respec-
tively (Fig.  7). The depth of the SCM ranged from 20 
to 80 m, and was deeper in the south of the KE than in 
the north (data not shown). Phytoplankton communities 
at the SCM were clustered into two groups with a high 
total Chl a (SH4: 0.62 ±  0.17  µg L−1, n =  16; SH5: 
0.88 ±  0.21  µg L−1, n =  3), and three groups with a 
low total Chl a (SL3: 0.20  µg L−1; SL4: 0.25  µg L−1; 
SL5: 0.24 ±  0.038  µg L−1, n =  16), based on a simi-
larity of 49% (Fig. 2c; Table 3). Phytoplankton compo-
sitions in SH4 and SH5 were similar to those in SH1 
and SH2, respectively (Fig.  2b, c). In April, near the 
KE, a high total Chl a group of SH4 in which chloro-
phytes (30%) were the most dominant, followed by 
cryptophytes (17%) and prasinophytes (15%), domi-
nated communities at SCM. Stn. KE2-11 was an excep-
tion, with a low total Chl a (SL5) in the south of the 
KE along 147°E (Figs.  2c, 7a). In May, phytoplankton 
communities with a high and a low total Chl a were dis-
tributed in the north and south of the KE, respectively, 
as observed at a depth of 10 m. At stations where dia-
toms were dominant at 10 m (SH2), they were also pre-
dominant at the SCM (SH5) (Figs. 5d, 7b). In the south 
of the KE in May, phytoplankton communities with a 
high total Chl a were only found at the SCM (Stns. K3, 
K10, K11, and K15), while those at 10  m depth at the 
same station were classified as a community with low 
total Chl a (SL2) (Figs. 5d, 7b). Communities with low 
total Chl a, in which Prochlorococcus (36%) and pela-
gophytes (23%) were dominant (SL4), were observed in 
the south of the first ridge (Stn. K12), while those domi-
nated by cyanobacteria (32%) and cryptophytes (31%) 
(SL3) occurred at the northern edge of the first trough 
(Stn. T2). Although communities with a high total Chl 
a (SH4 and SH5) were observed in environments with 
high nitrate concentrations and low temperatures, those 
with a low total Chl a (SL3, SL4, and SL5) were found 
in areas with low nitrate concentrations and high tem-
peratures (Fig. 8; Table 3).

Fig. 2   Phytoplankton community structure near the Kuroshio Exten-
sion and Kuroshio at a depth of 10 m in a winter and b spring, and 
c depths of the subsurface chlorophyll a maximum in spring. Phyto-
plankton communities were clustered into two groups (WH and WL) 
based on a similarity of 60% in a, five groups (SL2, SH3, SH2, SH1, 
and SL1) based on a similarity of 52% in b, and five groups (SH5, 
SH4, SL3, SL4, and SL5) based on a similarity of 49% in c
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3.3 � Vertical distributions of phytoplankton

Vertical structures of phytoplankton communities in winter 
were determined for four stations with WH and three sta-
tions with WL (Fig. 9a). In general, total Chl a and relative 
contributions of algal taxa did not show distinct vertical 
variations, and a slight elevation of total Chl a was accom-
panied by an increase in the contribution of chlorophytes 
in the euphotic zone regardless of community type. Excep-
tions were found at some stations with WL. For instance, 
at Stn. S6 just south of the axis of the first ridge of the KE, 

total Chl a decreased at the bottom of the euphotic zone, 
coinciding with a decrease and an increase in the contri-
butions of diatoms and pelagophytes, respectively. At Stn. 
S59 south of the first trough, although total Chl a was verti-
cally uniform throughout the euphotic zone, an increase in 
the contribution of diatoms was observed with a decrease 
in the contribution of pelagophytes in the upper euphotic 
zone.

In spring, vertical structures of phytoplankton commu-
nities were investigated for seven stations with SH1, two 
stations with SH2, and one station each with SL1 and SL2 
(Fig. 9b). Compared with winter, vertical distribution pat-
terns of total Chl a in the euphotic zone varied widely 
among stations, and the contribution of algal taxa generally 
depended on the total Chl a. Firstly, total Chl a was higher 
in the upper euphotic zone at Stns. KE2-13, KE1-11, KE1-
12, SF3, and T1 with SH1 and at Stn. C02 with SH2. At 
Stn. KE2-13 (near the axis of the first ridge of KE), which 
was dominated by chlorophytes followed by cryptophytes, 
the contribution of cryptophytes decreased while that of 
pelagophytes increased with the decrease in total Chl a 
close to the bottom of the euphotic zone. At Stns. KE1-11, 
KE1-12, and SF3 (south of the first ridge of KE), where 
chlorophytes dominated, the contribution of algal taxa was 
almost unchanged in the euphotic zone. At Stn. T1 (the 
northern edge of the second ridge), where cryptophytes 
and prasinophytes were the dominant groups, a decrease 
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and an increase in the contributions of diatoms and cryp-
tophytes, respectively, were observed in the upper euphotic 
zone. At Stn. C02 (inshore area of the Kuroshio) which was 
dominated by diatoms, their contribution increased slightly 
towards the bottom of the euphotic zone.

Secondly, a distinct SCM was formed in the upper (Stn. 
T3 (SH2)) and lower (Stns. KE3-7 (SH1) and T2 (SL2)) 
euphotic zones. At Stn. T3 (northern edge of the first ridge 
of the KE), the contribution of diatoms and chlorophytes 
was highest at and just below the SCM, respectively. At 
Stn. KE3-7 (south of the first trough of the KE), where 
chlorophytes and prasinophytes were dominant, the con-
tribution of chlorophytes slightly increased toward the bot-
tom of the euphotic zone, while that of prasinophytes was 
highest just above the SCM. At Stn. T2 (northern edge 
of the first trough of the KE), where cryptophytes and 

prasinophytes were important groups, their contributions 
were almost unchanged in the euphotic zone, whereas those 
of cyanobacteria and chlorophytes increased near the sea 
surface and at the SCM, respectively.

Thirdly, the total Chl a slightly increased towards the 
bottom of the euphotic zone at Stn. KE3-8 with SH1. At 
Stn. KE3-8 (transition region), where diatoms, prymnesio-
phytes, and chlorophytes were important groups, the con-
tribution of prymnesiophytes was almost unchanged verti-
cally, while a decrease and an increase in the contributions 
of diatoms and chlorophytes, respectively, were observed 
toward the bottom of the euphotic zone.

Fourthly, total Chl a was uniform at Stn. E01 with SL1. 
At Stn. E01 (inshore area of the Kuroshio), where diatoms 
dominated, their dominance increased toward the bottom of 
the euphotic zone.

Fig. 5   Distribution of spring 
phytoplankton community 
groups at a depth of 10 m as 
identified from cluster analysis 
during the a WK0804, b 
WK1004, c KT-11-5, and d 
WK0905 cruises (orange solid 
circles SH1, black stars SH2, 
orange open circles SH3, light 
blue solid triangles SL1, light 
blue solid circles SL2). Geos-
trophic currents (white arrows) 
and SST images were derived in 
the same way as described for 
Fig. 3 (color figure online)

30

32

34

36

38

30

32

34

36

38

150148146144142140 150148146144142140

150148146144142140135 137 139 141 143 145

a

c d

April 2008
WK0804

KE1-3
KE1-5
KE1-7
KE1-9

KE1-11

KE2-12
KE2-1, 2-13

KE2-3

KE2-5

KE2-7

KE2-9

KE2-11

KE3-8

KE3-1

KE3-3

KE3-6

KE3-7

KT-11-5
April 2011

C01
C02 C05

C04

C03
E01

E02 E03E04 E05
E06

0

( )

5

10

15

20

25
WK1004

April 2010

SF7

SF4

SF2

SF1

SF3KE1-1

KE1-12

WK0905
May 2009

T3
K15

K13

K12

K11

K10, T2

K8

A21

A17

K1

K3

K5

K17
T1

K6

SH1 SH2 SH3 SL1 SL2 No data

b



473Phytoplankton community structure, as derived from pigment signatures, in the Kuroshio…

1 3

Overall, a significant correlation was observed between 
the Chl a of diatoms and integrated primary production in 
the >10 µm fraction in the euphotic zone (p < 0.05, t test, 
Fig.  10), measured concurrently during the same cruises 

(Nishibe et al. 2015). Both >10 µm primary production and 
Chl a of diatoms were high at Stn. C02 in the inshore area 
of the Kuroshio (Figs. 5c, 10). On the other hand, relatively 
low >10  µm primary production was observed with high 
Chl a of diatoms at Stn. T3 at the northern edge of the first 
ridge of the KE (Figs. 5d, 10).

4 � Discussion

In this study, the temporal variation of the phytoplankton 
community structure in winter and spring was clarified in 
relation to hydrography near the KE and the Kuroshio by 
means of pigment signatures. In the CHEMTAX calcula-
tion, the ratios of biomarker pigments to Chl a or DV Chl 
a in the final ratio matrices did not vary drastically from 
those in the initial ratio matrix (Tables 1, 2), and were all 
within reported values (Roy et al. 2011). The higher ratios 
of photosynthetic and photoprotective pigments in the 
deeper and shallower layers, respectively, are suggested 
to reflect photoadaptation of the phytoplankton communi-
ties (Mackey et al. 1998; Miki et al. 2008). The significant 
correlations between cell densities and Chl a concentra-
tions, both in cryptophytes and Synechococcus (cyanobac-
teria), confirmed the validity of the CHEMTAX calcula-
tion; these correlations show that the results obtained from 
the CHEMTAX calculations adequately reflected the 
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phytoplankton compositions during the spring bloom near 
the KE region.

In winter, the phytoplankton biomass was generally low. 
The phytoplankton biomass and compositions were uni-
form throughout the euphotic zone (Figs.  2a, 9a). During 
this period, most of the sampling stations were character-
ised by a deep MLD (Table 3) and nitrate and silicic acid 
were replete in the euphotic zone due to the winter convec-
tive mixing (Table  3; refer to Figures  3 and 4 in Nishibe 
et al. 2015). Total Chl a was slightly higher and the MLD 
shallower in the north of the KE and Kuroshio axes than 
in the south (Fig. 3; Table 3). Cryptophytes were the most 
dominant group throughout the study sites, followed by 
chlorophytes and pelagophytes in communities with high 
and low total Chl a, respectively. Although diatoms were 
generally a minor group in winter, their relative importance 
was slightly higher at some stations at the northern edges of 
the KE (Stns. S5 and 17) (Figs. 2a, 3). This was consistent 
with the results of a study by Kawarada et al. (1968), who 
found higher cell densities of diatoms at the northern edges 
and in the north of the KE, from the first ridge to the first 
trough, than in the surrounding areas in winter.

From winter to spring, phytoplankton biomass near 
the KE generally increased with shoaling of the MLD 
(Table 3). In conjunction with the increase in biomass, phy-
toplankton community compositions became more vari-
able than in winter, indicating that community succession 
responded strongly to spatiotemporal variations in nutrients 
and light. In April, chlorophytes became the most domi-
nant group, followed by cryptophytes, throughout the KE 

region (Figs. 2b, c, 5a, b, 7a). This was consistent with the 
results of Hashihama et al. (2008), in which the predomi-
nance of chlorophytes and cryptophytes was associated 
with the flushing of the Kuroshio in Sagami Bay. In May, 
the phytoplankton biomass near the sea surface decreased 
with further MLD shoaling associated with nutrient con-
sumption in the south of the KE, where cyanobacteria 
dominated (Figs.  2b, 5d; Table  3). Compared with April, 
the chlorophyll maximum layer shifted downwards, and a 
distinct SCM was formed south of the KE (Stns. K3, K10, 
K11 and K15), reflecting bloom succession associated with 
a decrease in nutrients at the surface layer (Figs. 2b, c, 5d, 
7b). At the northern edge and in the north of the KE, the 
phytoplankton biomass remained high, with variable com-
positions (Fig. 5d). Communities with high phytoplankton 
biomass at the northern edge were dominated by crypto-
phytes, prasinophytes, cyanobacteria (Stns. K6, K8, K17, 
and T1), and diatoms (Stn. T3), and the contribution of 
chlorophytes decreased (Figs.  2b, 5d). Isada et  al. (2009) 
reported a similar succession from chlorophytes to Syn-
echococcus as nitrate consumption proceeded from winter 
to summer in the north of the KE in the transition region. 
In the KE region, the main primary producers during the 
spring bloom are small (<10 µm) phytoplankton, primarily 
due to the low availability of nitrate and silicic acid in win-
ter. The formation of the spring bloom can be classified into 
three patterns based on location (Nishibe et al. 2015). First, 
in the northern edge and around the axis of the first ridge of 
the KE, the bloom formation may be caused by the shoal-
ing of the mixed layer through the intrusion of the warmer 
water from the south. Additionally, primary production and 
the contribution of large (>10  µm) phytoplankton to the 
total production (21–36%) was relatively high (Nishibe 
et al. 2015). The results at Stn. T3 (Fig. 9b) showed that the 
high phytoplankton biomass at the northern edge was dom-
inated by diatoms. The prevalence of diatoms in this area in 
spring was also observed in previous microscopic studies 
(Marumo et al. 1961; Yamamoto et al. 1988). As mentioned 
above, a shallow MLD, caused by shoaling of the mixed 
layer through the intrusion of the warmer water from the 
south, would provide an environment advantageous to dia-
toms, which prefer high light conditions (Saito and Tsuda 
2003). In addition, the diatom bloom would have been sup-
ported by a nutrient supply through upwelling (Allen et al. 
2005), because the elevation of the nutricline was observed 
at Stn. T3 along the transect across the first ridge (Fig. S2a 
in the ESM), as suggested by Clayton et al. (2014). How-
ever, at Stn. T3, nitrate was depleted completely in the 
upper euphotic zone (refer to Fig. 3 in Nishibe et al. 2015). 
This implies that the diatom bloom at the northern edge of 
the first ridge will terminate due to the depletion of nutri-
ents in the upper euphotic zone, resulting in lower primary 
production in the >10 µm fraction (Fig. 10). The decline of 
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a

b

Fig. 9   Vertical structures of phytoplankton communities in the 
euphotic zone at stations where primary production was measured in 
the Kuroshio Extension and adjacent regions in a winter and b spring. 
The positions of arrows delineate the bottom of the euphotic zone 

(1% light depth). The names of the phytoplankton community types 
at a depth of 10 m identified from the cluster analysis are superim-
posed on the subfigure for each station. The sites of these stations are 
shown in Fig. 1 of Nishibe et al. (2015)
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the bloom may be accelerated by the disproportionally high 
uptake of silicic acid by senescent diatoms in the decline 
phase of the bloom (Takeda 1998), since the silicic acid 
concentration at Stn. T3 was below 2 µM, and cell division 
of diatoms generally ceases at such concentrations (Egge 
and Aksnes 1992). On the other hand, a community domi-
nated by chlorophytes and cryptophytes was found near 
the axis of the first ridge (Stn. KE2-13) (Figs. 2b, 5a, 9b), 
which was characterised by a comparatively deep mixed 
layer (Nishibe et al. 2015) and no elevation of the nutricline 
(Fig. S2 in the ESM). A relatively high tolerance of crypto-
phytes to low light or nutrient availability has been inferred 
from cytological (Spear-Bernstein and Miller 1989) and 
field (Sato and Furuya 2010) studies. The results of an arti-
ficial upwelling experiment also support this, as nutrient 
enrichment into the bottom of the euphotic zone enhanced 
the growth of cryptophytes rather than that of diatoms 
(Masuda et al. 2010. Therefore, it is suggested that regional 
variations in light availability largely controlled by MLD in 
addition to the nutrient supply by upwelling help to drive 
the shift in the dominant algal taxon between diatoms and 
cryptophytes near the first ridge.

Second, in the south of the KE axis of the first ridge, 
both the total primary production and the contribution of 
large phytoplankton (12–31%) were high compared to 
those in the northern edge and around the axis of the first 
ridge, despite the deeper mixed layer in spring (Nishibe 
et  al. 2015). Chlorophytes were suggested to be the main 
primary producers of and contributors to the bloom forma-
tion, because phytoplankton communities in the euphotic 
zone shifted from having no predominant phytoplank-
ton taxa in winter (Stn. S6) to having chlorophytes as the 
dominant taxa in spring (Stns. KE1-11, KE1-12, and SF3) 

(Fig.  9a, b). The predominance of chlorophytes probably 
occurs because of the high light utilisation efficiency of 
chlorophytes in low light conditions (Ryther 1956), and 
the growth of diatoms was constrained by a low silicic 
acid concentration during winter and spring (Nishibe et al. 
2015). After the phytoplankton biomass decreased with the 
depletion of nitrate in late spring, cyanobacteria dominated, 
and the contribution from chlorophytes became low near 
to the sea surface (Figs. 2b, 5d; Table 3). A similar preva-
lence of cyanobacteria has also been observed in the south 
of the Kuroshio in the East China Sea (Furuya et al. 2003), 
and near the sea surface in the south of the KE front, where 
nitrate and nitrite concentrations were quite low (Clayton 
et al. 2014). Thus, the dominance of cyanobacteria in con-
junction with nitrate depletion is thought to be a typical 
feature south of the KE after the spring bloom.

Third, to the east of the first ridge, primary production 
and the contribution of large phytoplankton to total produc-
tion (7–15%) were lower than they were in the vicinity of 
the first ridge (Nishibe et  al. 2015). Primary productivity 
was strongly affected by advection, which causes upward 
and downward transport of nutrients and phytoplankton 
resulted from the cross-frontal flow along the meander 
of the KE (Ito et  al. 2000). A distinct SCM was formed 
near the first trough (Stns. T2 and KE 3-7), reflecting the 
downward advection from the first ridge to the first trough 
along the meander of the KE (Bower 1991; Ito et al. 2000) 
in addition to nutrient consumption in the upper euphotic 
zones (Fig. 4 in Nishibe et al. 2015). In spring, at the north-
ern edge of the first trough (Stn. T2), cryptophytes were the 
most important primary producers, followed by prasino-
phytes and chlorophytes, while chlorophytes were the most 
important, followed by prasinophytes, at a station in the 
south of the first trough (Stn. KE3-7) (Fig. 9b). In the south 
of the first trough, the dominance of chlorophytes increased 
from winter (Stn. S59) to spring (Stn. KE3-7), suggesting 
that chlorophytes were the main contributors to the forma-
tion of the spring bloom, just as they were in the south of 
the first ridge (Fig. 9a, b). In contrast, phytoplankton bio-
mass was highest in the upper part of the euphotic zone, 
and was dominated by cryptophytes and prasinophytes at 
the northern edge of the second ridge (Stn. T1) (Fig. 9b), 
probably due to the upward advection from the first trough 
to the second ridge (Bower 1991; Ito et al. 2000). A rela-
tively low abundance of diatoms and low primary produc-
tion (both total production and that of the >10 µm fraction) 
occurred at Stn. T1, despite a shallow MLD and high con-
centrations of nitrate and silicic acid (Nishibe et al. 2015). 
This could be explained by iron limitation (Shiozaki et al. 
2014). Similarly, the high abundance of diatoms found in 
Stn. T3 may be partly explained by the iron supplied by the 
iron-rich North Pacific Intermediate Water (Nishioka et al. 
2007) that is transported southwards along the continental 

Fig. 10   Relationships between chlorophyll a of diatoms and >10 µm 
primary production in the euphotic zone at stations where primary 
production was measured (refer also to Table  1 in Nishibe et  al. 
2015). The dashed line is a regression line with a significant correla-
tion between both parameters (p < 0.05, t test)
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shelf (Yasuda 2003). This is in accordance with the results 
of field observations in the Peru upwelling, in which cryp-
tophytes and prasinophytes prevailed in the low-iron area, 
where the growth of diatoms was suppressed (DiTullio 
et al. 2005). In contrast, it was interesting that diatoms were 
observed to dominate in the transition region just north of 
the second ridge (Stn. K1) along 149°E (Figs. 2b, 5d). This 
can probably be attributed to the advection of coastal dia-
tom species from the west (Marumo 1967; Yamamoto et al. 
1988). To understand the factors affecting the distribution 
and production of diatoms near the second ridge, it will be 
necessary to identify and estimate the growth of diatoms 
and to determine the iron concentration.

This study confirmed that the main components >10 µm 
in the study sites were diatoms, since a significant positive 
correlation was only observed between biomass of dia-
toms and chlorophyll a in the >10 µm fraction (p < 0.05, 
t test, data not shown). However, it is noteworthy that, 
other than at Stn. T3 (where diatoms were predominant), 
a relatively high primary production in the >10  µm frac-
tion was observed at some stations where diatoms did not 
dominate (Stns. KE1-12 and KE2-13) (Figs. 9b, 10). Some 
cryptophyte and prymnesiophyte species reported from the 
KE, the Kuroshio and Sagami Bay, including Teleaulax 
spp., Geminigera spp. (Kok et  al. 2014), Calcidiscus lep-
toporus, Chrysochromulina ephippium, Chrysochromulina 
spp., Helicosphaera carteri, Umbilicosphaera sibogae, 
Chroomonas sp., Leucocryptos marina and Teleaulax acuta 
(Throndsen 1983), are known to exceed 10 µm in cell size. 
These >10  µm non-diatom phytoplankton may have con-
tributed to the primary production in the >10 µm fraction in 
the KE region.

This study showed that during the spring bloom, phy-
toplankton communities in the KE region are generally 
composed of small phytoplankton groups such as chloro-
phytes, cryptophytes, and prasinophytes. However, a pre-
dominance of diatoms occurs locally at the temperature 
front near the first ridge of the KE in spring, where high 
biomass and the production of nauplii and small copepods 
were reported (Nakata et al. 1995). Since copepods gener-
ally prefer to prey on >10 µm phytoplankton (Runge 1980), 
the temperature front near the first ridge was suggested to 
be a key area for the recruitment success of pelagic fishes 
in the KE region. Our results indicate that fluctuations of 
the flow path of the KE could influence not only the bio-
mass (Nishibe et  al. 2015) but also the compositions of 
the phytoplankton communities during the succession of 
the spring bloom. For instance, the uniform distribution 
of communities dominated by chlorophytes, followed by 
cryptophytes, throughout the KE region in April 2008 may 
have resulted from the active water-mass changes between 
the south and the north of the KE because of the unsta-
ble mode of the KE (Qiu and Chen 2005). This unstable 

KE mode, which prevents the formation of a stable front 
structure, may hinder intensive diatom bloom formation 
(such as that seen in May 2009), and this may have adverse 
effects on the grazing food chain. However, some copepods 
are known to selectively graze nanophytoplankton rather 
than microphytoplankton (Calbet et al. 2000). On the other 
hand, some non-diatom groups such as cryptophytes and 
prymnesiophytes, which dominated in the communities 
near the KE, include species larger than 10 µm. Therefore, 
it is necessary to identify the prey–predator relationships in 
the planktonic food web, particularly those related to the 
predominant non-diatom prey, in order to accurately evalu-
ate the importance of the Kuroshio Extension as a nursery 
area for pelagic fish larvae.
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