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Abstract

The phytoplanktion ecology of estuarine waters was investigated in the Kyeonggi Bay from May
1981 10 September 1982 on monthly basis. In this siudy area, a total of 228 phytoplankion species was
identified. Among these 1axa, the most dominant species are diatoms in this area.

Tychopelagic plankion occupies 40.4 % of touwal species. The percentage of tychopelagic plankton
densily ranged from 10.2% in September 10 92.7% in March of monthly standing crops. From late
autumn to early spring, the percentage values are more than 72%. They play an important role from
late autumn to early spring in this estuarine plankton community,

These tychopelagic planktons are induced from benthic diatoms. Because the botiom shear stresses
generated by the tides and winds are stronger than the adhesive and tractive force of benthic diatoms,
mosli of benthic diatoms must be resuspended into tychopelagic suspensions during autumn and winter.

Faralia sulcata is the most important tychopelagic plankton as an indicator species of water mixing
in the eastern coastal area of Yellow Sea. This species seems 10 have even broader 1olerence 1o the en-
vironmental stress than Skeleronema costatum, and tends to fill the gaps in winter, when the
phytoplankton is relatively unsuccessful. Skeletonema costatum and Chaetoceros debilis are dominant
in other seasons.

Typical blooms of phytoplankton occur in spring and early autumn, The first bloom is started by
Skeletonema costatum in early May, second peak is formed by various diatom population in
September.
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INTRODUCTION

In estuarine ecosystems, numerous
physico-chemical and biological factors may
be responsible for phytoplankton distribu-
tion. Estuarine water circulation and mixing
are most often cited as the controlling factors
on distribrtion of phytoplankton (Roff ef al.,
1980). By these continuous movements of
water and the inputs of river discharge and
polluted waste water, planktonic populations
in estuaries are complicated. Estuarine
phytoplanktons could be derived from three
components; autochthonous populations,
temporary autochthonous populations and
allochthonous populations which are in-
troduced from fresh water or the open sea
(Perkins, 1974).

There are also many tychopelagic species in
estuaries which live in the plankton or on the
bottom with equal facility. Benthic or littoral
diatoms do appear in the plankton, particular-
ly when strong turbulence created by tidal cur-
rents puts them into suspension. These algae
occasionally are resuspended by wind driven
vertical mixing and winter turbulence. By
these processes phytoplankton community
could be diversed in winter season. Thus ben-
thic diatoms play an important role as
tychopelagic plankton assemblages. However,
little is known regarding the tychopelagic
mechanisms of benthic diatoms.

The physico-chemical complexities of the
estuarine environment determine character-
istic species composition, distribution and
complex ecological patterns in the plankton
community structure (Grindley, 1981). In the
previous studies, to clarify the influence of en-
vironmental factors on the phytoplankton
community in Kyeonggi Bay, the hydrological
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and light conditions were studied (Choi and
Shim, 1986 a, b).

About the study of marine phytoplankton
in the Kyeonggi Bay, Kurashige (1944)
reported the seasonal fluctuations of the
planktonic diatoms of the Kyeonggi coastal
areas for the first time. After that time, there
are many studies on the phytoplankton in
Kyeonggi Bay (Choi, 1965; Chung er al.,
1969, 1971; Chung, 1969; Chung and Lee
1977, Yoo, 1982; Choi, 1982; Shim and Cho,
1984). Chung and Lee (1977) studied phyto-
plankton standing crops in Incheon Dock,
Yoo (1982) also investigated phytoplankton
and benthic algae, considering correlation
with environmental factors in Incheon Dock.
Shim and Cho (1984) studied benthic diatoms
on the intertidal zone in the vicinity of In-
cheon Harbour.

As mentioned above, many studies were
carried out on the distribution and abundance
of phytoplankton and benthic diatoms. Most
of these studies, however, are limited only to
one season or artificial environment. This
study lay emphasis on (1) phytoplankton com-
position, distribution, standing crops, (2) the
role of littoral diatom as tychopelagic
plankton, (3) the tychopelagic mechanism of
littoral diatom, to clarify the phytoplankton
ecology of Kyeonggi Bay over all season.

MATERIALS AND METHODS

Samples in this study area were collected
from two surveys for each purpose. The first
survey was carried out monthly during the
periods from October 1981 to September 1982
at seven stations in the Incheon Bay and the
second was carried out 9 times during the
periods from May 1981 to April 1982 at five
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stations located in major tidal channels of the
Kyeonggi Bay (Choi and Shim, 1966 a).

The qualitative samples of phvtoplankton
were collected by the vertical towing of
Kitahara type plankton net with size of NXX.
25 (58um) made of synthetic nylon. Iden-
tification of phytoplankton was followed by
author’s preceding method (Choi, 1982).

Phytoplankton samples for standing stock
determinations were collected with Van-Dorn
water sampler. 1/-polyetylene bottles were us-
ed for the sampler and samples were preserved
with Lugol’s solution. Following McAlice’s
treatment (1971), Sedgwick-Rafter chamber
was used to determine phytoplankton stand-
ing crops.

RESULTS AND DISCUSSION

1. Phytoplankton composition and
distribution

1.1 Composition

A total of 228 phytoplankters was iden-
tified in this study. Taxa included 178 species
and 3 varieties of diatoms, 4 species and one
variety of silicoflagellates, 29 species and 2
varieties of dinoflagellates, and 11 blue green
algae and green algae.

Among these taxa, 31 diatoms, 13 dinofla-
gellates, 1 silicoflagellate, and 1 green alga are
reported for the first time from this area.
Among them, 7 diatoms, 3 dinoflagellates and
1 species of silicoflagellate are new records for
the Korean coastal waters.

These newly recorded species are Craspedo-
discus moelleri, Cocconeis sublittoralis, Didy-
mosphenia geminata, Navicula pusilla, Pin-
nularia ambigua, Tropidoneis vanheurckii,
Surirella armoricana, Dinobryon sertularia,
Protoperidinium pyriforme, Diplosalopsis or-
bicularis, Gonyaulax catennela.

Total numbers of taxa were relatively larger
than that reported by Chung ef al. (1971) and
Yo00(1982). The reason is that their studies were

carried out during only one season or limited
in artificial dock. By this time, total
phytoplankters collected in Kyeonggi Bay, ex-
cluding Incheon Dock, were 293 taxa.

These phytoplankton could be divided into
7 groups with habitat characteristics by many
references (Hustedt, 1927-1966; Hendey,
1964; Kokubo, 1955; Shim, 1977); 113 neritic
species, 18 brackish species, 12 fresh-brackish
species, 17 fresh species, 21 neritic-brackish
species, 16 oceanic species and 31 oceanic-
neritic species. Oceanic and oceanic-neritic
species showed relatively high occurrences.
This means that, although this study area is an
estuary, the circulations with offshore waters
are more frequently.

The low occurrence of brackish species in-
dicates that most of proper brackish species
could not be adapted in the large environmen-
tal fluctuations. Freshwater species occurred
at all stations. However, most of them occur-
red mainly in the upper part of the bay.
Freshwater species are relatively frequent at
stations A, B, 6, 5 and 3 (Fig. 1). This means
that freshwater discharges from Han River
distinctively influence on the distribution of
water masses to station B area. From station B
area toward the outer bay, the number of
freshwater species markedly reduce, while the
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Fig. 1. The percentage variaiion of the composition
of 4 main forms.
N: neritic, O: oceanic, O.N: oceanic and neritic,
B: brackish, N.B: neritic and brackish, F: fresh,
F.B: fresh and brackish.
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oceanic and oceanic-neritic species increase
toward the mouth of bay.

Brackish species show relatively homo-
geneous distribution excepting at station 4.
The low occurrence of brackish species at sta-
tion 4 seems to the fact that water masses at
station 4 are extremely polluted (Choi and
Shim, 1986 a). The number of neritic species
decrease toward the outer part of the bay.

The monthly distribution of these groups
are distinctively varied with seasons (Fig. 2).
The percentages of oceanic and oceanic-
neritic species varied greatly with seasons. In
winter, oceanic species decrease considerably,
however, from July, these groups increase to a
maximum in September. During summer and
autumn, high occurrence of these oceanic
species may be due to the incursion of oceanic
species from offshore water.

Most of these invading oceanic species are
indicator species of Kuroshio Current
(Motoda and Marumo, 1963). This indicates
that a branch of Kuroshio Current runs nor-
thward in outside of the bay(Lee, er a/.,1967;
Choi, 1983), and that a part of this tributary
could introduce into the bay in summer. The
oceanic species which were observed in this
study area mainly are Chaetoceros borealis,
Ch. convolutus, Ch. decipiens, Ch. decipiens
form. singularis, Rhizosolenia styliformis,
Thalassiosira punctigera, Protoperidinium
brochii, P. depressum. Ceratium kofoidii,
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Fig. 2. Monthly variations of 4 main habitat torms.
N: neritic, O: oceanic, O.N: oceanic and neritic,
B: brackish, N.B: neritic and brackish, F: fresh,
F.B: fresh and brackish.

Ceratium macroceros var. gallicum.

The number of freshwater species also
varied with seasons. In winter, the occurrence
of freshwater species are rare, being due 1o the
small river discharge. However, after heavy
rainy periods, these species increased rapidly
to a maximum in August. Thus the distribu-
tion of invading species, both from freshwater
and from offshore water show distinctive
seasonal vairations. However, neritic species
and brackish species occurred irregularly or
showed less variations. Some organisms have
become adapted to the environmental fluctua-
tions in estuaries and represent a comparative-
ly stable biotope, but this group does not con-
tain a large variety of species (Caspers, 1967).

In estuaries, because of the periodic change
in current direction, the plankton remains in
the same water mass for a long period enough
to develop populations of various species
(Schulz, 1960). These assemblages consist not
only of brackish water species but many other
species able to resist the unstable conditions.
Some of them develops and passes its whole
life history in the estuary and is referred to as
autochthonous organisms or native species
(Riley, 1967; Perkins, 1974; Smayda, 1980;
Grindley, 1981). Permanent or temporary
autochthonous populations of marine
diatoms play an important role particularly in
the lower reaches of estuaries (Grindley,
1981). In this study area, autochthonous
species occurred at all stations around the year
are listed in Table 1.

1.2 Distribution

The number of total species occurred at
each station ranged from 141 species to 167
species, with a mean of 152 species.

Average numbers of occurring species at
each station in the second survey area are
slightly more than that in the first survey area.
In the first survey area, average numbers of
species occurred at each sample are 39 species,
being low distribution in compared with
another coastal area. This means that first
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Table 1. Autochthonous species occurred at all stations
through the year in this study area.

Actinoptychus senarius Nitzschia spectabilis

A. splendens Odontella mobitiensis
Bacillaria paxillifer O. sinensis
Campylosira cymbelliformis  Paralia sulcata
Chaetoceros affinis Pleurosigma angulatum
Coscinodiscus asteromphalus P. elongatum

C. kutzingii Rhaphoneis surirella

C. radiatus Rhizosolenia setigera
Cyclotella striata Skeletonema costatum
Ditylum brightwellii Streptotheca thamesis
Hyalodiscus stelliger Thalassiosira eccentrica
Navicula salinarum Thalassiothrix frauenfeldii

Nitzschia longissima Triceratium favus
N. seriata Ceratium fusus
N. sigma Dictyocha fibula

survey area is stressed by environmental pollu-
tion.

In both survey areas, the monthly occur-
rence are high in summer to early autumn,
and are low in late autumn to early spring,
through winter. Such high occurrences in
summer and early autumn may be due to the
invasion of oceanic and freshwater species,
and low occurrence in winter and early spring
may be induced by the extreme fluctuation of
environmental factors.

In the second survey area, the year round
occurred forms are 32 species, ranging
28-43% of total phytoplankton. This means
that relatively many species succeed with times
and that seasonal fluctuations of species are
relatively high.

The variations of diatom species ranged
from 75.2% in August to 89.7% in March.
Dinoflagellates variations ranged from 6.6%
in February to 19.1% in July. Green algae,
blue green algae and silicoflagellates show
maximum occurrence in August. The percen-
tage of diatom occurrence are high in winter
and low in summer and early autumn.
Dinoflagellates, blue green algae, green algae
and silicoflagellates show high occurrence in
summer and early autumn.

2. Tychopelagic plankiton.

2.1 Distribution.

There are many extensive mud flats com-
posed of mud or fine sands in this study area.
Various benthic diatoms live on these mud
flats (Shim and Cho, 1984). These benthic or
littoral diatoms are mainly source of tycho-
pelagic plankton.

In this study area, the occurring species can
be divided into planktonic forms and
tychopelagic forms. Tychopelagic forms iden-
tified are 92 species, 40.4% of total species,
playing an important role in this ecosystem.
Shim and Cho (1984) reported 99 benthic
diatoms on the intertidal zone of Yeongjong
island and Incheon Bridge area. At each sta-
tion, tychopelagic plankton occurred are in
the range of 55-61 species in the second survey
area. The occurrences of tychopelagic
plankton at the upper part of the bay are
relatively more than that at the lower part.
This may be due to the strong tidal current
and the shallowness at the upper. In the first
survey area, the occurrences of tychopelagic
plankton are relatively less than that in the se-
cond area. This result may be due to the
reduction of littoral species affected by water
pollution as well as that at station B.

In the first survey area, the occurrence of
tychopelagic plankion shows distinctive
seasonal variation. The species occurred at
each month varied from 26 species in April to
48 species in January. In general, the frequen-
cy of occurrence are low during spring and
summer, and are high in winter.

The occurrence of tychopelagic species
plays an important role from late autumn to
late winter in this estuarine phytoplankion
communities. However, annual variations in
the composition of tychopelagic plankton are
naot great. This means that the compositions of
benthic diatoms in this study area are relative-
ly uniform. This result concurred well with
that by Shim and Cho (1984).

The percentage of the density of tychope-
lagic plankton to total standing stocks are
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Fig. 3 Monthyl variations of percentage of tycho-
pelagic plankton and planktonic standing crops.
P: planktonic form, T: tychopelagic form

shown in Fig. 3. In the first survey area, the
density of tychopelagic plankton ranged from
6,930 cells/1 at station 1 in September to
542,682 cells/ 1 at station 1 in March (Table
2).

The percentages of tychopelagic plankton
density show the distinctive seasonal varia-
tion (Fig. 3). In the first survey area, the
percentage of tychopelagic plankton density
ranged from 10.2% in September to 92.7% in
March. From late autumn to early spring, the
percentage values are more than 72%. From
April, the percentage decreases rapidly to
minimum in September. From spring to early
autumn, the percentage values are less than
31%.

As a whole, the density of tychopelagic
plankton are high from late autumn to early
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spring, and are low from spring to early
autumn.

The horizontal distributions of tychopelagic
plankton density are relatively homogeneous.
However, densities at stations 4 and 6, which
are shallow and have strong tidal currents, are
relatively higher than those at another sta-
tions. In the vertical distribution of
tychopelagic plankton, the densities increase
toward the bottom (Table 3).

In this study area, the common tychope-
lagic species are as followings; Actinocyclus
ehrenbergii, Actinoptychus senarius, A.
splendens, Amphora ovalis, Bacillaria pax-
ilifer, Odontella aurita, O. sinensis, Coc-
coneis placentula, Coscinodiscus radiatus,
Cvclotella striata, Diploneis interrupta,
Gyrosigma spencerii, Hyalodiscus stelliger,
Navicula distans, N. pusilla, N. salinarum,
Nitzschia sigma, Paralia sulcata, Pleurosigma
angulatum, Surirella ovata, Thalassiosira ec-
centrica, Triceratium favus. Among these,
Paralia suicata is the most dominant species.

Thus the pelagic system in the Yellow Sea is
characterized by many bottom living or ben-
thic diatoms. In Chung e/ al.’s study (1971),
benthic diatoms occurred in their study on the
phytoplankton in Kyeonggi Bay are 32% of
total species. In the phytoplankton communi-
ty of Incheon Dock, the benthic forms occupy
only 14% of total number of species (Chung
and Lee, 1977). In Cheonsu Bay, 37 benthic
species, 26% of total speices, are occurred
(Shim and Lee, 1979). Kurashige (1943)
reported that the densities of Paralia sp. were

Table 2. The distribution of tychopelagic plankton densities in the first survey area (cells//)

1981 1982
Station oct. Nov. Dec. Jan. Feb. Mar. Apr. May. Jul. Aug. Sep.
St 1 48,180 209,920 146,250 299,460 309,056 542,682 36,143 167,240 39,480 53,613 6,930
St. 2 38,200 107,916 165,315 139,320 263,568 144,088 263,250 89,984 67,620 43,707 27,417
St. 3 83,763 95,062 47,600 239,010 117,120 130,314 188,811 196,882 21,168 40,404 26,190
St. 4 58,308 38,610 21,600 66,566 79,254 61,360 259,548 154,830 25,480 26,920 13,380
St. S 123,280 166,056 93,240 199,584 320,814 111,948 417,162 157,366 16,372 18,690 14,721
St. 6 112,746 117,612 132,240 274,971 266,742 141,330 464,820 78,122 36,765 18,700 45,126
St. 7 90,152 155,411 178,100 282,370 158,456 161,020 243,006 108,800 42,016 12,257 11,010
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Table 3.The vertical distribution of total standing crops of tychopelagic plankton in the sccond survey area during the

sampling period

Unit: Cells and Percentage

Station A Station B Station C
Type Surface Middle  Bottom  Surface Middle Bottcm  Surface Middle  Bottom
Tychopelagic 1,241,539 1,068,580 1,737,583 1,316,141 2,223,905 1,851,959 690,721 1,983,097 2,087,127
(%) (50.2) (54.6) (72.1) (51.2) (67.0) (63.3) 42.0) 49.9) (68.3)
Planktonic 1,230,311 888,673 673,637 1,255,147 1,093,064 1,072,505 952,784 1,989,589  968.975
(%) (49.8) (45.4) (27.9) (48.8) (33.8) (36.7) (58.0) (60.1) (31.7)
Station D Station E_ o
Type Surface  Middle Bottom  Surface  Middle Botiom T
Tychopelagic 1,191,979 1,896,568 2,112,426 2,760,778 2,350,156 2,658,586
(%) (44.3) (65.7) (78.4) (85.3) (67.2) (82.4)
Planktonic 1,498,718 991,723 581,407 474,596 1,147,710 566,816
(%) (55.7) (34.3) (21.6) (14.7) (32.8) (17.6)

11-85% of total standing crops in Taeya
island of the Yellow Sea. He (1944) also
reported that the densities of Paralia sp. were
13-47% of total standing stocks in Incheon
Harbor and 17-36% in Daedong River mouth.
In Garolim Bay, the densities of benthic
diatoms were 16-97% of total standing crops
(KORDI, 1980). Thus, the composition and
abundance of benthic species contribute great-
ly to the phytoplankton assemblages in the
Yellow Sea.

2.2 Tychopelagic mechanism of benthic
diatoms.

As mentined above, benthic diatoms are
mainly source of tychopelagic plankton.
These algae occasionally resuspended by wind
or tide induced turbulence in shallow waters.
Such turbulence is responsible for raising
tychopelagic species into planktonic suspen-
sion (Perkins, 1974). Gallagher (1975) found
that the surace film of water flooding is rich in
pennate diatoms which is becoming tycho-
pelagic plankton from benthic diatoms.

Harper and Harper (1967) carried out
measurements of diatom adhesion and their
relationship with movement. They found
that resistance to shear stress in laminar flow
throush a capillary tube is particularly high in
a large episamic species, e.g., Amphora ovalis

and is related to strong adhesion.

Table 4 indicates that stationary diatoms
often have higher values of adhesion than
moving ones. Average ranges of adhesive and
tractive forces for diatoms on a horizontal sur-
face varied from 0.08 to 410 millidynes with
maximum of 2,900 millidynes in Diploneis
ovalis, an episamic species (Table 4).

In the middle of the Yellow Sea basin, the
bottom shear stress induced from northwest
wind during autumn and winter seasons,
calculated by Kang and Choi (1984), are in the
range of 0.1 to 1.0 dyne/cm?. If we follow
Harper’s measurement on adhhsive and trac-
tive force of benthic diatoms, most of benthic
diatoms must be resuspended by the bottom
shear stresses in the Yellow Sea basin.

The high correlation (R =0.793) between
tychopelagic plankton abundance and S.S.
concentrations suggests that these two
substances are resuspended simultaneously by
the bottom shear stresses (Fig. 4). The bottom
shear stresses by strong northwest winds in
winter are enough to resuspend benthic
diatoms into tychopelagic forms in the
Kyeonggi Bay.

The low denstiy of tychopelagic plankton
in summer and early autumn attribute to the
two possible reasons. Such a sink in summer
may be due to the decrease of the standing
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Table 4. Ranges of adhesive and tractive forces for diatoms on a horizontal surface. Mean and standard deviation (5.D.)
not given if number of readings (N) less than 7 (In Harpr and Harper, 1967)

ADHESION (mdynes)

TRACTION (mdynes)

Species state N Max. mean Min. S.D. N Max. mean Min, 5.D.
Diploneis ovalis stationary 2 2900 1000 2 48
Amphora ovalis moving 3 480 230 48
stationary 11 630 410 140 170 4 73
Surirella ovalis  moving 2.1
stationary 7 14 4.6 1.0 4.0 8 21
Nitzschia moving 16 6.6 1.9 0.36 2.0 1.1 005 0.94
linearis stationary 12 12 4.3 0.1 3.4 24 0.57
Navicula moving 25 4.2 0.83 0.02 1.1 0.25 0.01 0.14
oblonga stationary 21 6.8 2.0 0.24 1.7 2 22
Cymatopleura  moving 2 4.8 0.23 0.25
solea stationary 9 4.5 0.91 0.02 1.4 20 1.9
Nitzschia sigma  moving 24 93 1.3 0.02 2.0 0.08 0.01  0.08
stationary 23 14 1.7 0.05 3.1
autumn to earl rin intained in
100+ Y =0.795+0.012X y sp .g are mainta e_d
R =0.793 . phytoplankton community by the convectional
904 . .. . . .
mixing. However, in the advancing spring, the
turbulence of water column decreases and
3 light intensity increases. As a result,
E tychopelagic forms again sediment, and
v planktonic forms increase rapidly. In sum-
mer, weak stratified layers are formed ver-
tically in the bay (Choi and Shim, 1986 a).
Such a stratified layer prevents the resuspen-
] sion of tychopelagic plankton.
4, il 1 L 1 i L 1 i
1000 2000 3000 4000  S0U0  6V00

Standing crops (1000/cells)

Fig. 4. Relation between the tychopelagic abundance
and the concentration of S.S in the second survey area.

stocks oi benthic diatoms during the summer
{Shim and Cho, 1984). However, their results
do not completely agree with the distribution
of tychopelagic plankton densities. The stan-
ding stocks of benthic diatoms are minimum
in June. But, the densities of tychopelagic
plankton are minimum in August and
September. Therefore another reason must be
considered.

Their low densities may be due to the
stability of water mass to prevent the
resuspension of benthic diatoms. The
resuspension of benthic diatoms from late

3. Standing crops and dominant species

3.1 Standing crops.

Except Kurashige (1944) and Choi’s (1982),
little is known about the phytoplankton stan-
ding crops in Kyeonggi Bay. They reported
that phytoplankton standing crops ranged
from 1,860 cells/1 to 25,780 cells/1, and
from 93,690 cells/1 to 588,676 cells/1,
respectively.

In this study area, the standing crops of
phytoplankton ranged from 16,234 cells/ 1 at
station E to 1,753,458 cells /1 at station 4. The
fluctuations of standing crops varied greatly
with seasons and stations (Fig. 5). Typical two
peaks of phytoplankton standing crops are oc-
curred in spring and early autumn at stations
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Fig. 5. Monthly variations of total standing crops in
the first survey area.

1, 2 and 7, respectively. The general pattern of
the annual cycle of the phytoplankton shows
first increase in the standing crops in April
and decrease in May, and then a second peak
in early autumn. The autumn peak was lower
than that of spring. From late autumn to early
winter, phytoplankton standing crops are
minimum. During the winter and early spring,
the low standing crops are maintained. Such a
low densities of phytoplankton may be due to
the decrease of planktonic forms by un-
favorable light condition. During winter
season, though relatively low densities,
considerable standing crops were maintained,
ranging from 120,620 cells/1 to 457,000
cells/ 1. Such a winter population mainly con-
sists of benthic diatoms which were resu-
spended by winter mixing into tychopelagic
planktons. Tychopelagic plankton can photo-

synthesize at extremely low light intensities
(Colijn and Van Buurt, 1975). Since October,
tychopelagic populations begin to increase
through winter to a maximum of 92.7% in
March. From spring, however, tychopelagic
populations decrease gradually to minimum
with 10.2% in September. The seasonal
variations of planktonic populations are in-
verse relationship with tychopelagic popula-
tions (Fig. 3).

In the vertical distribution of standing
crops, from spring to early autumn, the sur-
face population are more abundant than the
bottom populations. However, from late
autumn to early spring, bottom population
are by far more abundant than the surface
population. This may be due to the resuspen-
sion of benthic diatoms from bottom. Among
neritic, oceanic, brackish water and fresh-
water forms, neritic forms are dominant, ex-
ceeding 80% at all stations. The percentage of
oceanic forms ranged from 3.8% to 6.3%,
brackish water forms are 3.2-8.3%, and the
percentage of freshwater forms ranged from
0.21% t0 2.5%

Seasonal variations of neritic and oceanic
forms are distinct (Fig. 6). Neritic populations
decrease from summer to early winter and in-
crease from winter to spring. Oceanic popula-
tion increase from August to a maximum of
12.6% in October and decrease gradually to
5.2% in February. The high percentage of
oceanic populations in late Summer and
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autumn may be brought by the incursion of
offshore water from the outer bay.

3.2 Blooming and Red tide.

The phytoplankton community is charac-
terized by two diatom blooms. The first
bloom occurs in late April and early May.
Especially, at station 4 which is receiving more
environmental stress from industrial complex,
the standing crops occurred in tremendous
quantities, over one million cells. This means
that these spring blooms are positively cor-
related with nutrients or another pollution
materials.

Among many species, Skeletonema costa-
tum is the predominant species by number.
During bloom period, Skeletonema costatum
densities ranged from 549,180 cells/1 to
1339,596 cells/ 1. Paralia sulcata also attained
large populations, ranging from 135,344
cells/1 to 477,012 cells/1. Although their
densities are less than 10% of total popu-
lations, three other species, Chaetoceros
debilis, Nitzschia acicularis, Thalassiosira sp.
also attained considerable populations. In spr-
ing bloom, a few common species lead to the
dominance.

Autumn blooms occurred in 1982 were cor-
related with nutrient concentration and the
stability of water mass. After summer rainy
period, estuarine water masses were relatively
fertilized by the input of nutrients from land
(Choi and Shim, 1986a). And favourable
physical conditions with optimum light inten-
sity were formed by thermal stability (Choi
and Shim, 19865b). Therefore, autumn
blooms are characterized by the occurrence of
various planktonic species, being due to the
physical and chemical favourable conditions.
Dominant species consist of Chaetoceros
debilis, Ch. compressus, Ch. decipiens, Ch.
danicus, Asterionella glacialis, Ditylum
brightwellii, Nitzschia seriata, Skeletonema
costatum., Rhizosolenia stolterfothii and
Thalassiosira rotula.

In autumn blooms, Poralia sulcata was
shown low densities. This may be due (o the
thermal stability preventing from the
resuspension of Paralia sulcata.

The supplementary sampling was perform-
ed in July 1984 and red tide was observed for
the first time in the study area. Not only are
red tide organisms liable 10 cause widespread
discoloration of the sea but they may produce
notable secondary effects. In (his study area,
yellowish discoloration by Skeleronema costa-
tum has been occurred in spring occasional-
ly. However, reddish waters were firstly
observed at this time. This red tide was pro-
duced by the dinoflagellate Noctiluca scin-
tillans after summer diatom bloom in July.

The discoloration was due to extremely
high concentrations of the Noctiluca scin-
tillans, ranging from 120,000 cells/1 to
250,000 cells/1, closely packed together in a
dense layer only a several centimeters thick on
the surface of the water. Their length extend-
ed several hundred melers and widths were in
20-30 meters. This red tide was limited from
Yeongheung Island to Incheon harbor, more
densities in Banwol area, Wolmi area and sta-
tion 4 area. This red tide happened rapidly
during the neap tide, in 24 July 1984, and
disappeared in spring tide. This may be due to
the high concentrations of nutrients and rapid
decrease in salinity after heavy precipitations,
and exceptional high transparency with a
mean of 4.5 meters, induced by water stabili-
ties during neap tide.

4. Indicator species and Dominant species.

4.1 Indicator species

Since water pollution is in many instances a
biological phenomenon, it would appear logi-
cal that it ought to be measured biologically.
Biological indicators show the degree of eco-
logical unbalance that has been caused, and
chemical methods measure the concentration
of pollutant responsible (James, 1979). It is
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important to see these not as alternative but as
complementary methods of assessment. Algae
as indicators of water quality have been
studied by many investigators (Palmer, 1977;
Maestrini et al., 1984).

In this study area, only a few species were
limited to more eutrophicated area; at station
3,4 and 6. These species included Lingbya
contorta, Gyrosigma fasciola, Melosira islan-
dica, Oscillatoria tenuis, Scenedesmus dimor-
phus. Among these species, Lingbya contorta
mainly occurred at Station 4. According 10
Palmer (1977), Scenedesmus dimorphus is a
sewage alga. Therefore, in this study area, two
species, Lingbya contorta and Scenedesmus
dimorphus, may be identified as indicator
species of water quality.

Plankton species are useful for indicators
of particular water masses and of their move-
ments. In this study area, the occurrence of
oceanic species started from July, reached a
maximum in September and October and dis-
appeared at the end of winter.

The incursions of oceanic waters were sug-
gested by Kuroshio indicator species (Lee et
al., 1967) and oceanic species as mentioned
previously. Among these, Chaetoceros con-
volutus, Rhizosolenia styliformis, Ceratium
kofoidii, C. macroceros, var. gallicum can be
characterized as oceanic indicator species.
Rhizosolenia styliformis is stenohaline and
tolerate high salinity (Perkins, 1974). Their
main habitat is doubtiess the oceanic waters,
but they occur also in coastal waters, ap-
parently in connection with a recent introduc-
tion from offshore (Braarud, 1962). Rhizo-
solenia styliformis may be true oceanic species
in North Sea (Robinson and Waller, 1966).
Chaetoceros convolutus are also oceanic
species (Kokubo, 1955; Hendey, 1964).
Ceratium kofoidii is warm species and
Kuroshio indicator species (Yamaji, 1980).
Ceratium macroceros var. gallicum is oceanic
cold water species (Ohwada and Asaoka,
1963).

As mentioned previously, tychopelagic
planktons are useful as an indicator of water
mixing. Because benthic diatoms are resu-
spended by tide and wind induced water mix-
ing into tychopelagic plankton, the amounis
of tychopelagic plankton point the degree of
water mixing. In this study area, there are
many tychopelagic species. Among these, Ac-
tinoptychus senarius, A. splendens, Cyclotella
striata, Hyalodiscus stelliger, Navicula
pusilla, Paralia sulcata, Pleurosigma angu-
latum, Surirella ovara and Triceratium favus
are dominant in winter mixing and poor in
summer stability. Especially, Paralia sulcata is
predominant species from late autumn to ear-
ly spring in all eastern coastal area of Yellow
Sea (Kurashige, 1943, 1944, KORDI, 1980).
Paralia sulcara is common benthic species on
the surface of bottom sediment all the year
around (Shim and Cheo, 1984). Dominance as
tychopelagic plankton in winter means that
Paralia sulcata is liable to be resuspended by
winter mixing. Therefore, Paralia sulcata ts
the most important species as an indicator of
water mixing in the Yellow Sea.

4.2 Dominant species.

Over the whole year, many species appear
in estuaries but most of them are in small
numbers. Very few species are always com-
mon. Any criterion of dominance that is
chosen will be somewhat arbitrary; the present
one merely indicates that the species are well
enough suited to the environment to be signif-
icant in normal patterns of seasonal succes-
sion, rather than stays which achieve some
degree of success on rare occassions (Riley,
1967).

In this study area, the author defined dom!-
nant species as one consisting more than 5%
of the population during particular month,
for at least 10% of total samples. As a result,
the list will be reduced to 10 species, which are
shown in Fig. 7. The small vertical lines below
the base line indicate the number of stations
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Fig. 7. Seasonal occurrence and degree of dominance of

that the relative concentration exceed five per-
cent during any given month.

Among dominant species, Paralia sulcata is
predominant from October to March, with
average values of 67.1% of total populations.
The densities of Paralia sulcata ranged from
3,345 cells/1 in September at Station 4 to
541,620 cells/1 in March at Station 1, the
average dominant values ranged from 3.9% in
September to 79.6% in January. In winter
season, their cell concentrations did not in-
crease makedly, but the percentages rose be-
cause other species declined. Paralia sulcara as
a benthic diatom tolerates at low light intensi-
ty, low temperature, low salinity, high
hydrogen ion concentration and shows no dis-
tinctive seasonal variations except an increase
in April and May (Shim and Cho, 1984).
However, in this study area, Paralia sulcata as
a tychopelagic plankton showed a distinctive
seasonal variations; low densities in summer
and high densities in winter. This could be

the dominant species.

closely related 10 the water mixing induced by
winds and tidal action discussed before.

As mentioned above, Paralia sulcata is
dominant species in all eastern coastal area of
Yellow Sea during winter and early spring.
Paralia sulcata seem to have even broader
tolerence to changing physical conditions than
Skeletonema costatum (Riley, 1967), and
tended 1o fill the gaps when the plankionic
forms were relatively unsuccessful.

Skeletonema costatum was predominant
from April to October contrasting with Par-
alia sulcata. This species prompts to grow
rapidly from April and reaches the first bloom
in late April, with a maximum of 1,339, 596
cells /1 at station 4, 80.5% of total population.
Since the first bloom, the densities declined
gradually to about 10,000 cells/1 in June, but
again increased to form small second blooms
in July or maintained relatively high density
till October, and disappeared in the beginning
of winter mixings. As a rule, during the stabil-
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ity of water mass, Skeletonema costatum
shows dominance in contrast with Faralia sul-
cata. Skeletonema costatum is one of the best
adapted and most successful diatcm in estu-
aries in many parts of the world.

The density distribution of Chaetoceros
debilis is similar to Skeletonema costatum in
this study area. Chaetoceros debilis reached
its greatest abundance at the same time as did
Skeletonema (Braarud and Nygaard, 1980).
Its maximum is reached somewhat later than
that of the Thalassiosira species. According to
Braarud (1962), at the end of the spring devel-
opment in coastal waters it forms resting
spores and the same take place when it occurrs
in abundance during autumn.

Asterionella glacialis also was dominant in
spring and summer. This species occured in
maximum abundance of 87,420 cells/1, 24%
of total standing crops in July 1982. Aster-
ionella glacialis is allochthonous species
(Perkins, 1974). This species can bloom in the
interval from winter to late spring and/or
during the autumn as in Narragansett Bay
(Smayda, 1980). Thalassionema nitzschioides
seems to have broader tolerence to changing
physical conditions than Skeletonema costa-
tum (Riley, 1967). However, in this study
area, this species was dominant only in spring
and relatively poor in other seasons. The max-
imum percentage in May is 11.3%, correspon-
ding to 19,990 cells/s.

Asterionella kariana was also dominant on-
ly in the spring season. This species occurs
mainly from May to June.

Nitzschia pungens was dominant in sum-
mer. Especially, in July this species was pre-
dominant, the percentages of standing crops
reached 58.3% of total populations. Accor-
ding to Marshall and Cohn (1983), in nor-
theastern coastal waters of the United States,
Nitzschia pungens is dominant during spring
and summer.

Chaetoceros compressus and Nitzschia
seriata were widely distributed in small con-

centrations, but occurred as dominant species
in summer and early autumn. These species
were often dominant in summer in Narrag-
ansett Bay (Smayda, 1980).

Thalassiosira eccentrica was dominant in
winter season as well as Paralia sulcata. In
compared with Paralia sulcata, the concentra-
tions are less, but the distributions are similar.
This may be due to the attachment of Thalas-
siosira eccentrica. Thalassiosira eccentrica ex-
ist singly of as aggreates having attached
mineral grains (Cloern e al., 1983).

In addition, although they distributed in
the range of less than 5% of total densities,
there were common species occurred with
some densities in many samples. The common
species included Cylindrotheca closterium,
Nitzschia acicularis, N. longissima, Rhizo-
solenia delicatula, R. setigera, Bacillaria pax-
illifer, Campylosira cymbelliformis, Odon-
tella sinensis, Ditylum brightwelli, Cos-
inodiscus asteromphalus, Actinoptychus
senarius, A. splendens, Thalassiosira hyalina,
Navicula salinarum, Prorocentrum triestinam
and two silicoflagellates, Dictyocha fibula and
Distephanus speculum.

CONCLUSION

A total of 228 phytoplankton species was
identified in this study area. Among these
taxa, most species are diatoms. The percen-
tage of diatom occurrence are high in winter,
while in summer, because of the decrease of
diatom percentage, dinoflagellates and green
algae increase only a little. As a rule, neritic
diatom species are dominent throughout the
year in the study area, but, in summer and
autumn some oceanic species such as Kuro-
shio indicator species and freshwater species
invade into this bay. The composition of
species within the bay consists of about 30 au-
tochthonous species, 17-20 freshwater species,
20-30 oceanic species, 20-30 brackish species
and 93 tychopelagic species.
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Tychopelagic plankton occupies 40.4% of
total species. They play an important role
from late autumn to early spring in this
estuarine plankton assemblages. Their origins
are benthic or littoral diatoms.

Following Harper’s measurement on ad-
hesive and tractive force of benthic diatoms,
most of benthic diatoms must be resuspended
by the bottom shear stress during autumn and
winter. In late spring, the water mass become
stable, tychopelagic plankton sedimented and
planktonic species again increase rapidly. The
seasonal variations of planktonic standing
crops show inverse relationship with tycho-
pelagic plankton. In summer and early
autumn, the densities of tychopelagic plank-
ton show a minimum due to the stability of
water mass.

Typical peaks of phytoplankton occur in
spring and early autumn, respectively. The
first bloom is started by Skeletonema costa-
tum and Paralia sulcata in early May, second
peak is formed by various diatom populations
in September. Seasonal varibility of the water
column was the primary factor controlling the
phytoplankton blooms. Summer diatom
blooms were followed by red tide of Noctiluca
scintillans in July 1984. This red tide happen-
ed rapidly during the neap tide and disap-
peared in spring tide. Exceptional high
transparency during the neap tide and low
salinity may be important factors for the oc-
currence of red tide.

In this study area, there may be three types
of indicator species associated with the pro-
perties of water mass. Lyngbya contorta and
Scnedesmus dimorphus could be identified as
an indicator species of polluted water. Chae-
toceros convolutus, Rizosolenia styliformis,
Ceratium kaofoidii and Ceratium macroceros
var. gallicum could be extracted as an in-
dicator species of the input of oceanic water
masses. Tychopelagic planktons coula be con-
sidered as an indicator species of the mixing of
water masses. Paralia sulcata is the most im-

portant tychopelagic plankton as an indicator
species of water mixing in the eastern coastal
area of Yellow Sea.

Paralia sulcata is predominant from Oc-
tober to March, with average values of 67.17%
of total populations. This species seems to have
even broader tolerance to change of physical
conditions than Skeletonema costotum, and
tends to fill the gaps when the phytoplankton
is relatively unsuccessful, while Skeletonema
costatum and Chaeroceros debilis were domi-
nant in other seasons.
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