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Distribution of Diatom Assemblages in and around a Warm
Core Ring in the North Pacific Polar Frontal Zone*
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Abstract: Distribution of diatom assemblages in the North Pacific Polar Frontal Zone east
of northern Japan in late spring was investigated in relation to distribution of water types.
By principal component analyses, nine diatom assemblages and five water types were de-
fined. Patterns of distribution of the diatom assemblages and the water types were not al-
ways consistent with each other, probably because of more conservative nature of the
diatom assemblages than physico-chemical properties of the water types. The most widely
distributed diatom assemblage, which is named as the Background Assemblage, was
mainly composed of neritic cosmopolitan species and was observed to be small in popula-
tion density. Production of the diatom assemblages is likely to be enhanced in the surface
layer when water types other than a background mixed water intrude and then the new

assembalges are formed there.

1. Introduction

The Kuroshio flows along the south coast of
Japan archipelago and turns around 36°N into
the Kuroshio Extension flowing eastward. The
latter forms the southern border of the North
Pacific Polar Frontal Zone, which demarcates
the frontal zone from the subtropical waters in
south. When the Kuroshio Extension has an ex-
tensive meander to north, a warm core ring is
sometimes pinched off and shifts to further
north. On the other hand, the Oyashio is usually
flows in far north and demarcates the frontal
zone from the subarctic water in north by form-
ing the Oyashio Front. In addition to these two
currents a less prevailing Tsugaru Warm Cur-
rent intrudes from the Japan Sea through the
Tsugaru Straits into the western edge of the
frontal zone and flows southward along the east
coast of Sanriku District. Consequently, oceano-
graphic conditions in the western part of the
Polar Frontal Zone are very complicated due to
the interaction of several different water
masses such as warm and cold core rings and
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streamers, coastal Tsugaru warm water, and
neritic water which are scattered over a so-
called mixed water (e.g. Kawal, 1972; Kawal
and SAITOH, 1986: NAGATA et al., 1992). The
last water mass, which is the final mixture of
all the water masses listed just above, occupies
widely and then forms a background water mass
of the frontal zone. It has been pointed out that
identification of these water masses by a con-
ventional T-S analysis is difficult (HANAWA and
MITSUDERA, 1987).

A low productive diatom assemblage which is
composed mainly of neritic cosmopolitan spe-
cies is almost homogeneously distributed in the
mixed water and named the Background Assem-
blage in the Polar Frontal Zone (CHIANG and
TANIGUCHI, 1993). This assemblage is likely to
be formed by winter convection of water which
selects a few tolerant species to winter condi-
tions. It has been suggested that some other pro-
ductive assemblages are formed during warm
seasons on this Background Assemblage particu-
larly at the Kuroshio Front and coastal front
and in a cold ring (e.g. MARUMO and AMANO,
1956: MArRUMO, 1967; YAMAMOTO et al., 1981,
1988). Therefore, the distribution of diatom as-
semblages in warm seasons can indicate the ori-
gin of very slightly different water masses that
can not be identified by the T-S analysis.

In this paper, we try to identify water masses
of different origins in detail by principal
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component analyses of diatom assemblages in
the western Polar Frontal Zone. Possible en-
hancement of diatom productivity in the locali-
ties where different waters intrude into the
background mixed water mass is suggested.

2. Materials and methods

Samples were collected on the Cruise KT-90-7
of R/V “Tansei Maru” of the Ocean Research
Institute of the University of Tokyo (Fig.1).
The cruise was divided into two legs. Leg 1 was
for samplings at Sts. C20-C22 arranged on a lon-
gitudinal section crossing a warm core ring and
St. C18 as a reference station in the Kuroshio
Extension. Leg 1 was carried out during the pe-
riod from 29 May to 2 June 1990. Leg 2 was for
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Fig. 1. Sampling stations occupied on the Cruise

KT-90-7 to the western North Pacific Polar

Frontal Zone during the period from 29 May to

10 June, 1990. Isotherms at the sea surface are

adapted from the Japan Fisheries Informa-
tion Service Center (1990)

146° E

samplings at Sts. C30-C35 on a section crossing
the edge of the same warm core ring, and Sts.
C40 and C59 as references in cold mixed water
and the Oyashio. Leg 2 was done in 3-10 June
1990. The section through Sts. C19-C22 and a
supplemental St. C40 is named Line A and that
through Sts. C30-C35 is Line B below.

Water samples were collected from 8-12
depths in the surface layer down to 75 m on Line
A and down to 200 m on Line B. Methods of mi-
croscopic examination of diatom assemblages
and chemical analyses of the nutrients such as
dissolved silica, phosphate, nitrite, nitrate and
ammonia were given in CHIANG and TANIGUCHI

(1993).

To see relationships between diatom assm-
blages and water types in distribution, principal
component analyses (PCAs) and cluster analy-
ses (PiELoU, 1984) were done by using the
oceanographic data set on temperature, salinity
and five nutrients (PCA-OD) (Table 1) and the
diatom data set. The latter was processed in the
following two ways to reduce number of pa-
rameters reaching 160 species in total. At first,
diatom species identified were grouped into 14
types according to their distributional charac-
teristics (DC) reported in literature (KokKuBo,
1960, MARUMO et al., 1966, YamaJjr, 1984)
(Table 2). In the second way 24 common and
dominant species (DS) which occurred in more
than 50 % of samples were selected (Table 3). In
the following sections, we describe the first as
PCA-DC and the second as PCA-DS.

Position of the first principal component PC1
on X-axis and that of the second principal com-
ponent PC2 on Y-axis in scatter diagrams of
PC2 on PC1 were used to identify clusters of
components by an average clustering method
(Euclidean distance=0.6).

3. Results
3.1. Water Types

Line A: Data on the surface temperature over
the sea areas around Japan gathered during the
period from 1 to 5 June were compiled by the
Japan Fisheries Information Service Center
(Fig. 1. It gives general configuration of water
masses at the surface around the day of the pre-
sent sampling; the Kuroshio Extension which
flowed eastward along the 22°C isotherm, a
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Fig. 2. An image of the warm streamer shot to the warm core ring around St. C22
(¢f. Fig. 1) from the other ring in the east (NOAA-AVHRR Channel 4)

warm core ring which centered around 38°30" N,
143°30" E, and a narrow coastal flow or the
Tsugaru Warm Current which flows southward
along the isotherms of 12-14°C. Although a
warm streamer seems to extrude from the
Kuroshio Extension and form a mushroom-
shaped warm water body in this figure, satellite
imagery (NOAA AVHRR) taken on 30 May in-
dicates that the streamer ran out of the other
warm core ring in the east (Fig. 2), which is in-
dicated by a 20°C isotherm on the right end of
Fig. 1. The streamer was taken into the south-
western edge (around St. C31) of the warm core
ring which occupied the area around Sts. C20-22
(see blow).

Thermal structure in the longitudinal vertical
section along Line A illustrates the lens-shaped
warm core between 100 m and 400 m depths
(Fig. 3). Therefore, we could identify position
of the sampling stations in relation to the warm
core ring: St. C19 was in south and St. C40 were
in north of the ring, Sts. C20 and C22 were at the
edge and St. C21 was at the center of the ring.
Details of hydrographic structure in the surface
layer of these stations, where the plankton sam-
ples were collected are given in Figs. 4 and 5.
High temperature and high salinity water
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Fig. 3. Distribution of temperature (°C) in vertical
section along the longitudinal Line A(143°30' E)
crossing the warm core ring. Data were ob-
tained by CTD casts down to 1000 m. Since Sts.
C19-C22 and St. C40 were occupied on different
legs of the same cruise, a space is set between

Sts. C22 and C40.
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Fig. 4. Detail of temperature (°C) section in 0-200
m layer on Line A. Since Sts. C19-C22 and St.
C40 were occupied on different legs of the same
cruise, a space is set between Sts. C22 and C40.
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Fig. 6. Temperature(°C) section in 0-200 m layer
on Line B crossing western edge of the warm
core ring. Data were obtained by CTD casts
down to 1000 m.

(C>19°C, >>384.7 psu) originated from the warm
streamer was observed in 0-20 m at Sts. C19 and
C20 and in 0-40 m at St. C22. Low salinity sub-
surface water observed between 20 m and 60 m
at St. C19 might be derived from the coastal
water off Joban District (c¢f. Fig. 1.

Line B: In the vertical sections of temperature
and salinity along Line B (Figs. 6 and 7), low
temperature and low salinity coastal water
originated from the Tsugaru Warm Current can
be seen in the layer between 10 m and 50 m at St.
C34, while the same current is illustrated at St.
(35 in Fig. 1. In this vertical section, St. C30
was judged to be at the western edge of the ring
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Fig. 5. Salinity (psu) section in 0-200 m layer on
Line A. Since Sts. C19-C22 and St. C40 were
occupied on different legs of the same cruise, a
space is set between Sts. C22 and C40.

St.C-35 C-34 C-33 C-32 C-31 C-30

04—
- 7’ﬁ
404§ -
E 80-
P
a n /-
8 120 /
60
g \( j,f
2004

Fig. 7. Salinity (psu) section in 0-200 m layer on
Line B.

because edge of the lens-shaped core was de-
tected by the CTD casts (CHIANG, 1993). This is
partly illustrated by 10°C isotherm in Fig.6. St.
C31 was judged to be in the warm streamer,
which intruded into the surface 40 m at St. C31.
Consequently, thermocline and halocline were
bent upward to the surface at Sts. C33 and C34
and downward to the subsurface at St. C31.

By the method of T-S analysis described by
Hanawa and Mirsupera (1987), following
three water systems were defined. First, high
temperature and high salinity water (10-20°C,
>>34.2 psu) occupied most part of the top 200 m
water columns in and south of the warm core
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ring was recognized as derived from the
Kuroshio Current. HANAWA and MITSUDERA
(1987) named this type of water the Kuroshio
Water System. Second was high temperature
and intermediate salinity water (56-20°C, 33.7-
34.2 psu) which was observed in west of the
ring. This type was named the Tsugaru Warm
Current Water System by HANAWA and M-
TSUDERA (1987). Third was low temperature
and low salinity water (0-7°C, 33.0-33.7 psu)
named as the Coastal Oyashio Water System
(HaNAWA and MITSUDERA, 1987). This type
was observed in north of the ring (St. C40) indi-
cating the influence of the Oyashio Current. In
this paper, however, water types were defined by
the principal component analysis using oceano-
graphic data including not only temperature and
salinity but also five nutrients (PCA-OD)
(Table 1). PC1 explains 47.31% of total vari-
ance and positively correlates with dissolved sil-
ica and nitrate but negatively with temperature.
PC2 accounts for 15.15% of the variance and
positively correlates with salinity and nitrite.
In a scatter diagram of PC2 on PC1 eight clus-
ters were identified (Fig. 10), which are given in
column OD of Tables 4 and 5. Then, five water
types could be recognized (cf. Figs. 13 and 14).
The first was high temperature surface water
(Cluster A) occupied the surface layer in and
south of the warm core ring (Sts.C19-C22,C30-
(33) as well as in the Kuroshio Extension (St.
C18). This is named here the Surface Water
Type. The second which occupied the surface lay-
ers in west (Sts. C34-C35) and north (St. C40)
of the ring is named the Coastal Water Type

Table 1. Oceanographic data used as variables
for the PCA-OD and their eigenvectors of PC1
and PC2. Percentage of variance explained is
indicated below each of PC1 and PC2.

. PC1 PC2
Variables 47.31% 15.15%
Temperature -0.499 0.242
Salinity -0.385 0.511
Dissolved Silica 0.450 0.111
Phosphate 0.326 0.023
Nitrate 0.483 0.154
Nitrite 0.182 0.743
Ammonia 0.166 0.302
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Fig. 8. Distribution in cell number of total diatom

populations (10° cells 17') in vertical section
along Line A.

(Clusters B and E). This seems to be originated
from the northern coastal area off Sanriku Dis-
trict. Similar water type was also found in sub-
surface at St. C19 (Cluster B), which is likely to
be originated from the Joban coastal area in-
stead of the Sanriku coastal area (Fig. 1) and
named the Joban Coastal Water Type. The
fourth was the Mid-layer Water Type (Clusters
C, D and F) widely occupying subsurface layer
in almost entire area. The fifth was the Oyashio
Water Type (Clusters G and H) which was found
in subsurface at Sts. C40 and C59.

3.2. Diatom Assemblages

On Line A, the maximum abundance of dia-
toms in vertical distribution was found in sub-
surface layer except at St. C40 where the
maximum was found at the surface (Fig. 8). It
should be noted that the subsurface maximum
around 50 m at St. C19 was coincident with posi-
tion of the Joban Coastal Water Type described
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Fig. 9. Distribution in cell number of total diatom
populations (10° cells 17) in vertical section
along Line B.
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Fig. 10. Scatter diagram of PC2 on PC1 of the prin-
cipal component analysis using oceanographic
data (PCA-OD) (¢f. Table 1). Envelops denote
eight clusters identified by an average cluster
analysis.

above. On the other hand, abundance of diatoms
was low at St. C22 and in the warm streamer in
the surface layer shallower than 20 m at Sts.
C19-C20.

On Line B, the maximum abundance was gen-
erally found in the top 20 m except Sts. C31 and
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Fig. 11. Scatter diagram based on 14 groups of
diatoms which were grouped by their distribu-
tional characteristics (PCA-DC) (c¢f. Table 2).
Envelops denote 11 clusters identified by cluster
analysis. Five points out of envelops A-K are
marked # in Tables 5 and 6.

(C32, where diatom became abundant in 50-100 m
layer (Fig. 9). In the surface layer at St. C31
occupied by the warm streamer, diatom stock
was low as observed at Sts. C19 and C20.

In the principal component analysis based on
groups of diatom species classified by the distri-

Table 2. Fourteen types of diatoms grouped by their distributional characteristics used as
variables for the PCA-DC and their eigenvectors of PC1 and PC2. Percentage of variance
explained is indicated below each of PC1 and PC2.

. . PC1 PC2
Diatom group/Variable 98.43% 18.04%
Cold oceanic centric diatoms (COC) 0.074 0.572
Cold neritic centric diatoms (CNC) 0.452 0.158
Warm oceanic centric diatoms (WOC) 0.306 -0.235
Warm neritic centric diatoms (WNC) 0.154 0.311
Oceanic cosmopolitan centric diatoms (OCC) 0.268 -0.267
Neritic cosmopolitan centric diatoms (NCC) 0.321 0.035
Other centric diatoms (OC) 0.430 -0.057
Cold oceanic pennate diatoms (COP) 0.040 0.570
Cold neritic pennate diatoms (CNP) 0.000 0.000
Warm oceanic pennate diatoms (WOP) 0.057 -0.076
Warm neritic pennate diatoms (WNP) 0.249 -0.266
Oceanic cosmopolitan pennate diatoms (OCP) 0.000 0.000
Neritic cosmopolitan pennate diatoms (NCP) 0.193 0.127
Other pennate diatoms (OP) 0.457 0.042
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Fig. 12. Scatter diagram based on 13 dominant
and common daitom species which occurred in
more than 50 % of samples (PCA-DS)(cf. Table
3). Envelops denote seven clusters identified by
cluster analysis. Six points out of envelops A-K
are marked # in Tables 5 and 6, two of which
are far out of this diagram.

bution nature (PCA-DC), the first (PC1) and
second principal components (PC2) account for
46.47% of total variance (Table 2). PC1 posi-
tively correlates with three groups of cold
neritic centric diatoms, other centric diatoms
and other pennate diatoms, and PC2 with two
groups of cold oceanic centric diatoms and cold
oceanic pennate diatoms. In principal compo-
nent analysis based on dominant diatom species
(PCA-DS), PC1 and PC2 account for 36.16% of
the variance. PC1 is influenced by Bacteria-
strum delicatulum, Chaetoceros compressum, C.
didymum, C. radicans and Nitzschia seriata,
and PC2 by Corethron criophilum, Denticulopsis
marina and Thalassiosira sp. (Table 3). Figs.
11 and 12 illustrate scatters of PC2s on PCls in
PCA-DC and PCA-DS, respectively, and eleven
and seven clusters were identified. These results
are summarized in the columns of DC and DS in
Tables 4 and 5. Compiling these results nine dia-
tom assemblages were finally defined as below
(also cf. Table 6).

(1) Kuroshio Extension Assemblage: This as-
semblage was defined by the combinations of
Cluster A in PCA-DC and Cluster C or Cluster F
in PCA-DS. These combinations can be expressed
in A-C and A-F and found only in the surface

Table 3. Twenty-four dominant diatom species,
which occurred in more than 50% of samples,
used as variables for the PCA-DS and their
eigenvectors of PC1 and PC2. Percentage of
variance explained is indicated below each of
PCl1 and PC2.

. PC1 PC2
Variables 23.00% 13.16%

Asterionella glacialis 0.191  -0.070
Bacteriastrum delicatulum 0.377  —0.022
Chaetoceros compressum 0.326 0.045
Chaetoceros decipiens 0.134 0.014
Chaetoceros didymum 0.323 -0.101
Chaetoceros peruvianum 0.160 0.069
Chaetoceros radicans 0.330 0.157
Corethron criophilum 0.031 0.481
Denticulopsis marina -0.017 0.470
Leptocylindrus danicus 0.070  -0.125
Navicula distans 0.134 0.056
Navicula membranacea 0.170  -0.082
Navicula sp. -0.022  -0.041
Nitzschia closterium 0.232 0.096
Nitzschia longissima 0.277 0.008
Nitzschia seriata 0.324  -0.057
Nitzschia sp. -0.001 0.361
Rhizosolenta alata 0.191 0.108
Rhizosolenia bergonit 0.124  -0.154
Rhizosolenia fragilissima 0.247  -0.004
Rhizosolenia stolterfothii 0.164  -0.187
Pseudoeunotia doliolus 0.124 0.031
Thalassionema nitzschiotdes 0.119 -0.144
Thalassiosira sp. 0.042 0.488

layer between 0 m and 35 m at St. C18 (Table 4).
Dominant species in this assemblage were C.
compressum, Hemiaulus sinensis, Leptocy-
lindrus danicus, N. seriata and Thalassionema
nitzschioides, which have been reported as warm
neritic or neritic cosmopolitan species. Popula-
tion density of this assemblage (3 X10*—1.2 X
10° cells 17!) was not large comparing to the
other assemblages in this season.

(2) Joban Coastal Assemblage: This assem-
blage was defined by Clusters D, E, F, G, H in
PCA-DC, all of which appeared in the fourth
quadrant of scatter diagram (Fig. 11), and
Clusters B and G in PCA-DS (Tables 4 and 5).
Isolated Cluster # in PCA-DS found at 10 m at
St. C21, which is different from Clusters B and
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G but very similar to them, appeared in the first
quadrant of Fig. 12. Therefore, this cluster was
also categorized in this assemblage. This assem-
blage was found in the subsurface layer (20-50
m) at St. C19 below the warm streamer and in
the surface and subsurface layer of the warm
core ring, i.e. 20045 m St. C20, 0-35 m at St. C21
and 0-35 m at St. C30. Dominant species were
Chaetoceros compressum, C. peruvianum, C.
radicans, N. seriata and Pseudoeunotia doliolus.
Peak-forming species, whose peak (or one of
peaks) in distribution occurred in the distribu-
tional range of this assemblage, were C.
compressum, C. peruvianum, C. radicans, P.
doliolus, B. delicaturum and Rhizosolenia
fragilissima. These species indicate the rela-
tively warm water preference of this assem-
blage, while a few cold neritic species were
mixed with. Population density was intermedi-
ate being 4 X10*—4.8 X10° cells 17",

(3) Coastal Front Assemblage: This assem-
blage was clearly defined by combinations of
clusters of G-# and H-# and also by D-B, E-E
and F-A. The latter three were considered to be
derived from A-A and similar to H-# in the
scatter diagrams. This assemblage was interme-
diate in population density (1x10°—6X10° cells
1) and found only in frontal zone between the
warm core ring and the coastal water (Sts. C32
and C33) (Table 5). Dominant species were B.
delicatulum, C. compressum, C. peruvianum, C.
radicans and N. seriata, and the peak-forming
species were Asterionella  gracialis, B.
delicatulum, C. compressum, C. didymum, C.
peruvianum and P. doliolus. This species compo-
sition seems to be similar to the Joban Coastal
Assemblage, but the neritic nature 1s much
stronger.

(4) Tsugaru Warm Current Assemblage: This
assemblage was defined by Cluster I and its
closely allied Cluster # in PCA-DC and by Clus-
ters B, C and F in PCA-DS. This assemblage was
found in 5-20 m at St. C34 where the Tsugaru
Warm Current flowed from north. The maxi-
mum diatom abundance throughout this investi-
gation was observed in this assemblage (10 m
at St. C34). The dominant species were C.
compressum, C. frichei, C. radicans, L. danicus
and N. seriata, and the peak-forming species
were C. frichei, R. fragilissima, R. stolterfothii,

Skeletonema costatum and T. nitzschioides.
These species indicate the neritic nature of this
assemblage. Population density was 2Xx10°—1.1
X10° cells 17",

(5) Southern Sanriku Coastal Assemblage:
The assemblage defined by C-C was found in 0-
25 m at St. C35 which was the nearest station to
the coast. However, neritic nature as well as
population density (3X10°—9X10° cells 17') of
this assemblage was smaller than those of the
Tsugaru Warm Current Assemblage. The domi-
nant species were C. compressum, C. curvisetum,
C. frichei, L. danicus and N. seriata, and the
peak-forming species were C. curvisetum, C.
decipiens and L. danicus.

(6) Northern Mixed Assemblage 1: The as-
semblage defined by D-B and I -B occurred in 0-
10 m at St. C40 which was located in north of
the warm core ring. The dominant species were
C. curvisetum, C. radicans, L. danicus, N.
closterium and N. seriata, and the peak-forming
species were A. gracialis, B. delicatulum, C.
compressum, C. curvisetum, C. decipiens, C.
frichei, C. radicans, L. danicus and T.
nitzschioides. This species composition indicates
that this assemblage was formed by mixing of
cold-water species such as C. decipiens into the
Background Assemblage, which is described
later. Population density was intermediate,
being 1.1 X10°~3X10° cells 17"

(7) Northern Mixed Assemblage 2: This as-
semblage defined by A-D and A-E occurred in 20-
40 m at St. C40 or just below the Northern
Mixed Assemblage 1. Therefore, population den-
sity was one order of magnitude lower than the
Assemblage 1, being 1.2 X10‘—4 X 10* cells 17",
The dominant species were C. curvisetum, D.
marina, L. danicus, N. closterium and N.
seriata. The peak-forming species was not found
in this assemblage.

(8) Ovyashio Assemblage: This assemblage
was defined by combinations of Clusters #, K
and B in PCA-DC and of Cluster #, D and E in
PCA-DS. This was found at 0-50 m and 100-150
m at St. C59 and dominated by Chaetoceros
concavicorne, C. curvisetum, C. radicans, D.
marina and Thalassiosira nordenskioldii. Since
St. C59 was isolated in north of the Polar Fron-
tal Zone, the peak-forming species were not
judged. Nevertheless, cold-water nature of this
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Table 4. Distribution of the clusters separated by three PCAs based on oceanographic data (OD),
and abundances of distributional groups (DC) and dominant species (DS) as variables for Leg

1 of the Cruise KT-90-7.

]SDES‘ 0D DC DS ST& 0D DC DS ST& 0D DC DS ST& © 0D DC DS ST& - OD DC DS %ng 0D DC DS
C180 A A C c19_0 A A A CZO—OA A A 021-0 A DB c22-0 A A ACIOE I B
5 AAC 5 AAA 5 AAA 5 ADB 5 AAA 5 BDB
0 AAC 10 AAA 10 AAA 10 AEG# 10 AAA 10 BDB
5 AAF 15 AAA 15 AAA 15 ADB 15 x A A 2 E A D
0 A AC 20 BFA 2 AEB 2 CEUB 20 AAA 3 DA E
% A AF 2 BFA 2% * EB 2 AHB 2 AAA 40 G AD
30 AAC 3 C * * 3 AGB 30 CFA 3 AAA 5 E A A
35 A AC 49 BGB 3 * GB 35 FDA 3 AAA T DA A
40 A A A 5 BHB 4 CF A 40 F A A 40 A A A 100 G A A
45 A AA 5 CAA 4 F F A 45 C A A 4 A A A 125 D A A
50 A A A 50 F A A 50 CAA 5 AAA 150 G A A

% F AA 75 CAD 75 AAA 20 G A A

*: Samples were not collected from the layers.
#: The community is different from all others.

Table 5. The same as Table 4 but for Leg 2.

ST&

opDCDS Y ST& ODDCDS D ST& oD DCDS S ST& 0D DC DS

ST& ST&

Dep. Des 0D DC DS e 0D DC DS L& 0D DC DS
C30-0 A J GCSl-OA A AC32-0A A AC33-OA J #C340B A AC35-0B C CC59—0E # B
5 AEB 10 AAA 10 AAA 10 AJ# 5 BI1C 5 BAA 5 B % *
10 AHG 20 AAA 20 AAA 20 CH# 10 B#F 10 BCC 10 E#E
15 CHB 30 AAA 3 ADB 3 CAA 2 BI1B 15 BCA 15 BEK #
20 CGB 4 AAA 4 CAA 4 CAA 30 DAA 2 BCC 20 G#E
2 DG B 5 BAAGS CEE 5 CAA 4 CAA 2 BBA 3 DK #
30 CGB 6 CAA T DFA G CAAGS CAA 30 BAA 4 GBE
3 CFA 8 CAA 8 CAA 8 CAA 8 BAA4 BAA 5 GBE
40 C A A 100 CAAI0DAATIOCAATIDCAAS CAA T GAA
50 CAA 125 CAAI0DAATIL CAAIBCAAT CAAILWHAD
75 CAA 150 DAA 160 DAAIOCAAIOCAAIO0CAAI0HBD
100 BAA 20D * * 20 DAA20DAAZ20DAAIM CAA20HAA

*: Samples were not collected from the layers.
#: The community is different from all others.

assemblage is clearly indicated by these domi-
nant species, while a few warm neritic species
were mixed. Population density was intermedi-
ate being 2X10*—8X10° cells 1%

(9) Background Assemblage: This assemblage
was defined by A-A. Neritic cosmopolitans C.
compressum, N. closterium, S. seriata, T.
nitzschioides, and a cold neritic C. radicans were

major components of this assemblage. Impor-
tant is that this assemblage was smallest in
population density but most widely distributed
over the sampling area. The density rarely ex-
ceeded 1X10* cells 17" with a few exceptions in
the surface layer at St. C34. This assemblage is
considered to be produced and distributed homo-
geneously in water column by winter convection
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St. C-19 C-20 C-21 C-22 C-40

Fig. 13. Distributions of water types and diatom assemblages defined by PCAs in vertical
section along Line A (¢f. Table6). 1: Background Assemblage, 2: Joban Coastal Assem-
blage, 3: Northern Mixed Assemblage 1, 4: Northern Mixed Assemblage 2.

St.C-35 C.34 C-33 C-32 C-31 C-30
0- @

W = s []s

Fig. 14. Distributions of water types and diatom assemblages defined by PCAs in vertical
section along Line B (¢f. Table 6). 1: Background Assemblage, 2: Southern Sanriku
Coastal Assemblage, 3: Tsugaru Warm Current Assemblage, 4: Coastal Front Assem-
blage, 5: Joban Coastal Assemblage
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down to the permanent halocline in the entire
Polar Frontal Zone (CHIANG and TANIGUCHI,
1993).

4. Discussion

PCA-OD yielded double layered structure of
water column in vertical sections along Lines A
and B where the shallow Surface Water Type
covers the thick Mid-layer Water Type except
the southernmost (St. C19) and northernmost
stations (St. C40) outside of the warm core
ring. At the latter two stations the Joban
Coastal Water Type, the Coastal Water Type
and the Oyashio Water Type were identified
separately from the prevailing two water types
in the surface and mid-layers. This result gives
rather simple picture of hydrographic feature in
this area as if foreign water masses other than
the Surface and Mid-layer Water Types intrude
only at both edges of Line A (Sts. C19 and C40)
(Figs. 13 and 14).

Distribution of the nine diatom assemblages
defined above indicates configuration of water
types of different natures much more precisely.
The Kuroshio Extension Assemblage which was
composed of warm neritic species existed only in
the top 35 m at St. C18. This indicates that the
Kuroshio Extension water carrying neritic spe-
cies entrained by the Kuroshio during its flow
along southeast coast of western to central
Japan (YAMAMOTO et al., 1988) did not extend
to the other stations. Although the warm
streamer is illustrated as if ran out from the
Kuroshio Extension in Fig. 1, no direct influence
of the Extension water was observed in the dia-
tom assemblages at the surface at Sts. C19, C20,
C31 and C32 in and near the streamer.

At the latter stations the Background Assem-
blage was found, below which the Joban Coastal
Assemblage containing a few cold neritic species
was found (Figs. 13 and 14). Coexistence of the
cold neritic species indicates that the Joban
Coastal Assemblage came from the Joban
coastal region north of the Kuroshio Extension.
The Joban Coastal Assemblage was found as in-
truded subsurface layer (20-70 m) at St. C19 and
uplifted to the surface at Sts. C21 and C30. Low-
salinity water (<(34.5 psu) found at Sts. C19
and C21 seems to indicate partly this course
(Fig. 5) but PCA-OD as well as conventional T-

S analysis could not reveal this. Such a discrep-
ancy is thought to be produced by different na-
tures between the physico-chemical property of
water and the plankton assemblage. The former
(temperature, salinity and five nutrients)
changes gradually and continuously by mixing
of water types. However, individual plankters
continue to exist after their populations are
mixed. This conservative nature vests plankton
assemblage with practical value as the tracer of
changing and mixing water types
(FRYXELL et al., 1984; KACZMARSKA et al.,
1986). PCAs can identify those assemblage dif-
ferent from neighboring assemblages being com-
posed of similar species.

At St. C39 in the northern extreme of the
study area the Oyashio Assemblage was found.
Since this assemblage contained a few warm
water species, it can be understood that influ-
ence of the warm water had extended to east of
Hokkaido in this season. The Oyashio Assem-
blage was likely to be modified into the North-
ern Mixed Assemblages 1 and 2 by further
mixing with warm water at St. C40, which indi-
cated by relative position of respective clusters
in Figs. 11 and 12. Degree of the mixing of warm
water was lesser in subsurface (Assemblage 2)
than in the surface (Assemblage 1) as expected.
On the other hand, typical Oyashio Assemblage
was not found even below the Assemblage 2
where the Oyashio Water System was identified
by T-S analysis; the Background Assemblage
was found there. This fact demonstrates that
the Background Assemblage which had been
formed in winter through entire water column in
the Oyashio and the mixed water regions
(CHIANG and TANIGUCHI, 1993) was kept un-
changed below the euphotic zone. This is the pos-
sible reason why the Background Assemblage
was pervading the deeper part of water columns
over the entire area (Figs. 13 and 14).

In the Coastal Water Type at Sts. C34 and C35
which was identified by PCA-OD, two different
diatom assemblages,i.e.the Tsugaru Warm Cur-
rent Assemblage and Southern Sanriku Coastal
Assemblage, were found. The Tsugaru Warm
Current 1s known as a narrow coastal flow in
the surface layer which is hardly distinguished
from the Sanriku coastal water system by con-
ventional T-S analysis (cf. Kawal, 1972; Ha-
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NAwWA and MITSUDERA, 1987). The present
PCA-OD could not distinguish these two waters
too, but the PCA-DC and PCA-DS detect the dis-
tinction between them. Revelation of the
Coastal Front Assemblage at Sts. C32 and C33 is
an another example showing high ability of dia-
tom assemblage to distinguish slightly different
water types. Two-layered structure of this as-
semblage at St. C32 (Fig. 14) strongly indicates
the complexity in fine scale of local mixing proc-
ess of converging waters at frontal region.

The facts described above demonstrate that
the distribution pattern of diatom assemblages
was not always consistent with that of the
water types, usually being more complex. The
Background Assemblage pervaded the entire sec-
tion, on which seven other assemblages were dis-
tributed in different way from the distribution
of water types (Figs. 13 and 14). In other words,
PCA-DC and PCA-DS can trace distribution of
different waters more precisely than PCA-OD
and conventional T-S analysis as well.

It should be noted again that the Background
Assemblage was smallest in population density
among assemblage found in this season except
the Nothern Mixed Assemblage 2 which was at
the same level or exceeded very slightly the
Background Assemblage in the density. Since the
Northern Mixed Assemblage 2 occurred in sub-
surface layer at St. C40, low underwater light
intensity may be primarily responsible for its
lower population density. The same can un-
doubtedly be the case for the Background As-
semblage distributed in subsurface layer over
entire area. However, although the Background
Assemblage was also found commonly in the
surface layer (Figs. 13 and 14), its size was
small. This is most likely to indicate that the
diatom production is not high in the background
water type occupying large part of the North
Pacific Polar Front (cf. TANIGUCHI, 1981). The
production is enhanced in the surface layer
where the other water types such as warm
streamer and coastal water as well as the
Oyashio water intrude, where, in turn, new as-
semblage are formed.
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