Journal of Oceanology and Limnology
Vol. 39 No. 4, P. 1373-1386, 2021
https://doi.org/10.1007/s00343-020-0170-y

Diel vertical migration of mesozooplankton in the northern
Yellow Sea*
Ruping GE1, 2, Hongju CHEN1, 2, **, Guangxing LIU1, 2, Yanzhong ZHU2, 3, Qiang JIANG1
1

Key Laboratory of Marine Environment and Ecology, Ministry of Education, Ocean University of China, Qingdao 266100,
China

2

Marine Ecology and Environmental Science Laboratory, Pilot National Laboratory for Marine Science and Technology,
Qingdao 266200, China

3

National Joint Research Center for Yangtze River Conservation, Chinese Research Academy of Environmental Sciences, Beijing
100012, China

Received Apr. 23, 2020; accepted in principle Jun. 8, 2020; accepted for publication Oct. 10, 2020
© Chinese Society for Oceanology and Limnology, Science Press and Springer-Verlag GmbH Germany, part of Springer Nature 2021

Abstract
The Yellow Sea Cold Water Mass (YSCWM), one of the most vital hydrological features of
the Yellow Sea, causes a seasonal thermocline from spring to autumn. The diel vertical migration (DVM) of
zooplankton is crucial to structural pelagic communities and food webs, and its patterns can be aﬀected by
thermocline depth and strength. Hence, we investigated zooplankton community succession and seasonal
changes in zooplankton DVM at a ﬁxed station in the YSCWM. Annual zooplankton community succession
was aﬀected by the forming and fading of the YSCWM. A total of 37 mesozooplankton taxa were recorded.
The highest and lowest species numbers in autumn and spring were detected. The highest and lowest total
densities were observed in autumn (14 464.1 inds./m3) and winter (3 115.4 inds./m3), respectively. The
DVM of the dominant species showed obvious seasonal variations. When the YSCWM was weak in spring
and autumn, most species (e.g. Paracalanus parvus, Oithona similis, and Acartia bifilosa) stayed above the
thermocline and vertically migrated into the upper layer. Calanus sinicus and Aidanosagitta crassa crossed
the thermocline and vertically migrated. No species migrated through the stratiﬁcation in summer, and all of
the species were limited above (P. parvus and A. crassa) or below (C. sinicus and Centropages abdominalis)
the thermocline. The YSCWM disappeared in winter, and zooplankton species were found throughout the
water column. Thus, the existence of thermocline inﬂuenced the migration patterns of zooplankton. Cluster
analyses showed that the existence of YSCWM resulted in signiﬁcant diﬀerences between zooplankton
communities above and below the thermocline.
Keyword: mesozooplankton; diel vertical migration; Yellow Sea Cold Water Mass; North Yellow Sea;
thermocline

1 INTRODUCTION
The Yellow Sea (YS) is a semi-enclosed marginal
sea of the Western North Paciﬁc. Its water exhibits
obvious seasonal variations because of its shallow
depth (average of 44 m) and the inﬂuence of monsoon
(Wei et al., 2016). One of the most vital hydrological
features of the YS is the Yellow Sea Cold Water Mass
(YSCWM; Zhang et al., 2008; Liu et al., 2012). In
winter, the strong northerly wind caused vigorous
vertical mixing, and the water column becomes
almost vertically uniform (Oh et al., 2013). The
surface water has higher temperature than the water

below it during spring and summer due to surface
heating. In addition, the temperature gradient of water
becomes greater in spring through summer, and the
strong temperature gradient prevents heat transfer
from the surface to the deep; thus, the water below the
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seasonal thermocline remains cold (Park et al., 2011).
Surface cooling during late autumn induces the
thickening of the surface mixed layer and consequently
the deepening and weakening of the thermocline.
Eventually the water column becomes uniform again
during winter (Oh et al., 2013). The presence of the
YSCWM results in the obvious stratiﬁed structures of
chemical, biological, and hydrological factors (Wei et
al., 2010).
The diel vertical migration (DVM) of a wide range
of marine organisms/diverse animal phyla is
commonly found in marine pelagic ecosystems
(Enright and Honegger, 1977; Hays, 2003; Aumont et
al., 2018). Zooplankton DVM is important to marine
ecosystem function and carbon cycling (Berge et al.,
2009) and integral to the structuring of pelagic
communities and food webs (Hays, 2003). The most
common pattern is that zooplankton resides in a foodrich surface or near-surface waters at night and at
deeper depths during the day (Heywood, 1996; Fortier
et al., 2001; Carr et al., 2008). Many physical and
biological factors, such as UV light damage avoidance
(Williamson et al., 2011), feeding (Palomares-García
et al., 2013), and predation avoidance (Sakınan and
Gücü, 2016), likely inﬂuence the DVM behavior of
zooplankton. Other important factors inﬂuencing
DVM are the thermocline depth and strength
(Bergström and Strömberg, 1997; Li et al., 2004;
Júnior et al., 2014). The thermocline acts like a barrier
that limits the zooplankton migration. When a
thermocline is present, a distinct vertical separation of
zooplankton species could be observed; thermophilic
species remain in the surface, and cryophilic taxa are
concentrated below the thermocline layer (Miloslavić
et al., 2015).
Many studies about vertical distribution and
migration of zooplankton have been conducted in the
YSCWM. Previous studies showed that the seasonal
eﬀects of the YSCWM on the vertical distributions of
Calanus sinicus varied signiﬁcantly between spring
and summer, and C. sinicus shrank its distribution
area to the central cold (≤10 ℃) bottom water in
summer (Wang et al., 2003b; Kang and Kim, 2008).
However, previous studies about zooplankton
generally focused on one species or one season in the
YS. With the formation and gradual disappearance of
the YSCWM, its inﬂuence on the annual DVM
patterns of zooplankton remains unclear. Hence,
studying the annual distribution patterns of
zooplankton in the YSCWM is crucial.
This study aimed to describe the seasonal vertical
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Fig.1 Map of the study area and sampling stations in the
North Yellow Sea, with isobaths of 10, 20, 30 and 50 m

distribution patterns of zooplankton along the
YSCWM of the YS. Our study examined (1) annual
zooplankton community succession with the
formation and fading of the YSCWM (2) and the
inﬂuence of the seasonal thermocline on diel changes
in the vertical distribution of numerically dominant
zooplankton.

2 MATERIAL AND METHOD
2.1 Sampling procedure and sample analysis
Four research cruises were carried out on board the
R/V Dongfanghong 2 at a ﬁxed station M (38°06′56″N,
122°12′26″E, bottom depth ca 54 m) in the northern
Yellow Sea on July 27–28, 2006 (summer), January
13–14, 2007 (winter), May 2–3, 2007 (spring), and
October 22–23, 2007 (autumn; Fig.1). Zooplankton
samples were collected with a vertical opening and
closing net (Juday type, mouth diameter 0.5 m, mesh
169 μm) from four strata (0–10, 10–20, 20–30, and
30–50 m) at a speed of 0.5–1.0 m/s. Sampling was
performed nine times at 3-h intervals over a 24-h
period in each cruise. A total of 144 samples were
obtained, 36 samples in each cruise. The net was
equipped with a calibrated ﬂowmeter (Hydrobios) at
the mouth to measure the volume of water ﬁltered.
The average volume ﬁltered per tow was 2.5±0.9 m3.
Zooplankton samples were preserved in 5%
neutralized formalin-seawater solution immediately
after each towing.
In laboratory, all zooplankton taxa were identiﬁed
to species level if possible, and counted under a stereo
microscope (Leica S8APO). All the stages of each
species were not separated. The number of
zooplankton was determined by counting the 1/4 to
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1/256 fractions of the preserved amount. For this
purpose, a subsample was obtained from each sample
with a Folsom plankton splitter. Subsample volume
was determined on the basis of the density of
organisms in the original sample, including at least
200 adult individuals (Albaina and Irigoien, 2007).
2.2 Environmental background sampling
The northern YSCWM is mainly distributed in the
areas of 121.3°E–124.0°E/37.0°N–38.9°N, and the
lowest temperature center is located at 122.4°E/38.2°N.
The northern YSCWM shows signiﬁcant seasonal
diﬀerences (Li et al., 2013). The vertical proﬁles of
water temperature, salinity, and density were recorded
with a CTD system (Sea-Bird, SBE9). Synchronous
phytoplankton samples were concomitantly collected
with a vertical opening and closing net (Juday type,
mouth diameter 0.37 m, mesh 77 μm) at the same
strata and time intervals, and preserved with 1%
Lugol’s iodine solution for the analysis of
phytoplankton standing crop. Phytoplankton was
concentrated and enumerated under a light microscope
(Nikon YS100) with a counting chamber, and these
data have been published (Liu and Du, 2009; Yang
and Liu, 2009).
2.3 Data analysis
According to ﬁltered water volume, which was
determined with a calibrated ﬂowmeter, zooplankton
densities were standardized to number per m3. The
weighted mean depth (WMD) of the mesozooplankton
was calculated using the following equation:
WMD=(∑ni×di)/∑ni (Andersen and Sardou, 1992),
where ni is density (inds./m3) at depth di, and di is the
midpoint of each stratum.
Multivariate analyses were conducted using the
software Plymouth Routines In Multivariate
Ecological Research (PRIMER V6.0). Zooplankton
densities were log(x+1) transformed and then used in
building a similarity matrix between sampling layers
based on the Bray-Curtis coeﬃcient of similarity
(Field et al., 1982). The interrelations between stations
were clustered based on the average linkage group
classiﬁcation (Field et al., 1982). Analysis of similarity
(ANOSIM) was used to test diﬀerences between the
resultant groups. In pairwise comparisons, an Rstatistic value close to 1 indicates considerable
diﬀerence. The RELATE procedure was used in
analyzing the correlation between zooplankton
density and environmental factors. The BIO-ENV
procedure was used in identifying which
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environmental factors (temperature, salinity, and
phytoplankton density) best explained the zooplankton
community structure. This process evaluated
Spearman correlation coeﬃcients (ρ) between the
zooplankton Bray-Curtis similarity matrix and the
Euclidean distance similarity matrices of
environmental factors.
One-way ANOVA (analysis of variance) was
conducted for the comparison of total zooplankton
densities in diﬀerent seasons. SPSS 25.0 was used. In
case of signiﬁcant diﬀerences (P<0.05), pairwise
comparisons using the t-test were performed after the
application of Bonferroni correction (Zar, 2010).
Before ANOVA was used, a Kolmogorov-Smirnov
(K-S) test was used to test the normality of zooplankton
density. Microsoft Excel 2016 and Origin 9.2 were
used in creating plots.

3 RESULT
3.1 Environmental factor
At the ﬁxed station, no signiﬁcant diel variation in
sea temperature and salinity in the water proﬁles were
detected. However, sea temperature and salinity
showed signiﬁcant variations throughout the year. In
spring, the YSCWM formed. A thermocline of 4.5 °C
diﬀerence formed between 20 and 29 m. In the vertical
proﬁle, temperature varied from 5.5 °C to 10.1 °C,
and salinity ranged from 32.0 to 32.3 (Fig.2a). The
strongest thermocline (14 °C) was detected between
14 and 32 m in summer, and temperature and salinity
varied from 5.8 °C to 20.9 °C and from 30.5 to 31.9,
respectively (Fig.2b). In autumn, the YSCWM still
existed, and the thermocline of the stationary site was
located between 34 and 44 m with a diﬀerence of
7 °C. Temperature and salinity ranged from 10.6 °C
to 18.0 °C and from 31.3 to 32.1, respectively (Fig.2c).
In winter, the water was well mixed vertically, and the
thermocline disappeared (7.0 °C and 32.0; Fig.2d).
3.2 Species composition and community structure
A total of 37 mesozooplankton taxa were recorded
in four seasons. Species number varied signiﬁcantly
among seasons, and 15, 22, 31, and 18 taxa were
recorded in spring, summer, autumn, and winter,
respectively (Table 1). Most of the species belonged
to temperate eurythermal low-saline species.
Copepods were the most dominant component, and
13 species were recorded in four seasons. C. sinicus,
Paracalanus parvus, Centropages abdominalis,
Acartia
bifilosa,
Oithona
similis,
and

1376

J. OCEANOL. LIMNOL., 39(4), 2021

Vol. 39

Table 1 Zooplankton species/taxa recorded at the ﬁxed station in four seasons
Species/Taxa

Mean density (inds./m3) (mean±SD)
Spring

Summer

Autumn

Winter

PROTOZOA
Noctiluca scintillans Kofoid et Swezy

14.4±35.0

CNIDARIA
Podocoryne minima (Trinci)

1.8±4.5

Cirrholovenia tetranema Kramp

<0.1

Obelia spp.

0.1±0.3

Clytia hemisphaerica (Linnaeus)

<0.1

Octophialucium sp.

<0.1

0.4±0.5

Sugiura chengshanense (Ling)

<0.1

Eucheilota menoni Kramp

<0.1

Liriope tetraphylla (Chamisso et Eysenhardt)

<0.1

Muggiaea atlantica Cunningham

<0.1

CTENOPHORA
Pleurobrachia globosa Moser

0.8±2.5

<0.1

Beröe cucumis Fabricius

0.5±0.5

<0.1

7.0±12.0

0.2±0.3

ARTHROPODA
Penilia avirostris Dana

1.4±3.2

Pseudevadne tergestina Claus

20.8±47.5

0.1±0.2

Calanus sinicus Brodsky

99.8±126.8

549.1±639.6

200.3±246.5

96.2±56.6

Paracalanus parvus (Claus)

16.8±20.9

4 694.5±6 746.1

2 285.4±1 764.4

1 313.3±457.1

Centropages abdominalis Sato

147.0±171.8

212.3±392.1

0.1±0.6

<0.1

Centropages tenuiremis Thompson et Scott

0.1±0.2

Euchaeta plana Mori

<0.1

Labidocera bipinnata Tanaka

0.1±0.3

Pontellopsis yamadae Mori
Acartia bifilosa Giesbrecht

0.1±0.2
<0.1

1 436.3±1149.1

614.4±755.7

Acartia pacifica Steuer

32.0±68.3

276.3±136.7

0.1±0.3

Oithona similis Claus

3 434.7±3 584.7

5 363.4±4 778.2

2 107.6±1 300.4

1 039.8±391.3

Oithona plumifera Baird

3.1±4.8

0.1±0.6

0.7±2.3

9.1±6.0

Ditrichocorycaeus aﬃnis Mcmurrichi

1.8±2.2

4.9±8.1

603.7±750.7

69.9±40.1

Microsetella norvegica (Boeck)

0.2±1.3

2.5±3.7

Themisto compressa (Norman)

2.0±2.2

47.8±101.8

3.8±4.8

1.9±2.6

Gammaridea

<0.1

0.3±0.9

<0.1

0.1±0.2

Micronisens sp.

<0.1

0.1±0.2

<0.1

Euphausia pacifica Hansen

0.3±0.4

0.1±0.1

0.7±0.7

1.9±2.8

Leptochela gracilis Stimpson

0.2±0.3

CHEAETOGNATHA
Zonosagitta nagae Alvarino

0.1±0.2

0.1±0.3

27.9±26.1

2.7±3.6

Aidanosagitta crassa Tokioka

9.2±16.5

281.9±495.2

401.4±306.3

58.7±32.7

<0.1

243.4±459.7

660.8±382.6

24.2±16.5

UROCHORDATA
Oikopleura dioica Fol
Oikopleura longicauda (Vogt)

1 447.2±1 332.2

Doliolum denticulatum Quoy et Gaimard

1 297.6±1 340.0

Bold number indicates that the corresponding zooplankton species are dominant species.
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Fig.2 Vertical proﬁles of temperature (red lines) and salinity (blue lines) at the sampled station
a. spring; b. summer; c. autumn; d. winter.

Ditrichocorycaeus aﬃnis were the dominant species
in diﬀerent seasons (Table 1). O. similis was the most
dominant species in spring and summer (3 434.7 and
5 363.4 inds./m3, respectively), whereas P. parvus
was the most dominant species in autumn and winter
(2 285.4 and 1 313.3 inds./m3, respectively). Except
the copepods, Oikopleura dioica, O. longicauda and
Doliolum denticulatum were the dominant species in
autumn.
Cluster analyses indicated that zooplankton
communities showed vertical diﬀerences and seasonal
variations (Fig.3). In spring and autumn, zooplankton
assemblages in the deep layers (SP I and AU I) was
signiﬁcantly diﬀerent with the zooplankton in the
upper layers (SP II and AU II). Zooplankton
assemblages in summer showed obvious diﬀerent
between 0–20-m layer (SU I) and layers below 20 m
(SU II). Conversely, zooplankton communities in
diﬀerent layers showed a high similarity (>86%) in
winter. In addition, zooplankton assemblages below

Table 2 Comparison of the zooplankton community
structures between diﬀerent groups in four seasons
according to ANOSIM analysis (R value and
signiﬁcance level)
Group
SP I/SP II

ANOSIM
R

P

0.688

0.001

SU I/SU II

0.921

0.001

AU I/AU II

0.936

0.001

SU II/WI

0.843

0.001

the 20-m depth in summer (SU II) showed high
similarity with zooplankton community in winter
(WI). ANOSIM results showed that zooplankton
communities diﬀered signiﬁcantly (P<0.001) between
two diﬀerent groups in spring (SP I and SP II), summer
(SU I and SU II) and autumn (AU I and AU II)
(Table 2). Zooplankton communities showed obvious
diﬀerences (P<0.001) between SU II and WI.
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Fig.3 Cluster analyses of zooplankton between diﬀerent water layers in four seasons
According to the similarities, zooplankton were divided into two groups in spring (SP I and SP II), summer (SU I and SU II), and autumn (AU I and AU II).
WI means that zooplankton community in winter.

Table 3 Correlations between zooplankton abundance and environmental factors in the four seasons according to BIOENV
(Spearman correlation coeﬃcient) and RELATE (R value and signiﬁcance level)
Season

BIOENV analysis (ρ)

RELATE analysis

Sea temperature

Salinity

Phytoplankton density

R

P

Spring

0.541

0.539

0.168

0.448

0.001

Summer

0.774

0.732

-0.007

0.538

0.001

Autumn

0.759

0.758

0.098

0.584

0.001

Winter

0.131

0.117

0.017

0.098

0.071

RELATE analyses showed that zooplankton
community structure had signiﬁcant correlation
(P<0.001) with environmental factors in spring,
summer, and autumn, whereas zooplankton
community structure in winter did not present
signiﬁcant correlation (P=0.071) with environmental
factors (Table 3). BIOENV showed that temperature
had the highest correlation with zooplankton
community structure, and phytoplankton density had
the lowest.
3.3 Diel vertical distribution and migration
3.3.1 Vertical distribution of the total density
The vertical distribution of phytoplankton density
showed signiﬁcant seasonal variations (Fig.4). In
spring, summer, and autumn, the phytoplankton

density of 30-m bottom layer was higher than that in
the 0–10-, 10–20-, and 20–30-m layers. Phytoplankton
density was similar in whole water column in winter.
Seasonal variations in the total zooplankton density
were signiﬁcant (one-way ANOVA, P<0.001). The
mean zooplankton density in spring was 6 330.6 inds./
m3, and the values in summer, autumn, and winter
were 12 807.4, 14 464.1, and 3 115.4 inds./m3,
respectively. The zooplankton density signiﬁcantly
diﬀered between diﬀerent strata in all the seasons
(one-way ANOVA, P<0.001) except for winter
(P=0.946).
In spring, the highest zooplankton density was
observed in the 0–10-m stratum (10 079.3 inds./m3).
The density declined sharply to 7 658.0, 5 516.1, and
2 264.0 inds./m3 in the 10–20-m, 20–30-m, and 30-m–
bottom layers, respectively (Fig.4). The average
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density of the whole water column showed a distinct
diel variation; that is, the maximum density was
observed in the evening (7 874.0 inds./m3, 21꞉00), and
the minimum density was detected at noon
(4 409.5 inds./m3, 12꞉00). In the 0–10-m stratum, the
maximum density was recorded in the evening
(17 588.5 inds./m3, 21꞉00), and the minimum density
was observed in the morning (3 419.2 inds./m3, 9꞉00–
12꞉00). The maximum density in the 10–20-m layer
was documented in the morning (12 536.0 inds./m3,
6꞉00), and the minimum density was observed at noon
(2 744.2 inds./m3, 12꞉00). In the 20–30-m layer, the
maximum and minimum densities were detected in
the morning (7 873.9 inds./m3, 9꞉00) and evening
(3 049.5 inds./m3, 21꞉00), respectively. In the 30-m–
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Fig.4 Seasonal variations in the mean density of
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bottom layer, the maximum density was recorded at
noon (4 726.8 inds./m3, 12꞉00), and the minimum
density was detected in the afternoon (806.2 inds./m3,
15꞉00). The WMDs ranged from 12.7 m to 23.6 m
(mean=15.8 m), and an obvious DVM trend was
observed. The daytime WMDs (especially in the
morning) were 4-m deeper than the nighttime WMDs
(Fig.5a).
Similar to that in spring, zooplankton density in
summer showed a remarkably decreasing trend from
the sea surface to the deep, and the values were
17 111.6, 16 190.8, 9 489.5, and 8 437.8 inds./m3 in
the 0–10-m, 10–20-m, 20–30-m, and 30-m–bottom
layers, respectively (Fig.4). The average density of
the whole water column showed a distinct diel
variation, that is, the maximum density was observed
in the morning (18 156.7 inds./m3, 8꞉30), and the
minimum density was recorded in the evening
(7 593.2 inds./m3, 22꞉30). In the 0–10-m layer, the
maximum density was documented early in the
morning (17 384.3 inds./m3, 2꞉00), and the minimum
density was obtained later in the morning
(8 343.6 inds./m3, 11꞉00). In the 10–20-m layer, the
maximum density was observed before noon
(24 701.9 inds./m3, 11꞉00), and the minimum density
was recorded in the evening (9 974.8 inds./m3, 22꞉30).
The maximum density of 20–30-m layer was detected
in the morning (23 865.2 inds./m3, 8꞉30), and the
minimum density was found at 19꞉30 (989.2 inds./m3).
In the 30-m–bottom layer, the maximum density was

Phytoplankton density (104 cells/m3)

Zooplankton density (103 inds./m3)

30
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Fig.5 Diel variations in the total mesozooplankton density in diﬀerent layers and the weighted mean depth (WMD)
a. spring; b. summer; c. autumn; d. winter.
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total density was found (Fig.5c).
The distribution of zooplankton showed no obvious
gradient in the vertical proﬁle in winter, and the values
were 3 811.6, 2 393.2, 3 111.4, and 3 145.2 inds./m3 in
the 0–10-m, 10–20-m, 20–30-m, and 30-m–bottom
layers, respectively (Fig.4). Diel variation in average
density in the whole water column was indistinct. The
maximum density was recorded at 10꞉00
(3 885.2 inds./m3), and the minimum density was
observed at 16꞉25 (2715.9 inds./m3). In the 0–10-m
layer, the maximum density was detected in the
morning (4 912.1 inds./m3, 7꞉00), and the minimum
density was found at 22꞉00 (2 785.6 inds./m3). In the
10–20-m layer, the maximum density was observed at
13꞉00 (3 839.0 inds./m3), and the minimum density
was recorded at 22꞉00 (306.7 inds./m3). The maximum
density of 20–30-m layer was observed at 22꞉00
(4 818.3 inds./m3), and the minimum density was
detected at 13꞉00 (1 632.7 inds./m3). In the 30-m
bottom layer, the maximum density was observed at
10꞉00 (5 662.0 inds./m3), and the minimum density
was recorded at 19꞉00 (1 981.9 inds./m3). The WMDs
ﬂuctuated from 17.5 m to 24.1 m (mean=20.7 m)
without a signiﬁcant DVM trend (Fig.5d).

observed at 13꞉50 (21 148.2 inds./m3), and the
minimum density was detected at 16꞉30 (2 560.5 inds./
m3). The WMDs ranged from 10.0 m to 23.9 m
(mean=17.2 m), and the daytime WMDs were 7-m
deeper than nighttime WMDs (Fig.5b). Zooplankton
presented a downward migration during daytime and
moved upward late in the afternoon and at nighttime
(Fig.5b).
The vertical distribution patterns of zooplankton in
autumn also showed a signiﬁcantly decreasing trend
from the surface to the bottom, and their values were
21 709.5, 15 581.6, 13 299.3, and 7 266.1 inds./m3 in
the 0–10-m, 10–20-m, 20–30-m, and 30-m–bottom
layers, respectively (Fig.4). In the 0–10-m layer, the
maximum density was observed in the afternoon
(30 547.6 inds./m3, 16꞉15), and the minimum density
was detected at 22꞉00 (11 532.7 inds./m3). The
maximum density in the 10–20-m layer was recorded
after dusk (29 429.5 inds./m3, 19꞉15), and the
minimum density was observed before dawn
(6 816.7 inds./m3, 4꞉15). In the 20–30-m layer, the
maximum density was documented at 19꞉15
(19 686.1 inds./m3), and the minimum density was
observed in the afternoon (7 014.4 inds./m3, at 16꞉15).
In the 30-m–bottom layer, the maximum density was
detected before dawn (9 159.0 inds./m3, 4꞉15), and the
minimum density was recorded at 19꞉00 (2 430.2 inds./
m3). The WMDs ranged from 14.3 m to 20.2 m
(mean=16.6 m), and no signiﬁcant DVM trend of the
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3.3.2 DVM of the dominant species
The vertical distributions and diel variations of a
single species showed seasonal changes (Figs.6 & 7).
Based on vertical distribution and diel variation, four
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Fig.6 Diel vertical distribution of the zooplankton dominant species
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Fig.6 Continued
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Fig.7 Weighted mean depth (WMD) of dominant species at each sampling time in four seasons
a. spring; b. summer; c. autumn; d. winter.

types of vertical migration patterns formed: 1)
C. sinicus, P. parvus, and A. crassa in spring
(Figs.6a1, b1, g1, 7a) and C. abdominalis in summer
(Figs.6e2, 7b) showed a remarkable diurnal vertical
migration; 2) species that showed no signiﬁcant
vertical migration and were mainly distributed in the
upper layers, such as O. similis, P. parvus, O. dioica,
and A. crassa in summer (Figs.6d2, b2, h1, g2, 7b),
and D. denticulatum in autumn (Fig.6i), and D. aﬃnis
in winter (Fig.6f2); 3) species that showed no
signiﬁcant vertical migration and were mainly
distributed in the bottom layers, such as C. abdominalis
in spring (Fig.6e1) and A. bifilosa in autumn (Fig.6c3);
and, 4) almost all dominant species in winter showed
no signiﬁcant diurnal vertical variations and were
distributed relatively even in the water column
(Fig.6a4, b4, c4, d4, f2, g4).

4 DISCUSSION
Species composition and vertical distribution of
zooplankton were clearly inﬂuenced by the presence
of the YSCWM. Previous observations indicated that
the species number of zooplankton varies remarkably
among seasons because of the transformation of the
YSCWM (Yang et al., 2012; Zou et al., 2013; Duan et
al., 2016). Our ﬁndings agreed with these previous
results, and the species number of zooplankton was
the highest in autumn. The sea temperature above
30-m depth (especially 15–30 m) in autumn was
higher than that in summer (Fig.2b–c), and thus warm

water species extended from the northern part of the
East China Sea to the YS survived (Wang et al.,
2003a). Except temperate eurythermal low-saline
species, several warm-water species, such as Sugiura
chengshanense, Liriope tetraphylla, and Doliolum
denticulatum, have been recorded because of the
favorable sea temperature. The species number of
zooplankton was low in spring and winter because of
low seawater temperature (Du et al., 2013). Even so,
species number in winter was higher than that in
spring because the Yellow Sea Warm Current (YSWC)
penetrated well in winter (Chen et al., 2020) and
transported warm water species (e.g., Euchaeta
plana) into the north YS, thereby increasing the
zooplankton number. Generally, the YSWC appeared
signiﬁcant seasonal variability. It is stronger in winter,
penetrating well into the YS trough, and becomes
weak in summer (Xu et al., 2009).
Zooplankton communities showed signiﬁcant
diﬀerences between upper layer and deep layer owing
to strong vertical stratiﬁcation (Miloslavić et al.,
2015). In this study, zooplankton communities were
divided into two diﬀerent groups, when a thermocline
appeared in spring, summer and autumn. However,
zooplankton communities showed high similarities in
diﬀerent layers when the thermocline disappeared in
winter (Fig.3). In addition, zooplankton assemblages
below the thermocline in summer showed high
similarity with zooplankton assemblages in winter
(Fig.3). Thus, the thermocline in the YS greatly
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aﬀected the zooplankton community structure.
Generally, zooplankton density is greatly associated
with phytoplankton in marine systems (Du et al.,
2014; Júnior et al., 2014). Their interdependent
relations are considered important factors that aﬀect
vertical distributions of zooplankton (Hays, 2003).
Zooplankton density in the South China Sea is higher
in the thermocline layer, where phytoplankton is
abundant (Du et al., 2014). In a subtropical marine
system, the highest value of zooplankton density is
consistent with the maximum chlorophyll-a layer
(Júnior et al., 2014). However, RELATE analysis
showed that phytoplankton density had the lowest
correlation with zooplankton community structure in
the present study (Table 3). Indeed, phytoplankton
density in present study was 10 times that in the South
China Sea (103 cells/m3; Li et al., 2013). Therefore,
due to the high productivity in YS, food was not the
restrictive factor that limited zooplankton distribution.
A thermocline, in which water temperature and
density gradients vary intensely, is considered a
barrier that prevents the vertical migration of
zooplankton (Cheng et al., 1965; Júnior et al., 2014).
Many species, such as P. parvus and O. similis, cannot
move vertically through a strong thermocline, thereby
inﬂuencing the zooplankton DVM (Fig.6).
C. sinicus, a primary dominant species in the YS,
mainly spread above 30-m layers when the YSCWM
formed in spring (Fig.6a1). C. sinicus showed a
signiﬁcant DVM, which was consistent with the
observation of Kang et al. (2013). During daytime,
C. sinicus was mainly distributed in the 20–30-m
layer and migrated to the 0–20-m layer at nighttime
(Fig.6a1). The YSCWM was strong in summer, and
C. sinicus was mainly distributed below 10 m. High
surface temperature in summer greatly limits the
distribution of C. sinicus, and C. sinicus is concentrated
in the YSCWM (Li et al., 2004). The YSCWM was
considered an oversummering site for C. sinicus (Pu
et al., 2004). Similar to C. sinicus, some cryophilic
zooplankton species in other stratiﬁed systems are
concentrated in cold water below thermoclines and
avoid warm surface water (Schnack-Schiel et al.,
2010; Miloslavić et al., 2015). Moreover, C. sinicus
showed an obvious diel migration pattern; that is, it
mainly stayed in the 30–50-m layer during daytime
and migrated to the 10–20-m layer at nighttime
(Fig.6a2). In autumn, the YSCWM faded, and
C. sinicus migrated through the weakly stratiﬁed
layer and occupied all the layers due to strong
swimming ability and wide-temperature-range
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adaptability (Fig.6a3). C. sinicus underwent diel
migration, covered the 20–50-m layer during daytime,
and migrated to the surface at nighttime. The
thermocline in the YS disappeared completely in
winter (Fig.2d) because of surface cooling and strong
vertical mixing (He et al., 1959), and C. sinicus spread
in the whole water column and did not undergo diel
migration (Fig.6a4).
Previous study demonstrated that the thermocline
in a subtropical stratiﬁed system limited the vertical
distribution of zooplankton, which typically resides
in epipelagic warm water (Pagès and Gili, 1991). The
distribution patterns of P. parvus were similar to that
those observed by Pagès and Gili (1991). P. parvus
was which mainly spread above the thermocline when
the YSCWM appeared (Fig.6b1, b2, b3). P. parvus
showed seasonal DVM patterns in present study. In
spring, P. parvus spread in the surface layer at
nighttime and migrated to the deeper layers during
daytime. Wang et al. (2002) suggested that P. parvus
stops growing at temperature below 5 °C. The
temperature at the 30–50-m layer, which was <5.5 °C,
may be unsuitable for P. parvus growth. Thus,
P. parvus was mainly distributed at 10–30-m layer
during the daytime. When the YSCWM was strong in
summer, P. parvus was blocked by the thermocline in
the top two layers and its highest density was detected
in the 0–10-m stratum (Fig.6b2). The temperature
favorable for P. parvus is 13–24 °C (Zhang et al.,
2006), and thus the temperature in the 0–10-m layer
may be suitable to reside in present study. The
YSCWM gradually disappeared in autumn, and
P. parvus did not undergo diel migration and were
basically restricted above the 30 m during daytime
and at nighttime (Fig.6b3). Similar to C. sinicus,
P. parvus spread in the whole water column and did
not undergo diel migration when the YSCWM
disappeared in winter.
Aidanosagitta crassa is the dominant species of
chaetognaths in the YS and its biomass accounts for
43%–88% of the total biomass of chaetognaths (Huo
et al., 2010). Liu et al. (2007) indicated that A. crassa
is a eurythermal and psychrophilic species, and its
preferred feeding temperature is 10–15 °C. In
addition, A. crassa is a carnivorous zooplankton,
whose distribution pattern is similar to the distribution
patterns of food organisms, such as C. sinicus,
P. parvus, and O. similis (Nagasawa, 1991). The
present study suggested that the vertical distribution
of A. crassa had seasonal variations during the
formation and gradual disappearance of the YSCWM,
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and its distribution pattern was similar to the
distribution patterns of food organisms (Fig.6). As a
strong swimmer, A. crassa crossed the weaken
thermocline and underwent diurnal migration in
spring, was distributed in the 30–50 m during daytime,
and migrated above 30 m at nighttime (Fig.6g1). In
summer, A. crassa showed no obvious DVM when
the YSCWM was strong and was mainly distributed
above 20-m depth (Fig.6g2). Yang and Li (1995)
showed that P. parvus is the dominant food organism
of A. crassa in summer. The result in the present study
was consistent with Yang’s observation, and the
vertical distribution of A. crassa was similar to that of
P. parvus (Fig.6b2, g2). Thus, suitable temperature
and abundant food may be responsible for the
distribution of A. crassa above 20 m. In autumn,
A. crassa showed no signiﬁcant DVM while the
YSCWM was gradually disappearing, and it mainly
stayed above the 30-m depth (Fig.6g3). When the
thermocline in the YS disappeared completely in
winter (Fig.2d), A. crassa was found in the whole
water column and did not undergo diel migration
(Fig.6g4).

5 CONCLUSION
Annual zooplankton community succession was
aﬀected by the forming and fading of the YSCWM,
and the species number and density of zooplankton
varied signiﬁcantly among seasons. Phytoplankton
density was not the main factor that aﬀected the
vertical distribution of zooplankton. The existence of
YSCWM resulted in signiﬁcant diﬀerences between
the zooplankton communities above and below the
thermocline, and seasonal thermocline considerably
inﬂuenced zooplankton DVM in northern YS. When
thermocline was weak in spring and autumn, most
species spread above the thermocline and underwent
diel migration. The YSCWM was strong in summer,
all species was limited above or below the thermocline.
Zooplankton species were found in the whole water
column when the thermocline disappeared in winter.
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