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Abstract — We investigated species composition and spatial
distribution of the euphausiid community in the Yellow Sea and
identified the relationship with environmental factors (temperature,
salinity, chlorophyll g, nitrate, phosphate, and silicate) using
bimonthly data from June, 1997 to April, 1998. The environment
varied during the sampling period. In warm seasons, thermocline
was well developed rendering lower temperature and higher
salinity and nutrient concentrations in the bottom layer. During
cold seasons the water column was well mixed and no such
vertical stratification was noted. Horizontal distribution of
temperature, however, differed slightly between near-coast and
offshore areas because of the shallow depth of the Yellow Sea,
and between southern and northern areas because of the
intrusion of water masses such as Yellow Sea Warm Current
and Changjiang River Diluted Water. Four euphausiid species
were identified: Euphausia pacifica, E. sanzoi, Pseudeuphausia sp.
and Stylocheron affine. E. sanzoi and S. affine were collected,
just one juvenile each, from the southern area in June and
December, respectively. Pseudeuphausia sp. were collected in
the eastern area all the year round except June. E. pacifica
occurred at the whole study area and were the predominant
species, representing at least 97.6% of the euphausiid abundance.
Further, the distribution pattern of the species was varied in
regards to developmental stages (adult, furcilia, calyptopis,
egg). From spring to fall, E. pacifica adults were abundant in
the central area where the Yellow Sea Bottom Cold Water
prevailed. Furcilia and calyptopis extended their distribution
into nearly all the study area during the same period. From late
fall to winter, adults were found at the near-coastal area with
similar pattern for furcilia and calyptopis. The distribution
pattern of E. pacifica was consistent regarding temperature,

*Corresponding author. E-mail: wdyoon@nfrdi.re.kr

salinity, and three nutrients during the sampling period, whereas
chlorophyll @ showed a different pattern according to the
developmental stages. The nutrients should indirectly affect via
chlorophyll @ and phytoplankton concentration. With respect to
these results, we presented a scenario about how the environmental
factors along with the water current affect the distribution of £.
pacifica in the Yellow Sea.

Key words — Eupahusia pacifica, Yellow Sea, Seasonal
spatial distribution, Yellow Sea Bottom Cold Water

1. Introduction

The Yellow Sea is an epicontinental marginal sea
located between the Korean peninsula and the Chinese
mainland. It is connected to the Bohai Sea to the north
and to the East China Sea to the south. Its marine
environment is seasonally variable depending on wind
direction and heat exchange through sea surface. The heat
exchange through sea surface takes place very quickly
due to the shallow depth (mean=44 m). As a consequence,
cold and relatively saline bottom water (the Yellow Sea
Bottom Cold Water, YSBCW) develops along the deeper
part of the Yellow Sea (>50 m). When it reaches its maximal
intensity in summer, the vertical temperature difference
could be more than 20°C. The YSBCW disappears in
winter due to convectional mixing generated by the
monsoonal wind, which prevails toward the north in
summer and south in winter. The wind pattern influences
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also the current system in and out of the Yellow Sea. The
major water masses of the Yellow Sea are YSBCW, the
Yellow Sea Warm Current (YSWC), the West Korean
Coastal Current and the Chinese Coastal Currents flowing
southerly, and the Changjiang River Diluted Water
(CRDW) which is a mixed water between the Changjinag
River discharge and East China Sea water manifesting in
summer (Lie 1984; Guan 1994; Feng 1998). Their boundary
and intensity change with season (Lie 1984). In the Yellow
Sea, with these radical changes in environment, one of the
micronektonic animals, Euphausia pacifica, propagates and
represents one of the major zooplanktonic groups (Yoon
et al. 2000).

E. pacifica are the dominant species of euphausiids in
the North Pacific (Boden ef al. 1955; Mauchline and Fisher
1969; Brinton 1976) being an important component of
marine pelagic food webs, and are one of the main prey
organisms for commercial fishes, such as hair-tail, salmon,
herring, sardine, mackerel, and baleen whales (Ponomareva
1963; Tto 1964; Komaki 1967; Mauchline and Fisher
1969; Mauchline 1980). For the Yellow Sea, studies on
euphausiids were scarce and restricted to species composition,
Among others, Hong (1969) reported two species of
euphausiids, E. pacifica and Pseudeuphausia latifrons
and Suh (1990) for P sinica. Chen (1991) reported the
distribution of E. nana and P, sinica, and Lee et al. (1998)
for E. pacifica and P. sinica. Recently Yoon ef al. (2000)
investigated the spatial distribution of E. pacifica in terms
of their developmental stages in relation to environmental
factors. However, their study was limited in sampling period
and was obscure in determining the major influencing
factors on distribution.

In the present study, combining with the data of Yoon ef
al. (2000), we report detailed results on species composition
and spatial distribution of euphausiids of the Yellow Sea,
as well as the relationships with environmental factors.
We attempted to make a hypothesis in regard to the
variation in distribution with the environmental changes.

2. Materials and Methods

The central and eastern Yellow Sea (34-37°N and 124-
126°30'E) was regularly visited (bimonthly) for an
Oceanographic Survey Program since 1961 by National
Fisheries Research and Development Institute, Korea
(Fig. 1). Physical, chemical and biological data were
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Fig. 1. Study area showing the sampling stations. The square
denotes stations visited in February, June and December,
the circle in April and October, and the star in August.
Two lines, 309 and 312, are for the vertical section of
environmental variables.

simultancously gathered. During the surveys from June,
1997 to April, 1998, euphausiids were collected and the
results are presented in this paper.

Temperature and salinity were measured at every station
(Fig. 1) with a CTD (SeaBird model 19 or 25). At every
other station, samples for chlorophyll ¢ and nutrients
(silicate, phosphate, nitrate) were taken at 0, 10, 20, 30,
50 and 75 m depths. In laboratory, chlorophyll a concentration
was measured with spectrophotometer (Varian, Cary 1E)
and nutrients with nutrient auto-analyzer (Bran+Luebbe,
Traacs 800+) after methods described in Parsons er al.
(1984). At the same stations for chlorophyll ¢ and nutrients,
euphausiids were collected using a conical net (mouth
size 1 m, mesh size 500 um) hauled vertically from bottom
to surface and the samples were immediately fixed and
preserved in buffered formaldehyde solution (10% V/V).
Euphausiid eggs were sampled with NORPAC net (mouth
size 0.45 m, mesh size 330 um) and preserved also in
buffered formaldehyde solution (10% V/V). In laboratory,
euphausiids were counted and identified to species level,
and for the most numerous one, Euphausia pacifica,
identification was made up to the developmental stages
(adult without distinction of sex, furcilia, calyptopis)
under dissecting microscope (Olympus, SZX 12) according
to the descriptions given in Brinton (1975), Ross (1981)
and Baker ef al. (1990).

Spatial distribution patterns of euphausiids were analyzed
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in relation to the environmental factors using Spearman’s
correlation.

3. Results

Temperature

Mean temperatures and ranges at the standard depths
from June 1997 to April 1998 are presented in Table 1. It
was noted that temperatures of the surface layer varied
greatly during the study period with the highest value in
August and the lowest in February, and those of lower
layer (the 50-75m depth) were relatively stable. The
vertical difference was considerable during June-October
and negligible during December-April, indicating development
and disappearance of a thermocline.

Temperatures of the 10 and 50 m depth were selected to
show the horizontal distribution (Fig. 2). At the 10 m
depth from June to October, relatively cold water was

found in the northeastern (near the Taean peninsula) and
the southeastern areas (around Heuksan Is.), which was
formed by tidal mixing with YSBCW (Lie 1989). During
December-April, the temperature was relatively uniform
throughout the water column with low values in the north
and high in the south areas. At the 50 m depth from June
to October, the coastal area was warmer than the offshore
area because of its vicinity to the land. It was also
apparent that the temperature gradient from coastal to
central area became steeper during this period. The highest
temperature at this depth was observed in October, indicating
deepening of thermocline. From December to April, the
horizontal distributions were similar with those of the 10 m
depth.

Temperatures of the Lines 309 and 312 in August and
February were selected to show the vertical sections in
the study area (Fig. 3). As shown in Table 1, thermocline
began to develop in April, reaching its maximal intensity

Table 1. Average and range of temperatures (°C), salinities, chlorophyll a (ug [") and nutrient concentration (uUM) of the study area.
Averages were calculated from standard depths (0, 10, 20, 30, 50, and 75 m depth). Temperature and salinity data for Dec. 1997
were not available, and an average of 30 years was presented.

Jun. 1997 Aug. 1997
Parameter avertsd range n avertsd range N
Temperature 13.3+4.6 6.1-26.3 259 18.9+7.4 6.3-28.8 348
Salinity 32.68+0.48 31.86-34.09 240 32.48+0.65 28.90-33.67 347
Chlorophyll a 0.81+0.79 0.09-5.53 104 0.81£0.81 0.16-4.40 182
Nitrate 2.95+£2.83 0.51-10.25 108 2.834+3.01 0.12-17.35 180
Phosphate 0.17+0.05 0.06-0.45 108 0.17+0.14 0.01-1.19 182
Silicate 5.92+3.28 0.93-14.96 108 8.03+4.89 1.67-20.88 182
Oct. 1997 Dec. 1997
Parameter avertsd range n avertsd range N
Temperature 16.7+4.0 7.1-21.5 326 10.6+0.9 8.1-12.9 266
Salinity 32.59+0.48 30.18-33.51 326 32.62+0.25 32.04-33.22 266
Chlorophyll a 0.62+0.51 0.01-2.69 153 0.73+0.33 0.15-2.21 135
Nitrate 3.22+3.27 0.01-10.60 152 2.3740.85 0.15-4.78 133
Phosphate 0.09+0.09 0.03-0.86 157 0.11+0.09 0.01-0.55 133
Silicate 7.86+4.77 0.51-17.14 154 10.86+3.02 4.77-19.52 133
Feb. 1998 Apr. 1998
Parameter avertsd range n avertsd range N
Temperature 7.4+1.6 3.9-12.2 284 8.3+1.3 5.7-11.3 333
Salinity 32.92+0.24 32.26-33.84 284 32.87£0.26 31.75-33.76 333
Chlorophyll a 0.68+0.52 0.05-3.38 127 2.02+2.27 0.05-16.79 189
Nitrate 5.40+1.91 1.88-14.03 130 3.30+3.39 nd-15.65 191
Phosphate 0.56+0.09 0.20-0.81 130 0.19+0.16 0.01-1.74 191
Silicate 10.71+3.65 1.53-19.07 130 4.19+£2.06 0.66-11.32 191
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Fig. 2. Horizontal distribution of temperature at 10 (left) and 50 m depth (right) during the study period.
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Fig. 3. Vertical section of temperature along the 309 and 312 lines in August 1997 and February 1998.

in August and disappearing in December. In August,
thermocline was around 20 m depth in the Line 309 and
40 m depth in the Line 312. Temperatures in the bottom
layer of the Line 309 was colder than that of the Line 312
(Fig. 3), indicating mixing of YSBCW with YSWC in the
southern area. In February the water column was well
mixed by surface cooling and strong monsoonal wind in
both lines. In the Line 309 in both periods, relatively
sharp gradients were noted between coastal and offshore
areas. In the Line 312, however, weak gradient was
detected in August probably because of the gentle slope
of bottom, and in February both ends were warmer than
the central part because of the YSWC intrusion.

Salinity

Salinity was highest in February and lowest in August
(Table 1). Vertical variation of salinity was larger during
June-October than during December-April. Salinities of
the 50-75m depth were always higher than those of upper
layers. In all the depths, salinities were low in the
northeastern and central western areas, and high in the
southern area (Fig. 4). Less saline water was found at the
surface layer in the south-central area in August and
persisted until October due to the CRDW influence.
Water with high salinity at the surface around Heuksan Is.

in August was formed by tidal mixing of the YSBCW.

The vertical sections of salinity showed variations not
only between surface and bottom layers, and between
coastal and offshore areas (Fig. 5), but also between
survey lines. In August, halocline of about 2 psu was
recorded at the 10-30 m depth in the Line 309 with less
saline surface water in the western offshore area. In the
Line 312, more diluted water was observed confirming
existence of the CRDW. In February, the water column
was well mixed and sharp gradient of salinity was
observed between coastal and offshore areas. It was noted
that coastal water of the Line 309 was more saline than
the offshore one and the reverse for the Line 312 due to
the intrusion of the saline YSWC.

Chlorophyll a

Chlorophyli a concentration showed two-fold variation
during the study period (Table 1), highest in April and lowest
in October. Maximum chlorophyll a layer was in the middle
or bottom layer and never found in the surface layer. High
chlorophyll a concentration was observed at stations near the
coastal area. In April, the highest concentration was recorded
in the central offshore area at 10 and 50 m (Fig. 6).

The vertical profile of chlorophyll a concentration in
August and February in the Line 309 showed that it was
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Fig. 5. Vertical section of salinity along the 309 and 312 lines in August 1997 and February 1998.

high in coastal areas with maximum concentration at
10 m in August and 50 m depth in February (Fig. 7). In
the Line 312, however, concentration was high in the
middle or in the bottom layers in August, and in the
middle layer in February.

Nutrients

Nitrate concentration was high in February and low in
August (Table 1). During June-October, nitrate concentrations
in the upper layer were higher at stations near the coastal
area than those of offshore areas, whereas in December-
April, the difference between two areas was not evident.
Distribution pattern of nitrate of the bottom layer was
different from that of the upper layer; higher concentrations
were found in the central offshore or in the southern
central areas (Fig. 8). Phosphate concentration was highest
in February and lowest in October (Table 1). Spatial
distribution was relatively homogenous with slightly
higher concentration in the southern area (Fig. 9). Silicate
concentration was highest in December and lowest in
April (Table 1). The values were high in the coastal or
southern area for the upper layer, and central or southern
areas for the bottom layer (Fig. 10). Vertical stratification
of nutrients started in April, reached its maximum
intensity in August, and disappeared in December.

Euphausiid community structure

In the study area, 4 species of euphausiids were identified:
Euphausia pacifica, Pseudeuphausia sp., Stylocheiron affine,
E. sanzoi (Table 2). Among them E. pacifica represented
99.5% of abundance on an annual basis with the least
proportion recorded in June (97.6 %). The proportion and
dominance of each developmental stage varied with time;
adults were the most abundant in August and the least in
December, furcilia the most abundant in June and the
least in October, and calyptopis the most abundant in
April and the least in October. Egg numbers were highest
in April (average=131.9 eggs m™), dropped sharply in
June (14.6 eggs m”) and were at their lowest in December
(1.2 eggs m™). Daytime abundance of adult, furcilia, and
calyptopis represented 35, 77, and 81% of night-time
abundance, respectively, indicating intrinsic sampling
error, notably for adults. Pseudeuphausia sp. was the
second most abundant species but the abundance was
considerably small compared to E. pacifica (Table 2).
Their maximal abundance was in August. The other two
species, S. dffine and E. sanzoi, were observed only once
during the study period: S. affine in December and .
sanzoi in June (Table 2).

The horizontal distribution of euphausiids varied with
time. In April-October, E. pacifica adults were abundant
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in the central area around the diagonal axis of northwest
to southeast, with none or small abundance at stations
near the eastern and western coastal areas, where, however, a
relatively large number of adults was recorded in December-
February (Fig. 11a). Distributions of furcilia and calyptopis
were very similar with those of adults and extended into
nearly all of the study area (Fig. 11b, 1lc). In August-
October, they were not found in the northeastern coastal
area and were rare in the central area, and their abundance
was larger in the northern or central area than in the
southern one, notably during December-April. The eggs
were found nearly throughout the study area in April-June
(Fig. 11d), and thereafter, their appearance was limited to
the northern and central areas.

Pseudeuphausia sp. was observed only in the southeastern
area in small quantities (Fig. 11e). It was absent in June.
S. affine and E. sanzoi were observed only once in the
southern area in June and December, respectively.

Statistical analysis
Spearman’s correlation was used to identify the relationship
between the distribution pattern of E. pacifica and the
environmental variables, using the bimonthly data.
Among the 6 environmental factors tested for correlation,

5 of them followed similar variation along the sampling
time and developmental stages. They were temperature,
salinity, nitrate, silicate, and phosphate concentration:
positive relationship for adult, and negative for furcilia
and calyptopis. Only one factor, chlorophyll a concentration,
showed a changing trend according to the developmental
stages: all negative relationships for adult, equally positive
and negative for furcilia, and all positive for calyptopis.
The nutrient influence on euphausiid distribution should
be indirect via chlorophyll a and phytoplankton concentration.

4, Discussion

Due to the shallow depth of the Yellow Sea, the water
column responds rapidly to any weather change, and the
water mass exchange is fairly limited due to the semi-
enclosure between two lands (turnover rate: 5-6 years,
Lee ef al. 2002). So the air temperature strongly influences
the seawater temperature with lag of less than one month,
then the stratification and de-stratification of the water
column. Kang et al. (1994) reported that even with large
variations in salinity and temperature in the Yellow Sea,
isotopic composition of seawater in summer and winter
did not indicate significant seasonal difference, showing a
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Table 2. Abundance and proportion (%) of euphausiids collected in the study area

Abundance (inds 100 m™) % in euphausiids

Average sd Highest Community
Jun. 1997 Euphausia pacifica adult 171 276 1156 26.5
furcilia 331 395 1464 51.4
calyptopis 142 210 1011 22.1
Pseudeuphausia sp. - - - -
Stylocheiron affine - - - -
Euphausia sanzoi 0.1 0.3 1.4 0.01
Aug. 1997 Euphausia pacifica adult 454 828 3907 70.1
furcilia 129 225 1292 19.9
calyptopis 60 117 533 9.2
Pseudeuphausia sp. 5 25 153 0.8
Stylocheiron affine - - - -
Euphausia sanzoi - - - -
Oct. 1997 Euphausia pacifica adult 306 669 3781 94.7
furcilia 21 31 144 4.3
calyptopis 15 0.4
Pseudeuphausia sp. 3 10 41 0.6
Stylocheiron affine - - - -
Euphausia sanzoi - - - -
Dec. 1997 Euphausia pacifica adult 110 150 513 55.5
furcilia 55 81 322 279
calyptopis 28 40 146 14.2
Pseudeuphausia sp. 5 13 57 23
Stylocheiron affine 0.2 i 5 0.1
Euphausia sanzoi - - - -
Feb. 1998 Euphausia pacifica adult 205 274 838 40.7
furcilia 212 294 999 42.1
calyptopis 86 218 1008 17.0
Pseudeuphausia sp. 1 4 19 0.2
Stylocheiron affine - - - -
Euphausia sanzoi - - - -
Apr. 1998 Euphausia pacifica adult 143 255 1120 30.3
furcilia 131 408 2355 27.8
calyptopis 196 565 2953 41.8
Pseudeuphausia sp. 0.4 1 6 0.1
Stylocheiron affine - - - -

Euphausia sanzoi

simple mixing trend resulting from solar heating at the
sea-air interface. The T-S diagrams from our study confirm
their findings (Fig. 12): water masses were homogenous
throughout the study period except in August. Since
April, the offshore upper layer of the study area warmed
up and thermocline began to be formed, and with air
temperature still increasing, the stratification intensified
and reached its maximum intensity in August. Due to the

presence of thermocline the water column was clearly
separated into upper and bottom layers. The upper layer
had higher temperature, lower salinity, lower chlorophyll
a concentration, and lower nutrient concentration. The
bottom layer preserving water characteristics of the last
cold season (December-February) had lower temperatures
(<12°C) and higher salinities (>32.5 psu). This YSBCW
(Lie 1984) persisted until December and disappeared with
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water mixing. This water mass could be characterized by
its high concentration of nutrients: in August, 1997,
nitrate concentration of the 75 m depth was about 15
times higher, phosphate 5 times higher, and silicate 3.2
times higher than those of the surface, whereas in
February, 1998, the concentrations were markedly similar.
The accumulation of these nutrients in the bottom layer
was of course due to the presence of the intensified
thermocline. This thermocline indeed acts as a real physical
barrier, allowing the passage from the upper to the bottom,
but not from the bottom to the surface. Then, owing to the
low concentration of nutrients, chlorophyll @ concentration
was low in the upper layer of strong thermocline.
Subsurface chlorophyll ¢ maximum layer was in the 10-
30 m depth during the warm season, and nano- and pico-
sized phytoplankton contributed a high proportion of the
chlorophyll @ and primary production in this offshore area
(Choi 1991). The zooplankton community was composed
mainly of large copepods such as Calanus sinicus (Lim et
al. 2003) and euphausiids (Yoon et al. 2000).

The coastal area, on the other hand, was always well
mixed all year-round by strong tidal currents, and
thermocline was not found at all. The chlorophyll ¢ and
nutrient concentrations were high. Son et al. (1989) showed
also high bacterial concentration in the coastal area
compared to the offshore area of the Yellow Sea. In some
areas tidal front was developed (Lie 1989) and high
primary production based on diatom species was recorded
(Choi 1991). The zooplankton community was composed
of small copepods, such as Acartia hongi, and Oithona
similis (Lim et al. 2003).

The composition of euphausiids of the Yellow Sea was
extremely simple compared to the adjacent seas. Hong
(1969) collected 10 species around the Korean peninsula,
including the Yellow Sea with E. pacifica, E. nana, and P,
latifrons. Yoon et al. (2000) reported the dominance of E.
pacifica in the Yellow Sea. In the present study, we
sampled E. pacifica, Pseudeuphausia sp., Stylocheiron affine
and E. sanzoi. We consider, however, that Pseudeuphausia sp.
should be Pseudeuphausia sinica, taking into account the
previous reports in the Yellow Sea (Suh 1990; Chen 1991;
Lee et al. 1998). S. affine and E. sanzoi were sampled just
one specimen each, representing less than 0.01% of the
euphausiid community of the study area. They were known
as species of the Pacific central water mass and as a
boundary or slope species of the tropical western sides of
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Fig. 12. T-S diagrams of the Yellow Sea from June 1997 to April 1998.

the Pacific and Indian oceans, respectively (Brinton 1975).
Brinton (1975) reported also occurrence of these two
species in the South China Sea. Hong (1969)7I ‘sampled S.
affine in the South Sea of Korea near Jeju Island, located on
the route of Tsushima Current. The second most numerous
euphausiid in the study area, Pseudeuphausia sp. (presumed
P, sinica), represents, however, less than 1% of the euphausiid
community. This species is known to be confined to the
tropical western Pacific and Indian Oceans, and occurs in
the eastern coastal regions of Japan, the East Sea of
Korea, the East China Sea, and the South China Sea
(Mauchline and Fisher 1969). According to Brinton
(1975), P, latifrons was absent in areas where the surface
salinity was less than 31 psu. In his study area (Gulf of
Thailand), the suitable temperature and salinity range for
larvae were 27-30°C and 31-34 psu, respectively, and
their reproduction was during December-March. The
present results confirms their occurrence in the Yellow
Sea as reported by Hong (1969) and Yoon et al. (2000),
and further, shows their seasonal distribution. The
common characteristic of these 3 species is that they are
resident in subtropical or tropical areas, for which the
seasonal temperature and salinity variations are quite
small compared to those of the Yellow Sea. In the present
study, the first two species were just one juvenile
specimen each, and Pseudeuphausia sp. were composed
of juveniles collected mainly in the central eastern coastal

area and adults collected in the southernmost areas. This
southernmost area is the mixing area of YSWC, the East
China Sea Water, CRDW, and YSBCW, each with its
original physico-chémical properties that, were easily
distinguishable from each other (Lie 1984; Seung 1992;
Su and Wong 1994; Pang and Oh 1995). In accordance
with these physical and chemical studies’ results, even
though they did not show the seasonal flow intensity and
direction, we speculate that the three euphausiids
unfortunately intruded into and were not residents of the
Yellow Sea. One of them, Pseudeuphausia sp. could survive
(in summer, thanks for the high temperature) for a relatively
long time but it could never be able to reproduce in the
Yellow Sea.

The fourth, E. pacifica, is the dominant species in the
Yellow Sea, representing more than 97.6% of the euphausiid
community. This species is restricted to the North Pacific
and occurs across the southern part of the Bering Sea, in
the southern part of the Sea of Okhotsk, the East Sea of
Korea southwards to about 30°N. The southern limit of its
distribution is 9.5°C isotherm at 200 m depth (Mauchline
and Fisher 1969). Hong (1969) sampled this species in
the eastern area of the Yellow Sea in February-March,
1967. In the same area, and in summer and winter, Yoon
et al. (2000) reported the predominance of this species
and suggested that the temperature and chlorophyll a
concentration would be the principal factors affecting the
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distribution pattern. In the present study we could
confirm the predominance of E. pacifica in the Yellow
Sea all year round and showed that the temperature and
salinity are the main influencing factors of E. pacifica
distribution, which differs slightly from the results of
Yoon ef al. (2000). We showed also the changing
relationship of E. pacifica’s abundance with chlorophyll a
concentration, for which we suggest that the egg and
larval stages spread out passively to the coastal area of
higher chlorophyll a concentration and that with growth
they return to the water mass of poor chlorophyll a
concentration, probably with a feeding regime shift from
phytophagous to omnivorous,

Hypothetical scenario of seasonal variation of the spatial
distribution of E. pacifica in the Yellow Sea

In this hypothetical scenario, some environmental
factors take the main role, in particular the cooling and
warming of the surface layer, and resultant intensification
and weakening of thermocline. YSBCW and YSWC (Feng
1998) also affect the distribution pattern of E. pacifica.
We also suppose that the vertical migration pattern varies
with developmental stages: eggs and calyptopis are non-
migrator, furcilia limited migrator, and adults fully vertical
migrator.

In April, adults of E. pacifica stay in the coastal areas
where food is abundant and spawn. Eggs and larvae are
spread into the whole Yellow Sea but gathered in the
northern Yellow Sea due to YSWC [direction and intensity
of YSWC changes with the presence of YSBCW (Feng
1998) and with seasons (Pang and Oh 1995)]. Furcilia,
capable of moving and migrating, extend further their
distribution into the whole Yellow Sea. In June, thermocline
is developed to a certain extent. Temperature is not limiting
yet and distribution pattern of adults is similar to that of
April. Some adults reproduce and similar pattern of
distribution to those of April for eggs, calyptopis, and
furcilia occurs. With continuous warming, in August, the
thermocline is fully developed. Adults are totally regressed
into the YSBCW or spread out into the northern and
southern areas where the water depths are high enough to
avoid the deleterious surface warming effect. Always
migrating, some of the adults produce eggs. Non-migrating
calyptopis, drifting into areas of high chlorophyll a, and
furcilia can return to its distribution in the area near the
YSBCW. Seawater temperature begins to descend in

October. However, due to the still high temperature of the
surface layer down to the thermocline, adults resided
nearly in the same area as in August. Reproduction
activity is very weak. Eggs, calyptopis, and furcilia show
the distribution pattern forced by water mass movement
and by their biological characteristics. With intensified
surface cooling in December, adults can extend their
distribution into the coastal area. In February, the water
column is completely mixed, and adults spread out into
the whole area, with limited extension into the northern
area due to the low temperature (<8°C). This cycle of
spatial distribution may occur annually.
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