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Marine environmental conditions are highly distinct in the Yellow Sea, the East China
Sea, and the East/Japan Sea, with characteristics such as the shallow and turbid conditions
of the Yellow Sea, relatively warm subtropical conditions of the East China Sea, and
deep and semi-enclosed nature of the East/Japan Sea. Physico-chemical properties and,
subsequently, biological characteristics are different among the three seas. In recent decades,
dramatic changes in the physical structure and vertical distribution of chemical properties
have been reported in the Yellow Sea, the East China Sea, and the East/Japan Sea. These
recent environmental changes have greatly affected the physiological status, community
structure, and bloom pattern of phytoplankton and, thus, consequently altered the seasonal
distributions and nutritional status of higher trophic levels such as zooplankton, fish, and
marine mammals. However, to date, we do not know much about the current status of
the marine ecosystems in these three distinct seas. Since 2018, the integrated ecosystem
assessment for ecosystem-based fisheries management has been implemented in the Yellow
Sea, the East China Sea, and the East/Japan Sea by the National Institute of Fisheries
Science, Korea.

This Special Issue will provide basic information for the current status of the afore-
mentioned marine ecosystems and will form an important basis for future monitoring of
marine ecosystem response to ongoing climate changes in the Yellow Sea, the East China
Sea, and the East/Japan Sea.

In this Special Issue, we present a total of 12 articles covering a wide range of topics
for water column dynamics derived by the Kuroshio Current and various ecosystem
components in the Yellow Sea, the East China Sea, and the East/Japan Sea. A brief overview
of all the articles follows.

Lee et al. (2022a) [1] investigate the water column dynamics of the East Korea Warm
Current in the western East Sea responding to spatiotemporal variability in the Kuroshio
Current. This article expands our understanding of the potential mechanisms for climate
change and its effects on the oceanic environmental conditions and subsequent response of
fishery resources in the western East Sea.

Kim et al. (2022a) [2] present morphological characteristics of the brown seaweed
Sargassum thundergii adapting to local environmental conditions along the Korean Coast.
Their results, based on biota-environment matching analysis, prove that geographically
different morphological characteristics of the brown seaweed Sargassum thundergii result
from different local environmental factors, especially tidal condition.

Park et al. (2022) [3] examine the summer phytoplankton community structure as a
consequence of recent marine environment changes in the Northern East China Sea, finding
a significant change in key dominant species from micro-sized diatoms and dinoflagellates
in the 2000s to nano- and pico-sized flagellates in the period 2016–2020. This change in
the dominant phytoplankton community structure is likely due to the recent low-nutrient
conditions after the construction of the Three Gorges Dam in Changjiang River.
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Kim et al. (2022b) [4] identify size-fractionated phytoplankton communities seasonally
in the Yellow Sea based on the HPLC results. This study provides important information
on the contribution of seasonal variations in small-sized diatom to the phytoplankton
community in the Yellow Sea, which has been overlooked to date.

Jang et al. (2021) [5] report the recent primary productions in the Yellow Sea, the
South Sea of Korea, and the East/Japan Sea and potential reasons for the lower current
productions relating to major environmental changes in each sea. Moreover, the authors
recognize that small-sized phytoplankton have significantly negative impacts on the pri-
mary productions, which should be further investigated for their ecological roles under
rapid warming condition.

Kang et al. (2022) [6] assess a new algorithm based on a deep learning model suitable
for the estimation of phytoplankton size classes (micro, nano, and pico size) in Korean
waters. This algorithm is expected to be useful for understanding long-term variations in
phytoplankton size structure using satellite ocean color data.

Shin et al. (2022) [7] examine seasonal water mass effects on the spatiotemporal
distribution characteristics of copepods in the Northeastern East China Sea. The authors
classify major copepod species for different regional water masses based on cluster analysis.
These major species can be useful indicators for future environmental changes in the
Northeastern East China Sea.

Kim et al. (2022c) [8] present a sound scattering layer distribution and density estima-
tion of Euphausia pacifica in the central Yellow Sea Bottom Cold Water by hydroacoustic and
net surveys. This article contributes toward improving our understanding of the structure
of the marine ecosystems in the Yellow Sea Bottom Cold Water.

Kim et al. (2022d) [9] investigate stable isotopes and fatty acid compositions in four
dominant zooplankton in relation to their potential diets in the East/Japan Sea. Given the
results from stable isotopes and fatty acid compositions, the authors confirm that the change
in the dietary intake of zooplankton is generally dependent on phytoplankton conditions.

Choi et al. (2022) [10] implement a DNA barcoding approach to investigate pelagic
marine fish eggs as an indicator of spawning and intrusive species in the Ulleung Basin of
the East/Japan Sea. The study discovers the eggs of Trachipterus trachypterus and Trachipterus
jacksonensis for the first time in the Northwestern Pacific Ocean, which broadens their
potential spawning ecology and geographical distribution.

Kim et al. (2022e) [11] investigate seasonal dietary changes in wild Hippcampus haema
inhabiting Geoje Hansan Bay in South Korea using the metabarcoding technique. The
authors find a survival strategy of wild H. haema, which are adapting to the dynamically
changing coastal environment by consuming prey suitable for its mouth size.

Lee et al. (2022b) [12] report the first estimate for the Dokdo sea lion (Zalophus japonicas)
population reconstructed from a discrete time stage-structured population model, showing
a rapid decline in their population number with human hunting pressure and a 70% decline
in the initial population after 10 years of hunting. The authors propose that there exists
the potential for the extermination of a large local population of marine mammals due to
human over-hunting.

This Special Issue covers topics for physical response and various major components
in marine ecosystems such as the brown seaweed Sargassum thundergii, phytoplankton,
zooplankton, fish eggs, wild Korean seahorse (Hippcampus haema), and an extinct marine
mammal. This volume broadens our existing knowledge on the marine ecosystems in the
Yellow Sea, the East China Sea, and the East/Japan Sea. Lastly, we hope that this volume
provides a valuable foundation for understanding the current status of marine ecosystems
in the Yellow Sea, the East China Sea, and the East/Japan Sea and their future response to
ongoing climate change.

Funding: This research was supported by the grant (R2023056) from the National Institute of Fisheries
Science (NIFS), funded by the Ministry of Oceans and Fisheries, Republic of Korea.

Conflicts of Interest: The authors declare no conflict of interest.
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Response of Spatial and Temporal Variations in the Kuroshio
Current to Water Column Structure in the Western Part of the
East Sea
Chung-Il Lee 1, Yong-Woo Jung 2 and Hae-Kun Jung 3,*

1 Department of Marine Bioscience, Gangneung-Wonju National University, Gangneung 25457, Korea
2 Department of Oceanography, Chonnam National University, Gwangju 61186, Korea
3 Fisheries Resources and Environment Research Division, East Sea Fisheries Research Institute,

National Institute of Fisheries Science, Gangneung 25435, Korea
* Correspondence: hkjung85@korea.kr; Tel.: +82-33-660-8533

Abstract: Using geographic sea surface current data, long-term changes in spatial and temporal
variations in the Kuroshio Current 1993–2021 were analyzed, and the relationship between the
Kuroshio Current and oceanic conditions, such as water column structure and intensity of East
Korea Warm Current (EKWC) in the western part of the East Sea (WES), was investigated. Long-
term changes in the Kuroshio Current intensity were positively correlated with the Pacific Decadal
Oscillation and East Asian Winter Monsoon indices. When the Kuroshio Current was strong, its
main axis passing around the Ryukyu Islands moved eastward, and the intensity of EKWC separated
from the Kuroshio Current and flowed into the WES, indicating weakened conditions. When the
intensity of the EKWC was weakened, its main axis moved away from the inshore area of the WES.
As a result, the vertical distribution range of the cold and low saline water mass located in the bottom
layer extended to shallower depths in the inshore area of the WES with increasing chlorophyll-a.

Keywords: western part of the East Sea; Kuroshio Current; East Korea Warm Current; Pacific
decadal oscillation

1. Introduction

The East Sea is a continental sea in the Northwest Pacific that connects to open oceans
such as the North Pacific and East China Seas (ECS). Hence, changes in oceanic conditions
in the East Sea are influenced by both the direct and teleconnection effects of atmospheric
and oceanic circulation in the North Pacific [1,2]. The Kuroshio Current, which originates
in the equatorial current system, plays a key role in transmitting heat energy from the
equatorial region into the East Sea, and its intensity affects oceanic and biological conditions
in the East Sea [1,3–6]. The Tsushima Warm Current, which passes into the western channel
of the Korea Strait separated from the Kuroshio Current, is divided into two branches, one
of which is the East Korea Warm Current (EKWC), which flows into the western part of
the East Sea (WES) [7,8]. Thus, the EKWC originating from the Kuroshio Current is a key
factor for the variations in the upper layer and deep-water circulation in the East Sea [8–10].
However, the composition of the water mass comprising the TWS and EKWC indicated
distinct seasonal patterns.

The Tsushima Warm Current that flows into the WES primarily comprises two types
of water masses: one that originates in the Taiwan Current and another a branch of the
Kuroshio Current [11–14]. In the summer, the composition of the warm water mass moving
through the Korea Strait has a similar ratio between the Taiwan Current and Kuroshio
Current. In the winter, the composition of the Kuroshio Current exceeds 80% of the total
ratio [15]. Therefore, the Kuroshio Current accounts for a large proportion of the warm
water mass flowing into the WES via the Korea Strait during winter, and changes in the
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intensity of the Kuroshio Current may be critical for controlling the volume transport of
warm water masses flowing into the WES [1,2,7,8,10].

Variations in EKWC volume transport are an essential factor for the changes in oceanic
conditions in the WES, such as water temperature and salinity [1,16], and the intensity of
the EKWC fluctuated similar to that of the Kuroshio Current [3]. The changes in oceanic
conditions in the WES caused by the changes in the intensity of the Kuroshio Current were
also closely associated with biological conditions, such as the spatial and temporal distribu-
tion of fishery resources in the WES [4,17]. During the strong EKWC period, the distribution
range of warm water species, such as common squid, and their biomass expanded in the
WES [3]. In addition, the EKWC and Tsushima Warm Current, separated from the Kuroshio
Current, contain the nutrients transported by the Changjiang River entering the ECS. The
intensity of the Kuroshio Current contributes to the variations in surface nutrients in the
WES [18]. However, variations in oceanic conditions associated with the current system
are simultaneously affected by current intensity and spatial changes [19,20]. The intensity
and spatial changes in the Kuroshio Current influence the changes in the water column
structure and chlorophyll-a (chl-a) in southern Japan and the Kuroshio Extension region
in the eastern Pacific [21,22]. Previous studies have primarily focused on the intensity of
the Kuroshio Current to explain oceanographic and biological conditions in the WES [1],
and volume transport in the Korea Strait and Kuroshio Current has similar fluctuation pat-
terns [3]. Therefore, the intensity of the Kuroshio Current influences the changes in oceanic
conditions, such as the intensity of the Tsushima Warm Current and EKWC. However,
spatial and temporal variations in the location of the main stream of currents can be one of
the fundamental drivers of the changes in physical and biological environments [23,24].
Spatial changes in the main axis of the Kuroshio Current are also major factors influencing
the changes in warm-water mass inflow in the WES, such as the Tsushima Warm Current
and EKWC [1–3]. In addition, to understand the relationship between the Kuroshio Current
and oceanic conditions in the WES, we must focus on both changes in the upper layer and
water column structure in the WES.

The aim of this study was to elucidate the response mechanism of oceanic conditions
in the WES to the variations in the intensity and spatial distribution of the Kuroshio Current.
In particular, we addressed the following questions: when does the intensity of the Kuroshio
Current strengthen, and does the volume transport of EKWC in the WES increase? In
addition, we assessed the effect of change in the intensity of the Kuroshio Current on
water column structure and chl-a in the WES, and its relationship with atmospheric and
oceanic circulation in the North Pacific. To this end, we selected oceanographic data from
eight fixed stations including the inshore and offshore areas near 37◦ N in the WES that
passed the main axis of the EKWC, and then focused on the winter season with the highest
proportion of the Kuroshio Current in the EKWC. We analyzed (1) long-term changes in the
volume transport of warm water mass passing into the WES associated with the variations
in the intensity and spatial distribution of the Kuroshio Current, (2) the effect of changes
in the Kuroshio Current on changes in vertical structure and chl-a in the WES, and (3) the
mechanisms underlying the response of oceanic conditions in the WES to the changes in
the Kuroshio Current, focusing on the oceanic circulation system in the North Pacific.

2. Data and Methods
2.1. Oceanic Conditions in the WES

Oceanographic data were collected using conductivity, temperature, and depth probes
provided by the National Institute of Fisheries Science in Korea. We used water temperature
and salinity data in February between 1993–2021 from eight fixed stations near 37◦ N that
passed the main axis of the EKWC (Figure 1). To analyze the long-term changes in oceanic
conditions associated with the intensity and spatial variations in the EKWC, salinity in
the upper 100 m layer was used, and the intensity of stratification (stratification index)
was calculated using the water temperature difference between the upper 10 m and 100 m
layers (Figure 1).
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Figure 1. Study area for oceanic conditions such as water temperature and salinity in the western
part of the East Sea and volume transport in the western channel of the Korea Strait.

2.2. Kuroshio Current Intensity and Longitudinal Shift of the Main Axis

The intensity of the Kuroshio Current and its longitudinal shift (west–east) were
analyzed using geostrophic sea surface current data obtained from the Archiving, Valida-
tion, and Interpretation of Satellite Oceanographic database archived monthly 0.25◦ grids
from 1993 to 2021. The Kuroshio Current intensity (KCI) was estimated using the average
geostrophic sea surface current around 28◦ N and 125–129◦ E (Figure 2). Considering the
time lag effect of change in the Kuroshio Current in the ECS on oceanic conditions in the
WES [25–27], sea surface current data in January were used. The longitudinal shift in the
main axis of the Kuroshio Current in January was calculated as the longitudinal position of
the strongest current velocity around 125–129◦ E at the same latitude (28◦ N) (Figure 2).
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2.3. Intensity of the East Korea Warm Current

The intensity of EKWC was defined as the volume transport of the western channel in
the Korea Strait. The volume transport of the western channel in the Korea Strait during
winter (January–March) from 1993 to 2019 was calculated using sea level data from Izuhara,
Japan, from the Japan Meteorological Agency (JMA) and Busan, South Korea from the
Korea Hydrographic and Oceanographic Agency (KHOA).

V = 1/f/ρ*∆p/∆x (1)

where V is the volume transport (hm3/s), f is the Coriolis force, ρ is the density of seawater
(kg/m3), ∆p is the pressure difference between each tidal station (hPa), and ∆x is the
distance between each tidal station (51.17 km) [1,28].

2.4. Chlorophyll-a

To analyze the long-term variations in chl-a in the WES (35–40◦ N, 127–132◦ E) during
February, the merged satellite data from the Copernicus Marine Environmental Monitoring
Service (CMEMS) was used [29]. CMEMS GlobColour-merged chl-a product relies on the
following sensors: SeaWiFS (1997–2010), MERIS (2002–2012), MODIS Aqua (2002–present),
VIIRS-NPP (2012–present) and OLCI-S3A (2016–present) [29]. The monthly Level-4 product
chl-a for the global ocean from 1998 to 2021 was obtained from the Copernicus website
(https://marine.copernicus.eu/access-data (accessed on 31 August 2022)). Level 4 data
were re-mapped to a standard projection with a spatial resolution of 4 km [29].

2.5. Climate Indices

The Pacific Decadal Oscillation Index (PDOI) and East Asian Winter Monsoon Index
(EAWMI) were used to elucidate the relationship between the intensity of the Kuroshio
Current and the atmospheric and oceanic circulation systems in the North Pacific. The
EAWMI is defined as the difference between the two regions (27.5–37.5◦ N, 110–170◦ E,
50–60◦ N, 80–140◦ E) in area-averaged zonal wind speed at 300 hectopascal [30].

EAWMI = U300 (27.5-37.5◦ N, 110-170◦ E) − U300 (50-60◦ N, 80-140◦ E)

The PDOI is defined as the leading empirical orthogonal function of monthly sea
surface temperature anomalies in the Pacific poleward of 20◦ N [31].

2.6. Statistical Analysis

The sequential t-test analysis of regime shifts (STARS) developed by Rodionov (2006)
was applied to determine the time scale of the regime and magnitudes of the intensity
of Kuroshio Current and volume transport in the western channel of the Korea Strait.
Sequential t-test analysis of regime shifts was designed for sequential data processing and
can identify statistically significant departures from the mean.

3. Results
3.1. Long-Term Changes in the Kuroshio Current and Their Relationship with Climate Effects

The KCI showed a positive anomaly (strong velocity) before 2010 and a rapidly
decreasing current velocity pattern after 2010 (Figure 3). The STAR analysis results also
showed that step change in the KCI was detected in 2010 (Figure 3). These fluctuations
in the KCI were related to the longitudinal shift in the main axis of the Kuroshio Current
(r = 0.55, p < 0.01). The analysis of the correlation coefficient between the longitudinal
shift in the main axis of the Kuroshio Current and surface current velocity around the ECS
revealed that the surface current velocity around the Ryukyu Islands, which are located in
the main stream of the Kuroshio Current, has a positive relationship with the longitudinal
shift in the main axis of the Kuroshio Current (Figure 4). In contrast, the western part of
the Kuroshio Current mainstream had a negative relationship with the longitudinal shift in
the main axis of the Kuroshio Current (Figure 4), implying that when the Kuroshio velocity
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was high, the main axis of the Kuroshio Current migrated eastward. However, when the
Kuroshio velocity was low, it moved westward.
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Long-term changes in KCI were related to atmospheric and oceanic conditions in
the North Pacific. The EAWMI and PDOI are key climate indices for the intensity of the
Northwest Pacific winter monsoon and fluctuations in sea surface temperature in the North
Pacific associated with atmospheric and oceanic circulations. The correlation coefficients
between the surface current velocity around the ECS and EAWMI and PDOI showed that
both climate indices had a positive relationship with surface current velocity around the
Ryukyu Islands (Figure 5). In particular, a highly significant coefficient of variation was
observed with a two-month lag phase than with a phase with no lag (Figure 5).
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3.2. Long-Term Changes in the East Korea Warm Current

Long-term changes in the EKWC have a negative correlation with the KCI (Table 1).
After 2010, the intensity of the EKWC exhibited a rapidly increasing pattern, whereas the
KCI exhibited a decreasing pattern (Figures 3 and 6). The EKWC and KCI had a one-month
lag phase (leading KCI) and had positive correlation coefficients (Table 1). The KCI in
January had a more significant relationship with volume transport in February than it did
with that in January and March (Table 1).
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Table 1. Correlation coefficient between volume transport in western channel of Korea Strait and
Kuroshio Current intensity.

Volume Transport in Western Channel of Korea Strait

January February March Mean
(January–March)

Kuroshio −0.26 N −0.47 * −0.27 N −0.36 N

*: p < 0.01, N: p ≥ 0.01.

3.3. Variations in Oceanic Conditions in the Western Part of the East Sea Associated with the East
Korea Warm Current

Long-term changes in salinity at a depth of 100 m in the WES near 37◦ E exhibited a
distinct fluctuation pattern during weakened EKWC periods from the late 1990s to 2010;
the salinity at the depth of 100 m around the inshore area ≤129.79◦ E was lower than
34.1 (Figure 7a). However, after 2010, the salinity at a depth of 100 m around the inshore
area increased (Figure 7a), thereby indicating strong a EKWC (Figure 6). Furthermore, the
stratification index was related to the intensity of the EKWC (Figure 7b). The stratification
index increased after the late 1990s, which weakened EKWC. After the early 2010s, the
stratification index was gradually reduced with a strong EKWC (Figure 7b). In summary, a
low-saline water mass in the upper 100 m layer with strong stratification formed during
the period of weakened EKWC. In contrast, during the strengthened EKWC period, highly
saline water with weak stratification was observed (Figure 7). After 2019, the salinity
and stratification index were slightly decreased (≤34.01) and increased (≥8), respectively;
however, due to the absence of EKWC intensity data, the relationship between water
column structure and EKWC intensity could not be analyzed in this study.
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3.4. Long-Term Changes in Chlorophyll-a in the Inshore Area of the Western Part of the East Sea

Long-term fluctuations in the intensity of stratification in February were related to
chl-a in February along the inshore area of the WES (Figure 8). The chl-a in inshore area of
the WES had a more significant positive relationship than those in other regions, according
to the analyzed correlation coefficients between the surface amount of Chl-a in February
around the WES and the intensity of stratification in the inshore area (Figure 8). This
suggests that the chl-a in the inshore area increased during winter owing to strengthened
stratification (Figure 8).
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4. Discussion

Long-term changes in the oceanic conditions of the WES are affected by the fluctu-
ations in both the thermal energy of the atmosphere and the current system in North
Pacific [1,2,4]. In particular, the EAWMI and PDOI, which show atmospheric and oceanic
circulations in the NP, are important factors influencing the changes in oceanic conditions
in the WES [1,2,4]. In this study, the EAWMI and PDOI exhibited positive relationship with
the KCI (Figure 9). In previous studies, the relationship between the Kuroshio Current
and Pacific Decadal Oscillation has been reported. During the positive mode of the Pa-
cific Decadal Oscillation, the intensity of the Kuroshio Current was increased by strong
Aleutian low-pressure [31,32]. With strengthened Aleutian low-pressure, the pressure
gradient between the high- and middle-latitude areas of the North Pacific as well as the
westerlies around the middle-latitude area increased [31,32]. Consequently, the sea surface
temperature in the central North Pacific exhibited a decreasing trend owing to strong
winds, heat loss, and vertical mixing; however, the intensity of subtropical gyres such
as the Kuroshio Current was enhanced by strong Ekman transport [33–35]. Additionally,
variation in Aleutian low-pressure intensity is one of the primary factors controlling the
EAWM by interacting with the Siberian High pressure [36]. The pressure gradient between
the enhanced Aleutian low-pressure and Siberian High pressure, as well as the intensity of
the winter monsoon over the WES, increased [1,2]. Consequently, during periods of strong
Aleutian low-pressure, northwesterly winter winds, and cold, dry air masses from Siberia
were intensified near the WES [1,2].

Fluctuations in wind stress curl associated with Aleutian low-pressure and Pacific
Decadal Oscillation intensity variations have a positive relationship with the barotropic
transport of the Kuroshio Current [37]; however, in this study, the response of geostrophic
velocity in the ECS indicates regional differences. The surface current velocity around the
ECS, which are located in the main stream of Kuroshio Current, had a positive relationship
with the longitudinal shift in the main axis of the Kuroshio Current (Figure 9). This implies
that when the KCI was enhanced, the main axis of the Kuroshio Current migrated eastward.
The geostrophic velocity in the mainstream region of the Kuroshio Current and the western
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section of the Ryukyu Islands indicates different responses to the changes in atmospheric
and oceanic circulations in the North Pacific [38,39]. Previous studies have explained
that in the period with strong Kuroshio Current and enhanced Aleutian low-pressure, the
effect of Ekman transport on the flow of the Kuroshio Current moving through the ECS
was amplified, and the main axis of the Kuroshio Current migrated eastward with strong
velocity [1,16]. Consequently, the warm water mass separated from the Kuroshio Current,
such as the Tsushima Warm Current, as well as the volume transport in the Korea Strait
was weakened [1,16]. Furthermore, atmospheric conditions near the Korea Strait have a
critical role in controlling volume transport in the Korea Strait. During winter, volume
transport in the Korea Strait was reduced with increased northwesterly winds related to
a strong EAWM [16,40]. In this study, similar results were obtained. When the intensity
of the EKWC was enhanced, the KCI showed a decreasing pattern with strong EAWMI.
Consequently, the response of oceanic conditions to the KCI revealed regional differences in
the Northwest Pacific [1,2,41]. In previous studies, oceanic conditions, such as sea level and
water temperature in the WES, driven by branch currents of the Kuroshio Current including
the Tsushima Warm Current and EKWC indicated different fluctuation patterns with the
Kuroshio Current region, such as the ECS and Kuroshio Extension in North Pacific [1,2,41].
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The changes in the intensity of the EKWC flowing through the Korea Strait into the
WES influence oceanic and biological conditions of the WES [42,43]. For the enhanced
EKWC period, the main axis of the EKWC was adjacent to the inshore area but separated
from the inshore area during the periods of reduced EKWC [44]. This spatial distribution
along the main axis of the EKWC was related to the changes in the vertical structure of the
water column in the inshore area [2,9]. During enhanced EKWC, the vertical volume of the
warm water mass increased, and the vertical structure in the inshore area indicated mixed
conditions. However, as the EKWC weakened and the main axis moved away from the
inshore area, the North Korea Cold Current extended to the inshore area. Consequently,
the vertical distribution range of the North Korea Cold Current, which was cold with
less saline (33.9–34.1‰), and nutrient rich water mass with high oxygen content [9,45,46],
extended to shallower depths in the inshore area of the WES [42]. Furthermore, vertical
mixing became more active owing to the strong winter monsoon in the winter [2,43], and
a replete condition of nutrient replenishment below the upper layer was supplied to the
upper layer [43]. In February, chl-a in the inshore area of the WES increased.

The results of this study provide novel insights into the possible mechanisms underly-
ing the effect of climate change on oceanic conditions in the WES. Especially, these results
provide major information that can be used to better understand the effects of the intensity
changes in the Kuroshio current related to climate change on the change of EKWC and
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water column structure in the WES. Furthermore, by explaining the mechanism underlying
the changes in oceanic conditions in habitats ground, this study expands our understanding
of the changes in distribution and biomass of fisheries resources. However, to accurately
investigate the changes in low trophic level, such as primary production, understanding
the nutrient circulation cycle, supplement, and demand is necessary. In this study, we did
not explain the process involving nutrient source. Therefore, in future studies, we will
assess the possible mechanisms underlying the response of climate change to physical,
chemical, and biological conditions in the WES, including nutrient, primary production,
and fisheries resources.

5. Conclusions

Our study elucidated the impact of the intensity of the Kuroshio Current on the
variations in the vertical water column structure in the inshore area of the WES. Long-
term fluctuations in WES oceanic conditions are affected by both atmospheric and oceanic
circulation. The intensity of the Kuroshio Current was related to atmospheric conditions,
such as the intensity of the winter monsoon, as well as oceanic conditions, such as the
volume transport of warm water mass into the WES. The interaction between atmospheric
and oceanic conditions can play a major role in controlling the changes in the water column
structure and primary production. During periods of increased KCI, the severity of the
winter monsoon increased; however, the warm water mass passing into the WES separated
from the Kuroshio Current weakened. Consequently, the North Korea Cold Current range
expanded, and cold-water masses were distributed under the upper layer in the inshore
area of the WES. The water column structure is a possible primary cause of the high chl-a
observed in the area.
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Abstract: Intraspecific variation in morphology is widespread among seaweed species in different
habitats. We examined the morphological variation in Sargassum thunbergii involving diverse en-
vironmental factors. We quantified 16 morphological characteristics on 15 rocky intertidal shores
in Korea. A cluster analysis based on morphology identified three groups. Group M1 comprised
populations on the northern part of the east coast, where the thalli was short and thick, with large
leaf and air-vesicle. Group M3 consisted of populations on the west coast exclusively separated
from other populations, with short, slender and sparsely branched thalli. Group M2 comprised
populations on the southern part of the east coast and on the south coast (including Jeju Island), with
longest thalli and lateral branches. Principal coordinate analyses showed that group M1 and M3 were
mostly influenced by strong wave action and large tidal amplitudes, respectively. Group M2 were
under the influence of warm temperatures and high irradiance. Biota-environment matching analysis
showed that the morphology is affected by combinations of different local environmental factors and
also that tidal condition is important as a single variable, suggesting that morphology of S. thunbergii
reflects and adapts to local environmental conditions.

Keywords: Sargassum thunbergii; morphological variability; seaweed morphology; multiple environmental
factors; intertidal zone

1. Introduction

The populations of plant species in different habitat show alternative morphological
forms. The degree of intraspecies morphological differences is dependent on dispersal
distances and gene flow [1]. Considering that their life history traits were closely related
with morphology, morphological variability has important ecological and physiological im-
plications for the plant themselves and the organisms associated with them [2–5]. Seaweeds
having broad habitat ranges, from intertidal to subtidal zones, usually show high intraspe-
cific morphological variations [6]. Such morphological variability is believed to extend
selective advantages to individuals inhabiting various environmental conditions [7–10].
For example, large brown seaweeds such as Laminaria longicruis and Eisenia arborea have
narrow and strap-like blades to enhance their survival and fitness under wave-exposed
condition [8,11]. Thus, the existing morphological characteristics in seaweeds would reflect
local environmental conditions where they inhabit.

Seaweed morphology is influenced by many environmental factors, including sea-
son [12], depth [13,14], nutrient availability [2,15], wave action [16], irradiance [17,18],
temperature and salinity [19–21]. For example, Ulva fenestrate shows the optimal thallus
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growth at high irradiance and low temperature [17] and seaweeds growing in wave-
exposed sites (e.g., Codium fragile, Fucus spp. and Ecklonia radiata) are often much smaller
than those growing in sheltered waters [16,22–24]. Similarly, Saccharina latissima has nar-
row blade in hyposaline condition [19]. Due to the relationships between morphological
development and extrinsic conditions, some seaweed species can be used as environmental
indicators [25,26]. Hence, improved understanding of the impacts of environmental con-
ditions on seaweed morphology can be an important element in investigations of coastal
ecological health [27,28].

Morphological variability in seaweed results from the interactions of the muti-
factors [17,18]. Wave action is well known as a major physical factor that influence thal-
lus size and intraspecific morphological variability in seaweed because many studies
have focused on the effects of wave action [29]. Relatively few have investigated the in-
fluence of other abiotic factors, such as salinity, desiccation, nutrient concentration and
temperature, which affect morphology indirectly by altering physiological responses to
stressors [2,21,30,31]. Furthermore, biotic factors, biomass losses and defenses induced
by grazing pressure can affect morphological variability [27,30]. Although morphological
variation is affected by the complex interactions of multiple stressors [23,32], many investi-
gations have regarded only one or two factors. A better understanding of the relationships
between morphology and environment requires a more comprehensive approach that
considers multiple factors simultaneously.

The genus Sargassum C. Agardh is one of the most species-rich genera among the
Fucales, Phaeophyceae [33]. Sargassum thunbergii, an ecologically and economically im-
portant brown seaweed [34], is widely distributed from middle to lower intertidal zones
in the coastal areas of Northeast Asia including Korea, China and Japan [35–37]. This
species has high morphological variability and adjusts its growth form in accordance with
varying levels of local environmental conditions [34,38–40]. S. thunbergii provides habi-
tat, shelter and nursery areas for a wide variety of flora and fauna [41]. This species is
especially an important feed source for abalone and the rapidly developing holothurian
aquaculture. Additionally, S. thunbergii is a major source of bioactive components such
as alginate and pharmaceutical products and widely used in biosorptions of trace metal
ions [42–44]. Lately, due to large biomass and high productivity, this species has been
proposed as an appropriate candidate species to artificially restore large seaweed forests
in the intertidal zone in China [45]. The technology for commercial cultivation of S. thun-
bergii has been developed to meet various types of demand [34]. However, ecological
and physiological information available for cultivation, conservation and restoration of
S. thunbergii is still lacking [41,46,47], even though several studies have been conducted
on phylogenetic or population genetic diversity [48–50]. In particular, there have been
almost no attempts to identify environmental factors affecting intraspecific morphological
variation of S. thunbergii.

Understanding how morphological traits of seaweed respond to varying environ-
mental factors is important in making management policy for its conservation, restoration
and aquaculture. In this study, we hypothesized that morphological differences among
S. thunbergii populations occur along the Korean coast depending on local environmental
conditions. The objectives of this study were (1) to identify the morphological differences
among S. thunbergii populations grown on Korean coasts and (2) to examine the determi-
nant of their morphology through quantifying the relationship between morphology of
S. thunbergii and local environmental factors.

2. Materials and Methods
2.1. Study Area

The present study was conducted at 15 study sites along the coasts of South Korea
including Jeju Island (Figure 1a). The eastern coast of Korea is exposed to high wave action
and its coastline is simple and monotonous. The tidal amplitude is very small (<30 cm) and
seaweed habitats are well developed. The southern part on the eastern coast is affected by
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the East Korean Warm Current (EKWC), which originates in the Tsushima Warm Current,
while the northern part is influenced by the North Korea Cold Current. The western coast of
Korea, which faces the Yellow Sea, is a typical drowned valley shoreline (muddy flats with
high turbidity) mostly dominated by macrotidal (tidal amplitudes reaching ca. 9 m). As the
West Korea Coastal Current flows around the western coast of Korea, water temperature
and salinity are relatively low. The southern coast of Korea has many semi-enclosed bays
with moderate wave exposure and is mesotidal, with semi-diurnal tidal range of 1–3 m.
Tsushima Warm Current, a branch of the Kuroshio Current, transports warm waters to
the southern sea of Korea and is divided to the Yellow Sea Warm Current and the East
Korean Warm Current, which affects the southwestern and the southeastern coast of Korea,
respectively. Jeju Island, located in the southern sea of Korea, is the largest island in Korea.
The climate of Jeju Island is strongly influenced by the Tsushima Warm Current flowing
around the island. The tidal regime is similar to that of the southern coast of Korea.
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indicate warm currents. The Yellow Sea Warm Current (YSWC) and the East Korean Warm Current 
(EKWC) stem from the Tsushima Warm Current (TWC), which originates in the Kuroshio Warm 
Current. Dashed lines indicate cold currents: the West Korea Cold Water (WKCW) and the North 
Korea Cold Current (NKCC) (modified from Gong et al. [51]); (b) Schematic diagram describing the 
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stalk of vesicle (VST). 

Fifteen sites where S. thunbergii dominated in the rocky shores were selected accord-
ing to [40]; the distance among sampling sites was more than 40 km (Figure 1a). The east-
ern sites (site 1–5) were on steep shores subjected to strong wave action. Most S. thunbergii 
populations were permanently submerged even during low tide. The northern and the 

Figure 1. Study sites (a) and schematic diagram of Sargassum thunbergii (b); (a) Study sites and oceanic
currents around Korea. Eastern coast (4): 1. Sokcho (SO), 2. Jumunjin (JM), 3. Samcheok (SC), 4.
Jukbyeon (JB), 5. Yeongdeok (YD); western coast (H): 6. Taean (TA), 7. Daecheon (DC), 8. Sinsido
Island (SI), 9. Yeonggwang (YG); southern coast (�): 10. Goheung (GH), 11. Namhae (NH), 12.
Geojaedo Island (GJ), 13. Busan (BS); Jeju Island (#): 14. Gosan (GS), 15. Seongsan (SS). Solid lines
indicate warm currents. The Yellow Sea Warm Current (YSWC) and the East Korean Warm Current
(EKWC) stem from the Tsushima Warm Current (TWC), which originates in the Kuroshio Warm
Current. Dashed lines indicate cold currents: the West Korea Cold Water (WKCW) and the North
Korea Cold Current (NKCC) (modified from Gong et al. [51]); (b) Schematic diagram describing the
morphology of S. thunbergii. Thallus height (TH); main branch (MB); stipe (ST); lateral branch (LB);
internode interval (INT); leaf (LF); fulcrant leaf (FLF); air-vesicle (AV); mucro (MU); vesicle (VS); stalk
of vesicle (VST).

Fifteen sites where S. thunbergii dominated in the rocky shores were selected according
to [40]; the distance among sampling sites was more than 40 km (Figure 1a). The eastern
sites (site 1–5) were on steep shores subjected to strong wave action. Most S. thunbergii
populations were permanently submerged even during low tide. The northern and the
southern parts on the eastern coasts are affected by cold (NKCC) and warm (EKWC) waters,
respectively. Site 3 is simultaneously affected by both NKCC and EKWC. The western sites
(site 6–9) have very turbid waters and broad expanses of flat and rocky substratum. During
low tide periods, S. thunbergii populations are exposed to protracted aerial exposure. The
southern sites (site 10–13) and two sites (site 14 and 15) on Jeju Island have moderate wave
exposure and tidal ranges. S. thunbergii populations in these sites are distributed from
middle to lower rocky intertidal habitats with gentle slopes and thus, the populations on
the southern coasts are periodically exposed to air during low tide.
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2.2. Environmental Parameters

Air temperature and sea surface temperature (◦C), maximum wave height (m), daily
incident photon irradiance (mol photons m–2 d–1) and salinity data were obtained from
the Korean Ocean Observing and Forecasting System (KOOFS, sms.khoa.go.kr/koofs) and
the National Climate Data Service System (NCDSS, sts.kma.go.kr), where daily data were
assembled from tidal stations, marine buoys and meteorological observatories at each study
site for the last 20 years (1992–2011). Air temperature, sea surface temperature and salinity
were measured every 30 or 60 min depending on those observation systems and then
averaged daily. Maximum wave height averaged daily the highest wave heights which were
calculated at 30 or 60 min intervals from data logged every 0.5 or 1 s. Accumulated daily
solar irradiance (MJ m−2) obtained from NCSS converted to the daily incident photon flux
density (mol photons m–2d–1) [52]. However, we could not obtain a full set of environmental
data at sites 1, 4, 7, 10 and 14. These sites were excluded data analyses for the relationship
between morphological variation and environments. The magnitude of tidal range were
classified into three categories of dominant water oscillation: category 1, microtidal system
(the east coast; generally mixed diurnal or semi-diurnal tides); category 2, mesotidal system
(the south coast and Jeju Island; generally semi-diurnal tides); category 3, macrotidal system
(the west coast; generally semi-diurnal tides).

2.3. Sampling Design and Morphological Measurements

Sargassum thunbergii was identified based on morphological characters described by
previous literature and their growth form was adjusted in accordance with various local
environmental conditions [38–40]. The species also has a high seasonal variation in mor-
phology. In particular, juveniles and subadult plants are morphologically immature during
winter, for example, incomplete development of lateral branch and modular organs (leaf,
air-vesicle and receptacle) because they are not yet fully grown. For summer and fall, they
shed their modular organs and branches due to thallus decay after sexual reproduction
and therefore, their morphology is complete and intact during spring season. To measure
clearly morphological responses to local conditions and prevent taxonomic misidentifi-
cation, we haphazardly collected 20 fully grown individuals with all modular organs at
each site during spring period, late April–early June 2011 (Figure A1) and 6–16 individuals
were used in analysis. The samples were fixed immediately in a 5–10% formalin-seawater
solution in the field, transported to the laboratory and processed immediately. Thallus
height, main branch diameter, the length and diameter of stipe and longest lateral branch,
internode interval, the length, width and thickness of leaf, the length, width and volume of
air-vesicle and the length of stalk and mucro were measured to the nearest 0.1 mm using
digital calipers as shown in Figure 1b.

2.4. Data Analysis

Hierarchical cluster analysis (with group-average linking) and Principal Coordinates
Analysis (PCoA) were carried out to identify morphological dissimilarity among the sites;
the PCoA ordination plot included morphological vectors. These were based on Euclidean
distance with square root-transformed and normalized data because each of the mor-
phological measurements were not on the same scale. Significant differences among the
groups formed by cluster analysis were tested by Similarity Profile (SIMPROF). To examine
the relationship between morphological characteristics and environmental parameters,
BIO-ENV (biota-environment) procedure was applied: this procedure explains the best
subset of environmental variables correlated with biological variables [53]. For example,
Umanzor et al. [54] demonstrated that the attenuation of irradiance and desiccation stress
among the several experimental treatments they performed were best factors to be corre-
lated with the abundance of macroinvertebrates. To use BIO-ENV, the two matrices for
environment and morphology must exactly refer to a common set of samples (sampling
site). We did not have, however, environmental data of all study sites as mentioned in
Section 2.2. BIO-ENV were carried out using the morphological data of the study sites
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corresponding to where environmental variables were obtained and PCoA ordination
plot was also modified accordingly. Here, as superimposing environmental vectors on
the modified PCoA ordination plot, we explained correlations among environmental vari-
ables, morphological groups and the modified PCoA axes. Multivariate analyses were
performed with PRIMER v6 and PERMANOVA+ software (PRIMER-e, Auckland, New
Zealand) [53,55].

Significant differences in each of the morphological measurements among the group
formed by cluster analysis were tested using a one-way ANOVA. Morphological data were
tested for normality and homogeneity of variance to the assumptions of parametric statistics
using Shapiro–Wilk’s and Levene’s tests, respectively. If these assumptions were not met,
data were log (x + 1) transformed prior to analysis. When a significant difference was
observed among variables, the means were examined using Student–Newman–Keuls (SNK)
tests to determine where the significant difference occurred. Statistical significance was set
at α < 0.05. All values are presented as means ± SE (standard error) and ANOVA were
conducted using SPSS software (version 20.0, IBM SPSS Statistics, New York, NY, USA).

3. Results
3.1. Environmental Parameters

Environmental conditions varied with 10 sampling sites where full sets of data were
obtained (Figure 2). The overall air and water temperatures were higher at sampling sites
located at southern coasts (including Jeju Island) and lower at sites located at western
and eastern coasts (Figure 2a,b). The surface photon irradiance was slightly higher at the
southern sites than at other sites (Figure 2c). The wave heights were apparently higher at
sites on the east coast than in other regions (Figure 2d). The salinity was lower off the west
coast than at other sites (Figure 2e).
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3.2. Morphological Variations

Morphological characteristics of Sargassum thunbergii were divided into five signifi-
cant groups by the hierarchical cluster analysis with SIMPROF test (π = 0.949, p = 0.001,
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Figure 3a). Site 1 and 2, the northern part on the eastern coasts, were independently sepa-
rated from other sites (we denominated them group M1). The western sites also formed an
exclusive group although they were divided into two groups, site 7 and site 6–9. When
SIMPROF test was independently carried out on a subset of the western sites only, they
(site 7 and site 6–9) did not show significant difference (π = 0.043, p = 0.89): it would be
reasonable to consider the western sites as virtually a single group (M3). The southern
sites including Jeju Island and the remains of eastern coasts were significantly split into
two groups. SIMPROF test with a subset of sites of these two groups, however, showed
nonsignificant differences (π = 0.223, p = 0.7) and therefore, they totally would be a single
group (M2). Consequently, morphological characteristics can be grouped into three clusters
by an arbitrary distance level of 5.5 (Figure 3b).
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Figure 3. Hierarchical cluster dendrogram (a) and PCoA ordination plot (b) based on Euclidean
distance: (a) Red dotted lines represent no significant differences between sites by SIMPROF test;
(b) PCoA ordination plot showed that the study sites can be grouped into three clusters (M1–M3) at
an arbitrary distance level of 5.5. Correlations between morphological variables and PCoA axes are
represented by superimposed vectors (Pearson correlation, r > 0.5) in (b). Sampling sites are indicated
by symbols and numbers, which are provided in Figure 1a. STD (stipe diameter); TH (thallus height);
LLL (length of longest lateral branch); LLD (diameter of longest lateral branch); MBD (main branch
diameter); INT (internode interval); LFL (leaf length); LFW (leaf width); LFT (leaf thickness); LFA
(leaf area); VL (vesicle length); VD (vesicle diameter); VV (vesicle volume); SKL (stalk length of
vesicle); MU (mucro length).

Morphological characteristics were significantly different among groups M1, M2 and
M3 (Table 1). Thallus height and longest lateral branch length were significantly longer
in group M2 than in the other groups. The smallest diameters of main and lateral branch
occurred in group M3. Stipe diameters were larger in groups M1 and M2 than in group
M3. Stipe diameters were significantly different among the groups, but stipe lengths were
not. The internode interval was the longest in group M3, meaning sparsely branched. Leaf-
and vesicle-related measurements were significantly larger in group M1 than in the other
groups. The PCoA plot summarized these findings well (Figure 3b). The first two axes of
the PCoA explained 65.1% of the total variation (PCoA1: 40.9%; PCoA2: 24.2%). The axis
of PCoA1 was positively correlated with leaf- (LFL: r = 0.810, LFW: r = 0.878, LFT: r = 0.684,
LFA: r = 0.929) and vesicle-related traits (VL: r = 0.912, VD: r = 0.718, VV: r = 0.794, SKL:
r = 0.620, ML: r = 0.727). Group M1 (with large values for leaf and vesicle) was strongly
correlated with vectors related to leaf and vesicle and separated from the others along the
axis of PCoA1. The axis of PCoA2 was positively correlated with thallus height (r = 0.652),
longest branch length (r = 0.857), branch diameter (MDB: r = 0.948, LLD: r = 0.966) and
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stipe diameter (r = 0.692). Group M2 (with large values for thallus height and branch, but
small leaf and vesicle) was strongly positively correlated with vectors related to thallus
height and lateral branch traits. Group M3 (with sparse branching and slender and small
thalli) was positively correlated with internode interval.

Table 1. One-way ANOVA results in morphological measurements of Sargassum thunbergii grouped
by hierarchical clustering. Data are mean ± SE (n = 12–93).

Morphological Characteristics Code Group M1 Group M2 Group M3

Thallus
Thallus height (cm) *** TH 27.8 ± 1.1 c 68.3 ± 2.7 a 35.2 ± 1.3 b

Main branch diameter (mm) *** MBD 2.0 ± 0.1 a 2.0 ± 0.1 a 1.2 ± 0.1 b

Stipe length (mm) NS STL 4.1 ± 0.2 a 3.7 ± 0.2 a 3.5 ± 0.2 a

Stipe diameter (mm) *** STD 6.6 ± 0.3 a 4.9 ± 0.2 b 3.2 ± 0.1 c

Longest lateral branch length (cm) *** LLL 4.4 ± 0.4 b 9.8 ± 0.5 a 3.2 ± 0.1 c

Longest lateral branch diameter (mm) *** LLD 1.1 ± 0.0 b 1.2 ± 0.0 a 0.4 ± 0.0 c

Internode interval (mm) *** INT 2.0 ± 0.0 c 4.2 ± 0.2 b 4.9 ± 0.2 a

Leaf
Leaf length (mm) *** LFL 9.2 ± 0.2 a 6.0 ± 0.2 c 6.7 ± 0.2 b

Leaf width (mm) *** LFW 0.8 ± 0.0 a 0.5 ± 0.0 b 0.4 ± 0.0 c

Leaf thickness (mm) ** LFT 0.41 ± 0.0 a 0.36 ± 0.0 b 0.34 ± 0.0 b

Leaf area (mm2) *** LFA 7.2 ± 0.2 a 3.1 ± 0.2 b 2.9 ± 0.1 b

Vesicle
Air-vesicle length (mm) *** VL 2.9 ± 0.1 a 2.2 ± 0.0 b 2.4 ± 0.1 b

Air-vesicle diameter (mm) * VD 1.0 ± 0.0 a 0.9 ± 0.0 b 0.9 ± 0.0 b

Air-vesicle volume (mm3) *** VV 6.7 ± 0.4 a 4.1 ± 0.2 b 4.6 ± 0.4 b

Stalk length (mm) *** SKL 3.1 ± 0.1 a 2.4 ± 0.1 b 2.2 ± 0.1 b

Mucro length (mm) *** ML 1.3 ± 0.1 a 0.9 ± 0.0 b 1.0 ± 0.1 b

Superscript of same small letter indicates no significant difference in morphological parameters among groups;
*: p < 0.05; **: p < 0.01; ***: p < 0.001; NS: no significance.

3.3. Relationships between Morphological Variations and Environments

We found that the morphological characteristics of S. thunbergii have been highly
correlated with environmental variables (Figure 4 and Table 2). The locations of morpho-
logical groups in the modified PCoA plot which were analyzed using the study sites with
environmental variables corresponded to the locations of morphological characteristics in
Figure 3b (Figure 4). The study sites that clustered in groups R1, R2 and R3 corresponded to
those of groups M1, M2 and M3, but site 3 did not fit this pattern. Site 3 belonged to group
R1 corresponding to group M1, rather than to group R2 corresponding to group M2. The
grouping clearly corresponded to the direction of the overlain vectors for environmental
variables (Figure 4). The vector for wave height had a moderately positive correlation
with group R1 (r = 0.500), which separated this group from the others. The vectors for air
temperature, water temperature and irradiance were strongly positively correlated with
group R2 (r = 0.772, r = 0.785 and r = 0.583, respectively). The vector for tidal regime and
salinity were strongly positively (r = 0.878) and negatively (r = 0.832) correlated with group
R3, respectively.
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ical parameters. Correlations between environmental variables and PCoA axes are represented by
vectors superimposed on the PCoA plot (Pearson correlation, r > 0.5). Dashed ellipses are groups
distinguished at a distance level of 5.5 in the hierarchical clustering analysis. Group R is also a
morphological group and we denominated the name R as illustrating the relationship between mor-
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Table 2. The best results acquired from BIO-ENV analysis of combined environmental variables
matching morphology of Sargassum thunbergii (Spearman correlation coefficient, ρ).

Number of
Variables Best Combinations of Environmental Variables

1 T (0.342), IR (0.339), AT (0.233), WT (0.182), S (0.099), W (0.002)
2 IR+T (0.464) 5, AT+T (0.397), AT+IR (0.393), WT+T (0.390)
3 AT+IR+T (0.519) 2, WT+IR+T (0.519) 2, AT+WT+T (0.440)
4 AT+WT+IR+T (0.556) 1, AT+S+IR+T (0.446), WT+S+IR+T (0.443)
5 AT+WT+S+IR+T (0.475) 4, AT+WT+IR+W+T (0.354)

AT (Air temperature); WT (Water temperature); W (Wave height); IR (Irradiance); S (Salinity); T (Tidal regime).
Superscript is five best results in numerical order.

The best permutations of combined environmental variables (BIO-ENV analysis)
matching to the morphology of S. thunbergii are listed in Table 2. The single variable which
best explains the site grouping, in manner consistent with the morphological patterns, is
tidal regime (ρ = 0.342). Tidal regime was always involved in the best five combinations,
indicating it is important to shape the morphology of S. thunbergii as a single variable.
On the other hand, the successful matches of the best five combinations included two
or more environmental variables at least. Spearman correlation coefficients were always
greater for combinations of multiple variables than for each single variable. Their Spearman
correlation coefficients did not show dramatic differences across the permutations. This
result indicates that the morphology of S. thunbergii is also influenced by combinations of
multiple environmental variables simultaneously rather than by a single dominant.

4. Discussion
4.1. Relationships between Morphological Variation and Environments

The morphology of Sargassum thunbergii markedly changed around the Korean coast-
line. We found the changes were highly correlated with different environmental condi-
tions on the different shores. Seaweed morphologies are often highly plastic. Thalli in
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wave-exposed areas are frequently much smaller and tougher than those growing in wave-
protected areas [16,22–24]. Additionally, many abiotic and biotic factors, including wave
action [24,29], light intensity [17,18], temperature [21], salinity [19,20] and grazing [56,57],
directly or indirectly affect the growth and morphology of seaweeds. Although these factors
interactively affect algal morphology, few studies have examined the relationships between
seaweed morphology and multiple environmental factors [58]. Our results showed that
determining the morphology of S. thunbergii was linked in a complex manner with different
local environmental conditions.

Group R3 (corresponding to group M3) occurred exclusively on the Korean west
coast and their morphological traits were obviously distinct from the other groups. Thalli
in this group had short and slender branches and long internode intervals (Figure 3b
and Table 1); hence, they were small, soft in texture and sparsely branched thalli. Large
tidal amplitude was a best factor grouping the sampling sites as a single variable, which
exclusively separated group R3 from other groups (Figure 4 and Table 2). The west coast
of Korea has calm waters, but the large tidal amplitudes and a very gentle slope prolong
the aerial exposure times of intertidal creatures. During prolonged atmospheric exposure,
thalli are exposed to intense stresses, including desiccation, strong solar radiation, mineral
nutrient starvation and extreme fluctuations in salinity and temperature. Yu et al. [45]
found that photosynthetic activity of the thalli was reduced by desiccation, heat stress
and prolonged aerial exposure, as shown previously for other seaweed species [59–61].
Mueller et al. [58] recently emphasized the role of tidal regime-related stressors in the
morphological expression of intertidal seaweeds. The distinctive morphology of group
R3 in our study can be explained by the extremely stressful conditions of the macrotidal
regime. In addition, many seaweeds produce diminutive thalli in low-salinity waters [62].
As an example, short fucoid thalli with narrow stipes are frequently observed in low-
salinity intertidal zones [20,31]. In the present study, the morphological characteristics of
the members of group R3 (also M3) were negatively correlated with salinity (Figure 4).
Thus, our results support that physiological responses to the harsh stresses associated with
macrotidal regime likely affected the growth and morphogenesis of S. thunbergii.

The morphologies of group R2 (corresponding to M2) were strongly correlated with
temperatures and irradiance and weakly correlated with wave height (Figure 4). The
study sites in this group ranged from Jeju Island to the southern part of the mainland
east coast, where the influences of two warm currents prevail (the TWC and EKWC; see
Figure 1b). The intertidal zone of the south coast of Korea is particularly sheltered by the ria
configuration of the coastline. Thalli in this group were larger than any other groups: they
have long and thick branches and thick stipes (Figure 3b and Table 1). Among all study
sites, biomass per thallus should be highest in these southern locations. The thick stipes are
able to help supporting heavy thalli [63]. Large forms of S. thunbergii often occur in warm
and/or sheltered locations [35,38,40], but to date, there has been no direct evidence that the
size is related to temperature or shelter. Here, we provide more robust evidence to support
this postulation. Many species of seaweeds reach larger sizes or biomass in wave-sheltered
waters than in areas exposed to strong hydrodynamic forces (e.g., [11,22,24,64,65]). Growth
and survival of seaweed need optimal range of temperature, water motion to allow for
nutrient uptake, but not too strong to remove algal thallus, and sufficient light of high
levels without photo-inhibition. As identifying the above-mentioned optimal conditions
for growth of S. thunbergii is not the focus of this study, we do not cover that in detail here.
Nevertheless, given our results and distribution of large forms in warm and/or sheltered
areas, morphological characteristics of S. thunbergii in the southern locations likely result
from proper combinations of those environmental factors. Actually, growth of S. thunbergii
in marine farms increases with temperature and the thallus length reached about 2 m [66];
note the fact that most marine farms are located in sheltered and environmentally suitable
places for the maximum growth and survival of the subject organism. These results indicate
that strong light, warm temperatures and shelter may promote the formation of large thalli
in S. thunbergii.
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The morphologies of group R1 (corresponding to M1) were correlated with wave
height (Figure 4). Specimens of group M1, on the northern part of the east coast, had large
leaves and vesicles and their thalli and lateral branch were very short, thick and bushy
(Figure 3b and Table 1). Such a morphological form would likely be advantageous in the
wave-exposed environments of the northern part of the east coast. For example, thick and
flexible stipe and small and thick thallus are very effective in preventing dislodgement
and/or breakage from the strong hydrodynamic forces [8,16]. S. thunbergii on the east coast
have been mostly submerged even during the low tide due to very small tidal amplitude.
Thalli on this coast were very dense, which may have caused self-shading. Large air vesicles
likely have functional significance in competition for light by providing increased buoyancy
to raise thalli towards the surface. Large leaves can also enhance light interception due to
maximized leaf surface. Therefore, morphological characteristics of group M1 would be a
typical seaweed form in wave-exposed areas.

4.2. Environmental Factors in the Intertidal Zone

Although the sites on the east coast of Korea are subjected to strong wave exposure
(Figure 2d and see 2.1 study site), wave height did not completely separate the five sites (site
1–5) from other sites. At first glance, it can make a hasty prediction that morphologies on the
east coast (site 1–5) would strongly correlate with wave height. However, the morphologies
on this coast fell into two groups, northern part (M1 and R1) and southern part (M2 and
R2) according to correlations with different environmental variables (Figures 3b and 4).
The site 3 is geographically located between the sites 1–2 and 4–5 on the eastern coast.
Interestingly, the same pattern also appeared on the PCoA plots and site 3 belonged to
both morphological groups M2 and R1 (Figures 3b and 4). These mean that morphologies
of specimens on site 3 have an intermediate form resulting from a combined effect of
different environmental variables. Actually, morphological characteristics of both group
M1 and M2, or intermediate forms between them were observed at the specimens from
site 3. There are two different water masses near site 3, where two currents with different
temperatures meet (Figure 1a). Thalli at site 3 were very likely exposed to a complexity of
environmental factors, including wave heights, warm and cold water temperatures and
fluctuating irradiance. These indicate that combined effects of local environmental variables
influenced the morphological grouping although the whole of the Korean east coast is
affected by high waves. Our findings are in line with previous studies that demonstrated
seaweed morphology in response to local environmental conditions when the degree of
wave exposures were similar [23,32].

Many studies have suggested that the degree of wave exposure is the most important
determinant of morphology and survival in seaweed (reviewed by Hurd [29]). Water
turbulence is likely a principal factor in the subtidal zone, where environmental conditions
are stable compared to the intertidal zone, but this is just one of many interacting factors
(e.g., irradiance, temperature, nutrients) in the intertidal zone that vary dramatically in
space and time [29]. In this study, wave height was only a partially dominant factor
in the northern part of the east coast due to locally different environmental variations
(Figure 4). Rather, as a single variable, tidal regime was more important (Table 2); it
separated exclusively the western coast sites as a whole from other sites (Figure 4). This is
probably because tide-induced stresses are greater than wave-induced impacts in intertidal
zone [58]. Therefore, tidal condition would be a more important factor shaping morphology
of intertidal seaweeds than wave forces at regional scale.

Meanwhile, there are different root causes in the morphological differentiation of
seaweeds. For example, dwarf forms in seaweeds have several different causes in response
to the harsh environments such as high on the shore [67,68] and tide-induced stress [58] as
well as high wave action [16,24]. In this study, although thallus height was significantly
shorter in group M1 and M3 than in group M2 (Table 1), the underlying causal factors were
different. The short size of thalli in group M1 is linked to strong wave action, while that of
thalli in group M3 was linked to tide-induced stress. Members of group M2 had the largest
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thallus due to favorable conditions such as temperatures, irradiance and less wave impact.
Thus, the morphological differentiation in intertidal seaweeds is controlled by combinations
of various local environmental factors rather than by a single dominant effect.

5. Conclusions

This study examined morphological variability in intertidal brown seaweed Sargassum
thunbergii and their relationships with diverse environmental variables at regional scale.
Tidal-induced stresses were important as a single variable at regional scale while wave
force was a lesser environmental factor which should be considered together with local
conditions in intertidal zone. Simultaneously, our results showed morphological differenti-
ation adjusting to locally different environmental conditions, highlighting consideration
of multiple environmental variables to examine biological and ecological processes of
intertidal seaweeds. Diverse morphologies of S. thunbergii resulted from adaptation to
different habitat conditions and could provide information about the environments where
they inhabit. This study provides valuable information regarding coastal ecological heath,
restoration and aquaculture using S. thunbergii. There are, of course, other factors affecting
seaweed morphology (e.g., nutrients, season and grazing) which were not involved in
this study. Further studies incorporating them can improve understanding morphological
variability of intertidal seaweeds.
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Abstract: After the construction of the Three Gorges Dam (Changjiang River), the northern East
China Sea has been exposed to major environmental changes in the summer due to climate change
and freshwater control. However, little is known regarding phytoplankton in this area. Here, we
investigated differences in the summer phytoplankton-community structure as a consequence of
marine-environment changes from 2016 to 2020. In the 2000s, the key dominant species in the summer
phytoplankton community in the northern East China Sea were diatoms and dinoflagellates. In this
study, however, nanoflagellates of ≤20 µm were identified as the dominant species throughout the
survey period, with abundances ranging from 43.1 to 69.7%. This change in the phytoplankton-
community structure may be ascribed to low nutrient concentrations in the area, especially phosphate,
which was below the detection limit, seriously hampering phytoplankton growth. The relative
contribution of picophytoplankton to the total chlorophyll a biomass was highest in the surface
mixed layer with low nutrient concentrations. Spatially, higher percentages were observed along
the east-side stations than the west-side stations, where nutrient concentrations were relatively
high. Conclusively, decreased nutrients led to phytoplankton miniaturization. Accordingly, as the
dominance of picophytoplankton increases, energy transfer is expected to decrease at the upper
trophic level.

Keywords: northern East China Sea; Changjiang diluted water; phytoplankton community; chl-a
size fraction; picophytoplankton; phosphate restriction

1. Introduction

The northern East China Sea is exposed to various currents depending on the season
and exhibits singular seasonal fluctuations [1]. It is known to be a highly valuable fishing
ground because of its high primary productivity [2–4]. In summer, in particular, it shows
diverse water mass characteristics, with the surface layer affected by the freshwater flow-
ing in from the coastal areas of China, the bottom layer affected by the cold deep water
of the Yellow Sea, and the eastern part affected by the high temperature and salinity of
the Kuroshio water. The fronts formed at the boundaries of water masses with different
characteristics show unique biological and chemical patterns and have significant effects on
the distribution of zooplankton and fish along the food chain [5]. The inflow of freshwater
due to Changjiang diluted water shows marked seasonal variability, with the minimum
discharge in the winter and the maximum discharge in the summer, which greatly affects
the seasonal salinity distribution in the northern East China Sea [6,7]. Moreover, as a major
nutrient source [8], the coastal waters of China that are adjacent to the Changjiang are
rich in nutrients, with high primary productivity [9–11] and characteristics of an estuary
dominated by Chinese coastal waters. Geographically, a large difference in water depths is
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observed between the eastern and western waters, and complex topographical characteris-
tics and diverse water masses show complex environmental interactions with seasonally
variable intensity. Thus, the East China Sea, which is characterized by high productivity, is
used jointly by Korea, Japan, and China as the largest fishing ground for migratory fish
species [3]. Studies on phytoplankton distributions in the East China Sea were mainly
conducted by Chinese and Japanese researchers in the 1980s and 1990s [12–18]. The focus
areas of phytoplankton abundances and chlorophyll a (chl-a) concentrations were high in
the waters affected by the Changjiang dilution water in spring and autumn [4], changes
in phytoplankton standing stocks due to the stratification of the bottom layer structure in
summer [19], the relationship between phytoplankton-community structures and water
masses in summer [20,21], zooplankton (phytoplankton predators) [22–25], and changes
in chl-a concentrations related to nutrients and suspended matter along with changes
in phytoplankton-community structures [26]. In Korea, studies have been conducted on
the changes in phytoplankton-community distributions and structures [27–30] since the
1990s. Several studies have been conducted on different topics, including the distribution
characteristics of chl-a according to summer nutrients and suspended substances [31,32]
and long-term changes in surface water temperatures and chl-a biomasses [33]. It was also
reported that the primary productivity decreased by approximately 86% in waters adja-
cent to the Changjiang River after the construction of the Three Gorges Dam and that the
phytoplankton-community structure in the East China Sea changed [34,35]. However, there
appears to be a lack of recent data on this subject matter. Phytoplankton communities in ma-
rine ecosystems are sensitive to environmental changes, resulting in noticeable changes in
community compositions and standing stocks following changes in physical- and chemical-
environmental factors. Therefore, these changes in the phytoplankton-community structure
can be used as an indicator of changes in the marine ecosystem. Moreover, in order to
properly understand the structure and function of a marine ecosystem, it is necessary to
understand temporal and spatial changes that occur in the phytoplankton-community
structure in response to environmental factors [36]. The results of this study and those of
previous studies were compared to confirm the change in the marine environment in the
northern East China Sea due to the effect of constructing the Three Gorges Dam and the
effects on the pelagic ecosystems according to the changes in the phytoplankton community
structure were investigated.

2. Materials and Methods
2.1. Cruises and Sampling

To determine the distribution profiles of summer phytoplankton communities in the
northern East China Sea, we conducted five field surveys from 2016 to 2020 (23 August–6
September 2016; 27 August–6 September 2017; 2–10 August 2018; 20–30 August 2019;
and 3–15 August 2020) at the study site. The study site covered three lines and 15 sam-
pling stations, and the surveys were conducted using the ocean research vessel, Tamgu
3 (797 tons; National Institute of Fisheries Sciences), as indicated in Figure 1 and Table 1.
For nutrient analysis and quantitative analysis of phytoplankton, we collected samples at
seven maximum water depths (0, 10, 20, 30, 50, 75, and 100 m) using Niskin bottles (8 L
polyvinyl chloride) attached to a CTD/rosette sampler. The vertical distributions of water
temperatures and salinities were measured using a calibrated SBE 9/11 CTD instrument
(Sea-Bird Electronics, Bellevue, WA, USA), where descending data were used for the CTD
data analysis.

2.2. Dissolved Inorganic Nutrients

For nutrient analysis, we filtered seawater samples (10 mL) through 0.45 µm disposable
membrane filter units (Advantec, Tokyo, Japan), placed the samples in conical tubes
(15 mL), washed them with hydrochloric acid (HCl, 10%), and immediately stored them
at −20 ◦C. After thawing the samples at room temperature (20 ± 2 ◦C), we analyzed the
ammonium (NH4), nitrite (NO2), nitrate (NO3), phosphate (PO4), and silicon dioxide (SiO2)
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concentrations with an automatic nutrient analyzer (Quaatro, Seal Analytical, Norderstedt,
Germany). The sum of the NH4, NO2, and NO3 concentrations was calculated as the
dissolved inorganic nitrogen (DIN).
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Figure 1. Sampling station in the northern East China Sea, 2016–2020. CDW: Changjiang diluted
water; YSWC: Yellow Sea cold water; KW: Kuroshio water; TCWW: Taiwan current warm water;
TSW: Tsushima surface water.

Table 1. Description of the sampling sites in the northern East China Sea for the cruise period from
2016 to 2020.

Station Latitude Longitude Bottom Depth (m)

315-13 32.5 127.0 125
315-15 32.5 126.5 107
315-17 32.5 125.9 91
315-19 32.5 125.3 68
315-21 32.5 124.5 46
316-13 32.0 127.0 119
316-15 32.0 126.5 99
316-17 32.0 125.9 76
316-19 32.0 125.3 55
316-21 32.0 124.5 39
317-13 31.5 127.0 105
317-15 31.5 126.5 88
317-17 31.5 125.9 67
317-19 31.5 125.3 54
317-21 31.5 124.5 46

2.3. Phytoplankton Abundances and Dominant Species

For quantitative analysis of phytoplankton, each sample was collected in a 1 L square
PE bottle at a standard water depth at each sampling station, fixed with Lugol’s solution
(diluted to a final concentration of 1%), and transported to our laboratory. After 48 h
decantation, the lower layer (200 mL) containing the sedimented algae was put in a small
measuring cylinder. After being allowed 48 h for decantation, the lower layer (20 mL)
containing the sedimented algae was put in a glass vial and stored in a dark box. The
concentrated samples were observed under an optical microscope (Nikon eclipse, Ni-U,
Nikon Imaging Japan Inc., Tokyo, Japan) at 100× to 1000× magnification, using a Sedwick–
Rafter Chamber for species identification and counting [37–40]. The resulting data were
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converted to the number of cells·L−1, and species accounting for >5% of the total standing
stock were classified as dominant species.

2.4. Picophytoplankton Abundances

To prepare picophytoplankton samples, collected seawater was filtered through a
3 µm polycarbonate membrane filter (Whatman, Florham Park, NJ, USA), split into 5 mL
aliquots, and placed in cryogenic tubes. Glutaraldehyde was added to each tube at a final
concentration of 1% and allowed to settle for 15 min at room temperature. The samples
were then stored at −80 ◦C. To prepare the samples for picophytoplankton counting, they
were thawed shortly before analysis and mixed with yellow-green fluorescent microspheres
(0.5 µm diameter beads; Polysciences, Inc., Warrington, PA, USA), an internal reference
material for standardizing scattering and fluorescence. Counting was conducted using a
flow cytometer equipped with a 488 nm (1 W) argon ion laser (NovoCyte 2060R, ACEA
Biosciences Inc., San Diego, CA, USA; BD AccuriTM C6 Plus, BD Biosciences Inc., Franklin
Lakes, NJ, USA) (Figure 2), and each picophytoplankton group was distinguished based on
the characteristic side scattering of red fluorescence at a 90◦-angle, the chl-a concentration,
and the orange fluorescence from phycoerythrin (Figure 2). The flow cytometry data were
analyzed using NovoExpress (Ver. 1.2.5, ACEA Biosciences Inc., San Diego, CA, USA) and
BD AccuriTM C6 Plus Analysis Software (Ver. 1.0.23.1, BD Biosciences Inc., Franklin Lakes,
NJ, USA).
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Figure 2. Flow-cytometric analysis of a picophytoplankton sample. The signatures of each picoplank-
ton group were discriminated based on their orange and red fluorescence intensities. PerCP-H:
red-fluorescence, PE-H: orange-fluorescence, P1: picoeukaryote count, P2: Synechococcus count,
P6: Prochlorococcus count.

2.5. Chl-a Size Fractionation

Chl-a concentrations were calculated as previously described [41]. To measure chl-a
concentrations according to the phytoplankton size (>20 µm: micro; 20 µm ≥ chl-a > 3 µm:
nano; ≤3 µm: pico), each phytoplankton sample (0.5 L) was sequentially filtered through
a 20 µm membrane (Polycarbonate Track Etched Membrane disk, 47 mm diameter, GVS,
Sanford, ME, USA), a 3 µm polycarbonate membrane filter (47 mm diameter, Whatman,
Florham Park, NJ, USA), and a 0.45 µm membrane filter (47 mm diameter, ADVANTEC,
Tokyo, Japan) and mounted on the filter holders. After measuring the chl-a concentrations
in the microphytoplankton, nanophytoplankton, and picophytoplankton, the total chl-a
concentration was calculated by addition. All filters were transferred to our lab in frozen
storage (−80 ◦C), and chl-a was extracted after solvation in 90% acetone and settling in a
dark and cool chamber for 24 h. The extract was then filtered through a 0.45 µm syringe
filter (PTFE, Advantec, Florham Park, NJ, USA) to remove particulate matter. Finally, the
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absorbance values were measured using a 10-Au field fluorometer (Tuner Designs, San
Jose, CA, USA) calibrated with standard chl-a (Sigma-Aldrich, Darmstadt, Germany).

2.6. Data Analyses

The R statistical program (Ver. 4.0.3) was used to analyze statistical correlations
between environmental factors and phytoplankton groups collected in the northern East
China Sea. First, the decorana function of the vegan package of R was used to examine the
distributions of biological parameters, which revealed that the DCA1 axis length (1.6993)
was less than 3. Accordingly, a redundancy analysis (RDA) was performed.

3. Results
3.1. Physical Environments

Figures 3 and 4 show plots of the surface and vertical profiles of the mean water
temperature and salinity in the northern East China Sea. The average surface water
temperature in August ranged from 27.3 to 28.9 ◦C, with an overall average of 28.0 ± 0.5 ◦C
and no distinctive spatial-distribution profile (Figure 3, left). The distribution range of
surface salinity was 29.1–32.1, with an average of 30.2 ± 0.9 and a low-west and high-
east distribution profile (Figure 3, right). The average vertical water temperature ranged
from 15.1 to 28.9 ◦C, with an overall average of 22.6 ± 4.8 ◦C, and revealed that a strong
thermocline formed at a depth of 20–30 m (Figure 4, top). The average salinity ranged from
29.1 to 34.5 psu, with an overall average of 32.0 ± 1.6 psu (Figure 4, bottom). The western
part of the sea had a low salinity (≤31.0 psu from the surface layer to a depth of 20 m),
reflecting the influence of the Changjiang dilution water. The deep layer of the eastern
part of the sea had a high salinity of ≥34.0 psu, reflecting the influence of the Kuroshio
water. In August, the northern East China Sea formed a complex water mass structure
under the influence of various water masses, depending on the water depths between the
sampling stations.
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3.2. Dissolved Inorganic Nutrient Concentrations

The average surface-layer DIN, PO4, and SiO2 concentrations in the northern East
China Sea in August were 3.5–10.3 µM, <0.1–0.1 µM, and 2.2–5.5 µM, respectively (Figure 5).
The DIN concentration increased from north to south, while the PO4 and SiO2 concentra-
tions showed a spatial-distribution profile with a gradual decrease from north to south. The
average vertical DIN, PO4, and SiO2 concentration ranges were 2.5–19.5 µM, <0.1–0.8 µM,
and 2.5–19.5 µM, respectively (Figure 6). Throughout the survey period, the DIN tended to
increase from the surface to the bottom layer, and the PO4 concentration was extremely
low in the surface mixed layer, at the detection limit of ≤0.1 µM.
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3.3. Phytoplankton Abundance and Dominant Species

In the summer, the average phytoplankton standing stock at the depth of each station
ranged from 7955 to 1,090,202 cells·L−1, with an overall average count of 149,656 ± 192,
162 cells·L−1. Spatially, in the western part of the sea (affected by the Changjiang River
dilution water), the standing stock was approximately three times higher than that in the
eastern part of the sea (affected by offshore waters). Due to strong vertical stratification
in the summer, over 90% of the total standing stock appeared in the surface mixed layer
(water depth: 0–30 m), demonstrating a remarkable difference between the surface and
bottom layers. Nanoflagellates (≤20 µm) appeared to be the dominant species throughout
the survey period. Moreover, with Scrippsiella acuminata (which inhabits the coastal environ-
ment) reaching a high abundance in the western part of the sea, flagellates predominated
in summer. In addition, at specific times during the survey, diatoms such as Chaetoceros
lorenzianus, Guinardia flaccida, Paralia sulcate, and Thalassiosira spp., and dinoflagellates such
as Alexandrium spp. appeared as the dominant species (Table 2).

3.4. Relative Contributions of Size-Fractionated Chl-a to the Overall Chl-a Concentration

The average surface-layer concentration of chl-a in the northern East China Sea in
summer ranged from 0.19 to 1.25 µg·L−1, with an overall average of 0.57 ± 0.33 µg·L−1

that gradually decreased going from west to east (Figure 7). The vertical distribution of
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chl-a ranged from 0.04 to 1.99 µg·L−1 with an overall average of 0.52 ± 0.40 µg·L−1, where
the distribution was higher in the surface mixed layer along the thermocline and gradually
decreased going toward the bottom. In addition, the subsurface chl-a maximum layer
developed at a depth of 10 to 20 m in the western part of the sea, and at 20 to 30 m in the
eastern part, depending on the locations of the sampling stations (Figure 8).
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Table 2. Dominant phytoplankton taxa in the northern East China Sea from 2016 to 2020.

Dominance 2016 2017 2018 2019 2020

1st Nanoflagellates
(<20 µm; 50.5%)

Nanoflagellates
(<20 µm; 50.1%)

Nanoflagellates
(<20 µm; 43.1%)

Nanoflagellates
(<20 µm; 68.6%)

Nanoflagellates
(<20 µm; 69.7%)

2nd Scrippsiella
acuminata (15.2%)

Chaetoceros
lorenzianus (14.3%)

Paralia sulcata
(10.2%)

Alexandrium spp.
(8.4%)

Paralia sulcata
(6.5%)

3rd Guinardia flaccida
(9.4%)

Diploneis spp.
(11.0%)

Chaetoceros spp.
(6.0%)

The average relative contributions of microphytoplankton, nano phytoplankton, and
picophytoplankton to the chl-a concentrations were 2.9–54.1% (23.2 ± 11.9%), 13.7–59.9%
(28.7 ± 12.6%), and 16.4–770% (48.1 ± 16.2%), respectively. Spatially, microphytoplankton
contributed more to the chl-a concentration in the western part of the sea, and picophyto-
plankton contributed more in the eastern part of the sea, showing opposite spatial distribu-
tions. Vertically, the relative contributions of microphytoplankton and nanophytoplankton
increased from the surface layer to the bottom layer, whereas that of the picophytoplankton
tended to decrease toward the bottom layer (Table 3).
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Table 3. Vertical variation of the chl-a size composition in the northern East China Sea from 2016
to 2020.

315 Line Chl-a Size
Composition (%) 316 Line Chl-a Size

Composition (%) 317 Line Chl-a Size
Composition (%)

St.* Depth (m) M N P St. Depth (m) M N P St. Depth (m) M N P

13

0 12.0 18.4 69.6

13

0 12.6 14.0 73.4

13

0 20.2 15.0 64.8
10 10.7 17.4 71.9 10 9.3 13.7 77.0 10 16.8 17.0 66.2
20 5.2 18.6 76.2 20 17.0 16.1 66.9 20 16.6 18.9 64.5
30 10.5 21.2 68.3 30 10.6 28.8 60.6 30 12.6 17.0 70.4
50 13.2 21.9 64.9 50 11.3 19.8 68.9 50 17.8 25.3 56.9
75 18.4 31.5 50.1 75 13.7 27.6 58.7 75 18.6 30.3 51.1
100 18.2 44.5 37.3 100 16.7 42.0 41.3 100 23.9 42.3 33.8

15

0 14.3 32.6 53.1

15

0 17.9 22.3 59.8

15

0 12.4 22.9 64.7
10 8.6 23.9 67.5 10 11.9 21.0 67.1 10 24.3 17.3 58.4
20 14.2 18.5 67.3 20 2.9 22.2 74.9 20 20.5 21.7 57.8
30 25.8 21.0 53.2 30 15.0 29.5 55.5 30 23.2 27.5 49.3
50 12.1 22.6 65.3 50 19.9 47.2 32.9 50 13.5 41.7 44.8
75 10.0 33.9 56.1 75 13.0 58.2 28.8 75 23.1 50.9 26.0
100 12.7 52.5 34.8 100 17.7 58.9 23.4 � � �

17

0 17.5 20.0 62.5

17

0 40.8 18.5 40.7

17

0 30.6 14.5 54.9
10 19.8 21.1 59.1 10 32.5 17.3 50.2 10 26.0 18.3 55.7
20 10.0 29.6 60.4 20 24.1 20.9 55 20 40.7 16.7 42.6
30 13.7 35.8 50.5 30 27.3 30.9 41.8 30 40.7 22.3 37.0
50 9.9 47.8 42.3 50 24.8 51.2 24.0 50 24.3 45.6 30.1
75 26.9 52.8 20.3 75 23.7 59.9 16.4 � � �
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Table 3. Cont.

315 Line Chl-a Size
Composition (%) 316 Line Chl-a Size

Composition (%) 317 Line Chl-a Size
Composition (%)

St.* Depth (m) M N P St. Depth (m) M N P St. Depth (m) M N P

19

0 23.8 19.4 56.8

19

0 37.2 23.1 39.7

19

0 30.9 21.2 47.9
10 20.7 21.4 57.9 10 34.7 21.2 44.1 10 27.3 18.3 54.4
20 23.4 27.5 49.1 20 27.1 28.3 44.6 20 28.8 19.9 51.3
30 8.9 40.6 50.5 30 37.1 40.3 22.6 30 44.2 30.5 25.3
50 20.8 58.5 20.7 50 25.6 55.7 18.7 50 19.6 47.0 33.4

21

0 29.9 15.8 54.3

21

0 53.6 18.1 28.3

21

0 34.4 29.6 36.0
10 41.9 19.7 38.4 10 45.8 17.7 36.5 10 30.6 31.9 37.5
20 40.4 32.3 27.3 20 47.1 23.1 29.8 20 54.1 16.8 29.1
30 51.4 29.6 19.0 30 35.5 34.5 30.0 30 42.8 25.0 32.2

Mean 18.8 29.3 51.9 Mean 24.4 30.4 45.2 Mean 26.6 26.1 47.3

SD 10.9 12.1 16.0 SD 12.9 14.7 18.3 SD 10.6 10.7 13.7

*St.: station; M: micro (>20 µm); N: nano (20 µm ≥ chl-a > 3 µm); P: pico (≤3 µm).

3.5. Picophytoplankton Cell Abundances

Figure 9 shows plots of the picophytoplankton standing stocks in three groups, as
determined by flow cytometry. Synechococcus and Picoeukaryotes cells did not show
spatially distinct distribution profiles, whereas Prochlorococcus cells appeared to be limited
at some east-side sampling stations (13, 15, 17 on each line) and abundant in the west-side
sampling stations. Regarding the vertical distribution of picophytoplankton in summer,
all three genera showed the highest standing stocks at the depth where the thermocline
formed (rather than at the surface layer) and gradually decreased below the thermocline.
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4. Discussion
4.1. Changes in Phytoplankton-Community Structures in Response to Changes in the Summer
Marine Environment

To determine the changes in the phytoplankton-community structure associated with
changes in the marine environment of the northern East China Sea in the summer, we
compared the data obtained from the same sampling stations (Lines 315 and 316) at the same
depth in a previous study and in this study (Table 4). The comparison revealed decreased
nutrients (especially phosphate) in the surface layer as a characteristic difference in the
marine environment. In terms of the community structure, diatoms and dinoflagellates
were identified as the dominant species in the previous study conducted by Oh [42], and
nanoflagellates (≤20 µm) were identified as the dominant species in this study. This
difference may be ascribed to decreased nutrients, especially in terms of phosphate. Among
the nutrients flowing into the East China Sea, the DIN concentration in the estuary of the
Changjiang River doubled from 1985 to 1998, and the DIN flux increased by 1.3-fold [43]. As
a result, in the estuary and coastal waters of China, the area containing red tides increased

41



J. Mar. Sci. Eng. 2022, 10, 315

from 2000 km2 in the 1980s to over 7000 km2 in the 2000s [44] and contributed to a 21-fold
increase in the number of red tide occurrences. The frequent occurrence of red tides in
the Changjiang River estuary consumes a large amount of phosphorus, resulting in a
phosphorus deficiency (rather than excessive nitrogen) [11,45]. The Changjiang dilution
water affects the northern East China Sea. However, the transport volume decreased
by 9–18% after the construction of the Three Gorges Dam (2003–2009), and the amount
of suspended solids decreased by up to 56% [46]. The decrease in the inflow of the
Changjiang dilution water also decreased the amount of nutrients, which caused a change
in the community structure of phytoplankton from being dominated by diatoms to being
dominated by flagellates [47]. Furthermore, the main source of phosphorus in the East
China Sea is the Kuroshio water mass, although its influence has recently decreased in
the northern East China Sea. In this regard, it was reported that the phosphate inflow
decreased as the influence of the Taiwan warm current (which is caused by upwelling of
the Kuroshio water mass) also weakened [48]. The decrease in phosphate in the East China
Sea caused a decrease in the proportion of diatoms from 85% in 1984 to 60% in 2000 [49].
These results were observed in both the East China Sea and the Yellow Sea. In this respect,
Lin et al. [43] reported that the standing stock of diatoms markedly decreased from the
1980s to the 1990s because of the increased surface-water temperature of the Yellow Sea and
decreased silicate and phosphate concentrations. Likewise, Lee [50] reported extremely low
phosphate concentrations, even below the detection limit, in a study of the central part of
the Yellow Sea in summer, which resulted in a phytoplankton transition due to phosphate
restriction, in which flagellates (≤10 µm) were the dominant species at all sampling stations,
except for some bottom layer-dominant species, such as species in the Navicula spp. and
Skeleonema spp. It was also reported that the restriction of nutrients greatly affects the
growth of phytoplankton when their concentrations fall below the minimum levels of
DIN 1.0 µM, phosphate 0.2 µM, and silicate 2.0 µM [51]. Phosphate can also act as an
important factor that hampers the growth of diatoms rather than flagellates [49], and if
phosphate is deficient, then even if nitrate is abundant, phytoplankton cannot use nitrate,
which hinders growth [52]. In this survey, the surface mixed layer, which accounted for
90% of the total standing stock, maintained sufficient nitrate and silicate concentrations,
but had an extremely low phosphate concentration, even lower than 0.1 µM. The fact that
nanoflagellates with relatively low nutrient requirements could dominate over diatoms
in all sampling stations can be explained by the phosphate concentration acting as a
limiting factor.

Table 4. Comparison of environmental variables and dominant species in the northern East China
Sea between August 1998 [42] and August 2016 to 2020 (this study).

Parameters August 1998 August 2016–2020

Temperature (◦C) Surface 27.4–29.4 (28.7 ± 0.5) 25.4–31.3 (28.0 ± 1.4)
Vertical 12.7–29.4 (21.5 ± 5.9) 11.8–31.3 (23.1 ± 5.5)

Salinity Surface 26.7–29.7 (28.3 ± 0.9) 26.2–34.0 (30.1 ± 1.9)
Vertical 27.5–34.7 (31.2 ± 2.5) 26.2–34.6 (31.7 ± 1.9)

Nitrite (µM)
Surface 0.07–0.36 (0.21 ± 0.08) 0.01–0.16 (0.05 ± 0.04)
Vertical 0.07–0.57 (0.19 ± 0.14) 0.01–1.61 (0.15 ± 0.26)

Nitrate (µM)
Surface 1.26–3.54 (2.51 ± 0.66) 0.12–11.37 (2.77 ± 2.70)
Vertical 0.87–3.54 (2.05 ± 0.74) 0.09–35.40 (5.87 ± 5.54)

Phosphate (µM) Surface 0.16–0.45 (0.25 ± 0.09) ND–0.16 (0.05 ± 0.04)
Vertical 0.16–1.03 (0.39 ± 0.23) ND–0.82 (0.21 ± 0.24)

Silicate (µM)
Surface 8.95–13.77 (9.69 ± 1.45) 0.01–11.46 (4.23 ± 3.10)
Vertical 8.95–13.77 (9.59 ± 0.88) 0.01–40.17 (7.87 ± 5.71)

Dominant species
Pseudonitzschia pungens
Prorocentrum dentatum

Skeleonema costatum

Nanoflagellates (<20 µm)
Scrippsiella acuminata

Paralia sulcata

Values in parentheses are means.
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4.2. Changes in Phytoplankton Community Sizes and Structures in the Northern East China Sea

The results of this survey study indicated that the picophytoplankton contributed to
>60% of the chl-a concentration in summer standing stock; in particular, the surface mixed
layer (from the surface to a depth of 20 m), which had low nutrient concentrations, had the
highest relative chl-a concentration. Spatially, higher chl-a percentages were observed at
the east-side stations than at the west-side stations, where nutrient concentrations were
relatively high (Table 3). These tendencies were verified using statistical analysis. RDA of
environmental factors and the chl-a size revealed that the nutrient concentrations increased
with increasing water depths, which was indicative of an environment where the nutrient
availability became increasingly limited from the bottom layer to the surface layer due
to strong stratification caused by the rise in the surface water temperature in summer.
Regarding the relationship between the phytoplankton size and environmental factors,
the fraction of nanophytoplankton increased toward the bottom layer, where nutrient
concentrations were relatively high, whereas picophytoplankton were inversely related
to all nutrients, showing the highest fraction at the surface layer, where nutrient concen-
trations were low. In particular, picophytoplankton had the strongest inverse correlation
with phosphate, which was associated with extreme phosphate depletion in the surface
mixed layer (Figure 10). Similar results have been reported in other sea areas in recent
years. Size-fractionation analysis that integrated satellite-data analysis results and field
observations in the Mediterranean Sea confirmed that picophytoplankton < 2 µm accounted
for 31–92% of the total phytoplankton biomass with seasonal variations, primarily due
to low nitrogen and phosphorus availability [53,54]. Agawin et al. [55] reported that the
relative contribution of picophytoplankton to the total chl-a biomass was over 50% in Blanes
Bay in the Mediterranean Sea, which was attributed primarily to high temperatures and
nutrient-poor waters. The composition ratio of picophytoplankton was 44–90% and 54–64%,
respectively, in the Mediterranean Tyrrhenian Sea and Levantine Basin waters [56,57]. An
analysis of summer satellite data of the Yamato Basin and Japan Basin showed that the
percentage of picophytoplankton was more than 50% [58]. In addition, the composition
ratio of nanophytoplankton and picophytoplankton in many waters was reported to be over
60% [53,59–62] (Table 5). In summer surveys of the East Sea of Korea, the relative contribu-
tion of picophytoplankton to the total chl-a biomass ranged from 35 to 63% [58,63], whereas
those of nanophytoplankton and picophytoplankton (≤20 µm) were 74% on average in
the surface layer of the eastern Yellow Sea, in a study focused on the dominance of small
phytoplankton [50]. Similarly, Furuya et al. [64] showed that picophytoplankton made a
high relative contribution (up to 80%) due to the oligotrophic environment of the surface
layer in a summer survey of the northern East China Sea. Son et al. [33] also reported that
their analysis of long-term satellite observations of the chl-a biomass led to the finding that
the contribution of microphytoplankton to the chl-a concentration sharply decreased in
the northern East China Sea, whereas those of nanophytoplankton and picophytoplankton
increased. These results have a common denominator in that they were derived from
oligotrophic environments, where smaller phytoplankton cells had larger surface areas per
unit volume, making small phytoplankton become dominant, owing to their capacity for
rapid nutrient exchange through the cell surface [65–67].

Miniaturization of the phytoplankton size can result in decreased primary productiv-
ity. Indeed, analysis of primary productivity data derived from the Moderate Resolution
Imaging Spectroradiometer Aqua led to a report showing that the annual primary pro-
duction in the East Sea is decreasing by 13% per decade, as a result of an increase in the
relative contribution of picophytoplankton (≤2 µm) to the total biomass [68]. Moreover,
Lee et al. [63] verified a strong inverse correlation between the dominance rate of phyto-
plankton of ≤5 µm and the total primary production in the Amundsen Sea and attributed
this to the low rate of carbon uptake by small phytoplankton. The miniaturization of
phytoplankton also affects the food web, and it is projected that the increase in picophy-
toplankton abundance would lead to the dominance of microzooplankton (<200 µm) and
gelatinous zooplankton (salps, doliolids, and ctenophores) and a decrease in biomass [69].
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Moreover, a previous study showed that mesozooplankton (<200 µm), e.g., copepods, did
not directly feed on picophytoplankton, but rather indirectly fed on ciliates that feed on
picophytoplankton [70]. Accordingly, as the dominance of picophytoplankton increases,
the biomass of mesozooplankton that do not directly feed on them will likely decrease.
Consequently, the marine food chain will likely change from a simple diatom-based web
with high primary productivity to a complex microbial food web centering on small phy-
toplankton with low productivity, negatively affecting overall marine productivity and
reducing the efficiency of carbon transfer to consumers at higher trophic levels (Figure 11).
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Figure 11. Changes in the food chain due to succession of the phytoplankton community in the
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Table 5. Size fractionation of phytoplankton observed in the different coastal waters of the northern
East China Sea and global waters.

Relative Ratio (%)

Area Date Pico Size Nano Size Micro Size References

Northen East
China Sea

2018–2020/
seasonally 45.6 31.2 23.2 This study

Blanes Bay 1997/summer >50 [55]
Levantine Basin March 1992 54.3–64.2 [56]
Tyrrhenian Sea

(South)
July 2005 44–81

[57]December 2005 76–90
Western Subarctic

Pacific 23–29 June 2010 63

[58]Japan Basin 5–11 July 2010 56
Yamato Basin 18–20 July 2010 56
Ulleung Basin 22–24 July 2010 38

Mediterranean Sea 31–92 [53]
Adriatic Sea

(North)
August 1986 and 1988;

July 1987 10–23 [59]

Atlantic
Meridional

Transect
(Oligortophic)

April, October 1996
April, October 1997 80 16 4 [60]

Algerian Basin October 1996 42–62 38–58 [61]

South China Sea
summer 1998 63 22 16

[62]winter 1998 51 14 36
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Abstract: Little information on the phytoplankton community in the Yellow Sea (YS)—especially size-
fractionated phytoplankton—is currently available, in comparison to the various physicochemical
studies in the literature. Using high-performance liquid chromatography (HPLC), size-fractionated
phytoplankton communities were seasonally investigated in the YS in 2019. In the study period,
diatoms (55.0 ± 10.2%) and cryptophytes (16.9 ± 9.3%) were the dominant groups. Due to the
recent alteration in inorganic nutrient conditions reported in the YS, the contribution of diatoms
was lower than in previous studies. The large-sized phytoplankton group (>20 µm) was dominated
mostly by diatoms (89.0 ± 10.6%), while the small-sized phytoplankton group (<20 µm) was also
dominated by diatoms (41.9 ± 9.1%), followed by cryptophytes (19.2 ± 9.8%). The contributions
of small-sized diatoms (<20 µm) have been overlooked in the past, as they are difficult to detect,
but this study confirms significant amounts of small-sized diatoms, accounting for 62.3% of the
total diatoms in the YS. This study provides an important background for assessing the seasonal
variations in different-sized diatom groups in the YS. Further detailed studies on their potential
ecological roles should be conducted, in order to better understand marine ecosystems under future
warming scenarios.

Keywords: Yellow Sea; phytoplankton; HPLC; diatoms; size fraction

1. Introduction

Phytoplankton, as primary producers, contribute half of global primary production
and play a central role in marine ecosystems [1,2]. In the ocean, the size and the community
structure of phytoplankton are affected by light intensity, water temperature, nutrients,
and other physicochemical properties [3,4]. Generally, the dominance of micro-sized
phytoplankton (>20 µm) has been associated with nutrient-rich environments, while the
dominance of pico-sized phytoplankton (<2 µm) has been associated with stratified and
oligotrophic waters [5–7]. Recently increasing temperatures and stratification due to
global warming have caused a shift in phytoplankton size structures towards smaller
phytoplankton [8,9]. The increase in small phytoplankton could result in lower total
primary production [10]. Moreover, the efficiency of the biological pump [4] and the food
web structure [11] may be altered. Therefore, phytoplankton community size structure
variation can serve as an indicator for the response of phytoplankton to environmental
changes [12,13].

The Yellow Sea (YS) is a temperate semi-enclosed marginal sea in the West Pacific
Ocean, surrounded by Korea to the east and China to the west. The YS is a highly produc-
tive ecosystem and is recognized as an important global fishery resource region [14]. The
YS is significantly influenced by its unique topography, hydrological and biochemical char-
acteristics, nonlinear tidal effect, and frequent human activity [15,16]. The spatial-temporal
distribution of the phytoplankton community in the YS is affected by this complex environ-
ment [17]. Studies on the composition of phytoplankton communities have traditionally
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been carried out using optical microscopy, but this method has limited ability to detect
pico- and nano-sized phytoplankton [18,19]. To address this issue, new approaches based
on pigment analysis using High-Performance Liquid Chromatography (HPLC) have been
developed. HPLC provides an opportunity to estimate small-sized phytoplankton, which
can be difficult to identify when conducting microscopic analysis [20]. Moreover, HPLC
pigment analysis can produce reliable and consistent data in a short period of time.

Previous studies on the phytoplankton community in the YS have mainly focused on
the morphological classification of large-sized phytoplankton [17,21,22]. Several studies have
investigated the relationship between phytoplankton communities and environmental factors,
but they have been limited to fragmentary seasons [23,24]. In addition, some studies assessing
the size-fractionated phytoplankton biomass in the YS have been undertaken [25,26], but
no study has considered size-fractionated phytoplankton communities in this area. The
main objectives of this study are to (1) identify major environmental factors controlling the
seasonal variations in the phytoplankton communities and (2) classify the seasonal pattern of
different-sized phytoplankton groups in the YS.

2. Materials and Methods
2.1. Water Sampling and Study Area

Seasonal sampling was conducted in the Yellow Sea on an R/V Tamgu 8 during
4 seasons in 2019 (22 February to 5 March, 3–12 April, 14–25 August, and 6–16 October,
representing winter, spring, summer, and autumn, respectively; see Figure 1 and Table 1).
At the surface, water samples were collected using Niskin bottles to examine dissolved inor-
ganic nutrients (NO3 + NO2, NH4, SiO2, and PO4 (n = 29)), chlorophyll-a (total (n = 29) and
size-fractionated (n = 87)) concentrations, and pigment (total (n = 29) and size-fractionated
(n = 58)) concentrations on a conductivity–temperature–depth (CTD)/rosette sampler (SBE
911 plus, Seabird Electronics Inc., Bellevue, WA, USA). Physical properties (temperature
and salinity) were also measured using the CTD/rosette sampler. The stability index (SI) for
the euphotic zone was calculated by dividing the difference in density (sigma-t) between
the surface and the bottom of the euphotic zone by the depth of the euphotic zone [27].
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Figure 1. Sampling locations in the YS, 2019. The blue dotted lines are managed by the serial ocean-
ographic observation project of the National Institute of Fisheries Science (NIFS) in Korea. 
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mL of seawater was filtered through GF/F filters (07 µm; Whatman, Maidstone, UK) and 
the filtrate was immediately frozen at −20 °C. Concentrations of nutrients were analyzed 
using an automatic analyzer (Quattro, Seal Analytical, Norderstedt, Germany) at the Na-
tional Institute of Fisheries Science (NIFS), Korea. Dissolved inorganic phosphate (DIP) 
was assessed on the basis of PO4 and dissolved inorganic nitrogen (DIN) concentrations 
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Figure 1. Sampling locations in the YS, 2019. The blue dotted lines are managed by the serial
oceanographic observation project of the National Institute of Fisheries Science (NIFS) in Korea.
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Table 1. Sampling locations and environmental parameters of the study sites in the YS, 2019.

Month Station Latitude
(◦N)

Longitude
(◦E)

Bottom
Depth

Euphotic
Depth

Stability
Index T (◦C) S (psu)

NO2 +
NO3
(µM)

NH4
(µM)

PO4
(µM)

SiO2
(µM)

Winter

307-05 36.92 125.42 54 11 0.00 4.88 31.34 10.04 0.33 0.68 8.27
309-05 35.85 125.40 69 11 0.01 6.67 32.39 6.42 0.35 0.52 7.41
309-09 35.85 124.59 82 11 0.00 7.60 32.36 5.52 0.38 0.40 8.23
311-05 34.72 125.52 75 5 0.00 5.88 32.32 6.88 0.81 0.58 7.70
311-09 34.72 124.59 89 14 0.01 8.27 32.35 6.44 0.41 0.41 7.67
312-03 34.00 125.90 85 22 0.01 6.91 32.48 6.29 0.53 0.51 7.95
312-07 34.10 125.00 92 5 0.00 8.14 32.50 4.65 0.39 0.41 5.60

Spring

307-03 36.92 126.00 37 8 0.01 5.76 31.60 11.95 0.59 0.63 8.32
307-09 36.92 124.57 67 22 0.01 7.77 32.32 4.82 0.43 0.40 6.74
309-03 35.85 125.82 54 16 0.00 7.22 32.12 5.37 1.06 0.73 3.74
309-09 35.85 124.59 82 22 0.01 8.71 32.36 1.26 0.34 0.56 2.25
310-07 35.34 125.00 82 22 0.00 8.66 32.37 3.25 0.32 0.34 7.56
311-07 34.72 125.00 90 22 0.00 8.42 32.34 6.16 0.30 0.37 8.86
312-09 34.09 124.60 89 22 0.00 8.81 32.50 5.51 0.32 0.33 6.51

Summer

307-09 36.92 124.57 67 24 0.13 26.81 31.93 1.35 0.17 0.05 2.82
309-03 35.85 125.82 54 24 0.13 26.27 31.79 6.18 0.33 0.11 3.63
309-09 35.85 124.59 82 46 0.11 27.65 32.07 1.10 0.30 0.06 3.29
310-06 35.34 125.20 72 43 0.10 27.52 32.40 0.68 0.30 0.04 2.25
311-05 34.72 125.52 75 27 0.03 21.99 32.17 0.92 0.30 0.09 4.29
311-07 34.72 125.00 90 27 0.10 27.52 32.17 0.76 0.41 0.08 2.18
312-03 34.00 125.90 85 19 0.09 24.07 31.72 0.51 0.55 0.11 3.58
312-09 34.09 124.60 89 30 0.10 27.47 31.49 1.31 0.37 0.05 2.19

Autumn

307-03 36.92 126.00 37 11 0.00 21.43 31.88 3.57 0.59 0.57 6.22
307-05 36.92 125.42 54 16 0.00 20.24 32.06 0.90 0.50 0.29 5.95
307-09 36.92 124.57 67 16 0.00 20.23 31.83 1.07 0.47 0.08 5.56
309-03 35.85 125.82 54 38 0.00 19.42 31.72 3.25 0.35 0.39 7.65
309-07 35.86 125.00 66 22 0.01 20.54 31.51 1.16 0.38 0.04 6.58
311-05 34.72 125.52 75 19 0.02 20.49 31.81 5.56 0.34 0.29 9.96
312-07 34.10 125.00 92 38 0.03 21.28 32.01 0.92 0.29 0.04 3.26

2.2. Dissolved Inorganic Nutrients

To determine the dissolved inorganic nutrients (NO3 + NO2, NH4, SiO2, and PO4),
100 mL of seawater was filtered through GF/F filters (07 µm; Whatman, Maidstone, UK) and
the filtrate was immediately frozen at −20 ◦C. Concentrations of nutrients were analyzed
using an automatic analyzer (Quattro, Seal Analytical, Norderstedt, Germany) at the
National Institute of Fisheries Science (NIFS), Korea. Dissolved inorganic phosphate (DIP)
was assessed on the basis of PO4 and dissolved inorganic nitrogen (DIN) concentrations
were calculated as the sum of NH4, NO2, and NO3.

2.3. Chlorophyll-a Concentration

For total chlorophyll-a concentration, 300 mL of seawater was filtered through a 25 mm
glass fiber filter (GF/F; Whatman). For the size-fractionated chlorophyll-a concentration,
500 mL of seawater was filtered through membrane filters with pore sizes of 20 and 2 µm
and 47 mm GF/F, in sequence. After filtration, the filtered samples were wrapped with
aluminum foil to prevent photolysis and stored at −80 ◦C in a freezer until further analysis.
Chlorophyll-a was extracted with 90% acetone for 20–24 h in the dark at 4 ◦C, and the
concentration was measured using a fluorometer (Turner Designs 10AU) [28].

2.4. High-Performance Liquid Chromatography Analysis

Water samples (1 L) were filtered through 47 mm GF/F for total pigment analysis,
and 4–10 L of seawater was filtered through membrane filters with a pore size of 20 µm
and 47 mm GF/F, in sequence, in order to perform size-fractionated pigment analysis.
The samples for HPLC analysis were wrapped in aluminum foil to avoid degradation
and stored at −80 ◦C in a freezer until analysis. In the laboratory, the frozen filters were
extracted using 5 mL of 100% acetone at 4 ◦C over 20–24 h, and canthaxanthin was used as
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an internal standard [29]. After extraction, the extract was passed through a syringe filter
(Polytetrafluoroethylene, PTFE; 0.2 µm, Hydrophobic, Advantec, Japan) and centrifuged
(3500 rpm) for 10 min. Then, 1 mL of the extract was mixed with 300 µL of distilled water
and analyzed using high-performance liquid chromatography (HPLC; Agilent Infinite 1260,
Santa Clara, CA, USA) for qualitative and quantitative evaluation of pigments. Pigment
concentrations were calculated using the equation suggested in [30]. The relative contri-
butions of the total and size-fractionated phytoplankton community composition were
estimated through the CHEMTAX program, as described in [31]. To separate the eight
phytoplankton communities (i.e., diatoms, dinoflagellates, chrysophytes, cryptophytes,
chlorophytes, prasinophytes, cyanobacteria) in the CHEMTAX program, we used the initial
pigment ratios derived from [32].

To estimate the relative contributions of three pigment-based size classes (pico-,
nano-, and micro-sized phytoplankton), diagnostic pigment analyses (DPAs) were car-
ried out [33–36]. DPA was calculated based on the concentration of the seven diagnostic
pigments—fucoxanthin (Fuco), peridinin (Peri), 19′-hexanoyloxyfucoxanthin (19Hexfuco),
19′-butanoyloxy-fucoxanthin (19Butfuco), alloxanthin (Allo), chlorophyll-b (Chlb), and
zeaxanthin (Zea)—and the relative contributions of the three pigment-based size classes
were calculated according to [37].

2.5. Statistical Analysis

Statistical analysis was performed using SPSS (version 24.0, SPSS Inc., Chicago, IL,
USA) for Spearman’s correlation, t-test, one-way ANOVA, and Kruskal–Wallis nonpara-
metric one-way analysis of variance (ANOVA). Spearman rank-order correlation analysis
was used to identify the environmental factors in relation to the concentrations of size-
fractionated diatoms. The t-test was performed to identify the significant differences
between the relative proportions of size-fractionated chlorophyll-a concentrations, as mea-
sured by fluorometer and pigment analysis. One-way ANOVA and Kruskal–Wallis (at an
alpha value of <0.05) were applied to identify significant differences in physical properties
for each season. Canonical correspondence analysis (CCA) was performed using CANOCO
for Windows 4.5 (Biometris, Wageningen, The Netherlands), in order to investigate the
relationships between the total phytoplankton community and environmental factors (i.e.,
temperature, salinity, stability index, and dissolved inorganic nutrients (NO3 + NO2, NH4,
SiO2, and DIP)).

3. Results and Discussion
3.1. Physicochemical Characteristics in the Environment

The hydrographic conditions are presented in Table 1. The average surface tempera-
ture ranged from 6.91 ± 1.23 ◦C to 26.16 ± 2.06 ◦C, with a significant increase from spring
to summer. On the other hand, the seasonal average salinity ranged from 31.83 ± 0.18 psu
to 32.25 ± 0.41 psu, and significant seasonal changes were not observed (Kruskal–Wallis
test, p > 0.05). The stratification intensity estimated from the stability index was signifi-
cantly higher in summer than in other seasons (Kruskal–Wallis test, p < 0.05). The ranges of
NO3 + NO2, NH4, SiO2, and DIP concentrations during the study period were
0.51–11.95, 0.17–1.06, 2.18–9.96, and 0.04–0.73 µM, respectively. The inorganic nutrient
conditions in this study were within the range reported previously in the YS [25,38]. The
average inorganic nutrient concentrations showed seasonal differences (Kruskal–Wallis
test, p < 0.05), except for NH4 (Kruskal–Wallis test, p > 0.05). The mean concentration
of NH4 showed no significant seasonal differences (0.46 ± 0.17 µM, 0.51 ± 0.29 µM,
0.38 ± 0.12 µM, and 0.42 ± 0.11 µM for winter, spring, summer, and autumn, respectively).
The mean concentrations of inorganic nutrients, except for NH4, were highest in winter
(6.60 ± 1.69 µM, 0.5 ± 0.10 µM, and 7.55 ± 0.91 µM for NO3 + NO2, SiO2, and DIP, respec-
tively), whereas they were significantly lower in summer (1.60 ± 1.87 µM, 0.08 ± 0.03 µM,
and 3.03 ± 0.79 µM for NO3 + NO2, SiO2, and DIP, respectively) than in winter and spring
(Kruskal–Wallis test, p < 0.05). This is because the strong water column stratification during
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summer prevents nutrient transfer from deep to surface water [25,39,40]. The depletion
of surface water nutrients may be due to thermal stratification, as this study also showed
a high summer SI (Kruskal–Wallis test, p < 0.01). In contrast, the water column was
homogeneously mixed, supplying nutrients from the depths to the surface in the winter.

3.2. Total Chlorophyll-a Concentrations and Total Phytoplankton Community

The highest total HPLC chlorophyll-a concentration was detected in spring
(2.76 ± 1.82 µg/L), followed by autumn (0.98 ± 0.40 µg/L), winter (0.55 ± 0.18 µg/L),
and summer (0.29 ± 0.18 µg/L), respectively (Figure 2). Warmer temperatures, increased
sunlight, and weak stratification triggers the spring phytoplankton bloom in the YS, result-
ing in higher chlorophyll-a concentrations in spring compared with winter and summer
(Kruskal–Wallis test; p < 0.05) [25,41], whereas lower chlorophyll concentration was ob-
served in summer compared with spring and autumn (Kruskal–Wallis test; p < 0.05) due to
nutrient restriction caused by strong stratification [25].
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Figure 2. Phytoplankton community concentrations (µg/L) in the YS during the study period in 2019.

The total phytoplankton community results, calculated by the CHEXTAX program, are
presented in Figure 2. During the study period, the major communities of total phytoplank-
ton were diatoms (55.0 ± 10.2%), cryptophytes (16.9 ± 9.3%), cyanobacteria (9.5 ± 12.9%),
and chlorophytes (8.4± 6.1%). Diatoms were predominant in all seasons (one-way ANOVA,
p > 0.05), whereas the relative proportions of other phytoplankton communities changed
seasonally except prasinophytes and chrysophytes (Kruskal–Wallis test; p < 0.05). The
relative proportions of diatoms accounted for more than half of the total phytoplankton
community in spring (65.3 ± 14.6%) and winter (61.9 ± 17.4%); meanwhile, in summer and
autumn, the relative proportions of diatoms accounted for 48.9 ± 26.7%, and 43.9 ± 13.5%,
respectively. The relative proportions of cryptophytes were high in winter (26.1 ± 12.0%),
followed by autumn (20.4 ± 8.05%) and spring (16.8 ± 7.9%), whereas cryptophytes were
rarely observed in summer (Kruskal–Wallis test; p < 0.05). In Bohai bay of the Bohai Sea,
diatom dominates more than 80%, and the contribution of other communities are less than
6% in spring [42]. The relative proportions of cyanobacteria and prymnesiophytes were
high in summer (27.3 ± 26.0% and 12.0 ± 7.6%, respectively) and autumn (10.5 ± 9.4%
and 5.1 ± 3.2%, respectively), whereas they were rarely observed in winter and spring
(Kruskal–Wallis test; p < 0.05). In Daya Bay, which is located in the west of the YS, dinoflag-
ellates were dominant in spring and observed throughout the four seasons [43]. In contrast,
dinoflagellates were hardly observed in this study except in spring (Kruskal–Wallis test;
p < 0.05). The relationships between the total phytoplankton communities and environ-
mental variables are presented in Figure 3. Taken together, axis 1 and axis 2 in the CCA
explained 78.3% of the correlation between the total phytoplankton communities and envi-
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ronmental variables in the YS in 2019. Diatoms were situated adjacent to the center of the
CCA ordinates and close to the arrows including salinity, DIP, and NH4. Cyanobacteria and
Prymnesiophytes were near the SI, N/P ratio, and temperature arrows, while Cryptophytes
and Prasionophytes were closely related to the SiO2 arrow.
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Figure 3. Canonical component analysis (CCA) to determine relationships among the environmental
factors and phytoplankton communities.

The diatoms formed a dominant community in the YS, but the diatom composition in
this study (55%) was distinctly lower than those reported previously in 1985 (80.3%) and
2000 (67.5%) [21]. According to [44,45], the positive trend of DIN concentration and the
negative trend of DIP and SiO2 concentrations have gradually increased the N/P ratio in
the YS, gradually shifting to a P-limited environment. Although the P-limited environment
was observed only in summer and autumn in this study, the gradually increasing N/P
ratio and limited P might have caused the transition from a diatom-dominant environment
to a small-sized flagellate-dominant environment [10,38,46], as DIP is a more important
limiting factor for the growth of diatoms than other flagellates [47]. Indeed, the proportion
of cryptophytes—a type of flagellate—was higher (16.9%) in this study than in previous
studies in the YS [17,32]. Cryptophytes are known to be adaptable to a variety of envi-
ronmental conditions, from stratified and well-lit environments to cool, well-mixed and
light-limited environments [48]. Consequently, diatoms negatively respond to declining
DIP and P-limitation, whereas cryptophytes are resistant to these conditions [49]. Therefore,
the cryptophyte community could flourish, whereas the diatom community decreased
under the current nutrient environment in the YS. Cyanobacteria are considered to be an
important group in phytoplankton communities during summer in this study. Cyanobac-
teria have previously been reported to dominate at the surface layer in the YS during
summer [24,50]. At the surface, low nutrient concentrations limit the growth of phyto-
plankton [51,52]. However, these conditions are favorable for the growth of small-sized
cyanobacteria, in comparison to other phytoplankton communities [53,54]. In addition,
many cyanobacteria have a competitive advantage under high temperatures [55,56]. There-
fore, cyanobacteria were observed more under the high temperature and low nutrient
conditions in summer, compared to other seasons. Unlike other phytoplankton commu-
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nities, chlorophytes did not show a clear correlation with environmental factors such as
water temperature, salinity, nutrients, and SI during this study (Figure 3). Therefore, the
chlorophytes may have been more affected by other factors, such as competition with
other phytoplankton groups and predation pressure, rather than physical and chemical
environmental factors.

3.3. Size-Fractionated Chlorophyll-a Concentration and Phytoplankton Community Structure

Unlike the Southern Central YS dominated by pico-sized phytoplankton throughout
the four seasons [25], the phytoplankton size structure in study area varied seasonally
(p < 0.05; Kruskal–Wallis test) (see Figure 4). Based on the fluorometric size-fractionated
chlorophyll-a concentrations in this study, pico-sized phytoplankton (0.7–2 µm) mainly
dominated in summer (42.5 ± 14.1%) and autumn (51.0 ± 22.6%). The contribution of
micro-sized phytoplankton (>20 µm) to the total chlorophyll-a was comparatively highest
in spring (47.6 ± 27.1%), whereas the nano-sized phytoplankton (2–20 µm) contribution
was comparatively dominant in winter (46.4 ± 9.9%). The relatively high contribution
of micro-sized phytoplankton in spring compared to other seasons is similar to those of
previous studies [38].
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Previously, Choi [57] found that micro-sized phytoplankton were dominant (approxi-
mately 50%) during the winter and spring seasons. In contrast, the nano-sized phytoplank-
ton were dominant, instead of micro-sized phytoplankton, during winter in this study.
Furthermore, the proportions of nano- and pico-sized phytoplankton during autumn were
distinctly higher in this study (79.3%) than in 1992 (64.4%) [58]. Higher contributions of
small-sized phytoplankton (<2 µm) to the chlorophyll-a concentration and primary produc-
tion have consistently been observed in the YS recently [10]. However, the size-fractionated
phytoplankton proportions vary largely seasonally, spatially, and inter-annually [30]. Fur-
ther research should be carried out to verify the increasing contribution of small-sized
phytoplankton in the YS.

In comparison to the fluorometric results for the relative contributions of size-fractionated
chlorophyll-a concentrations, pigment-based size chlorophyll-a concentrations were obtained
based on DPA, as presented in Figure 4. Micro-sized phytoplankton were dominant during
the study period, especially winter and spring (60.3 ± 16.6% and 73.0 ± 13.8%, respectively).
In summer and autumn, the contributions of micro- and nano-sized phytoplankton were col-
lectively dominant, but the contribution of micro-sized phytoplankton (summer 38.9 ± 28.3%;
autumn 39.0 ± 20.4%) was somewhat higher than that of nano-sized phytoplankton (summer
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32.6 ± 20.5%; autumn 34.6 ± 15.2%). Comparing the two different methods, the relative
contributions of phytoplankton size classes were significantly different in winter and autumn
(t-test, p < 0.05). While micro-sized phytoplankton were the predominant community in the
DPA results in winter, nano-sized phytoplankton were found to be dominant, based on the
fluorometer analysis results. In addition, pico-sized phytoplankton were a predominant com-
munity in a fluorometer results, whereas their composition was lowest in the DPA results in
autumn. These discrepancies may have been caused by the pigment-based size fractionation of
DPA, which could lead to over-estimation of micro-sized phytoplankton and under-estimation
of the contribution of nano-sized phytoplankton, as further discussed below.

The results for the size-fractionated phytoplankton communities calculated by the
CHEXTAX program are presented in Figure 5. The large-sized phytoplankton group
(>20 µm) was dominated by diatoms (89.0 ± 10.6%) during the study period. In particular,
large-sized diatoms accounted for the majority (99.4± 1.0%) in winter, while the proportion
decreased from winter to fall. Among the large-sized phytoplankton group, cyanobacteria
were first detected in summer (14.4 ± 27.5%), but their relative proportion increased in
autumn (20.9 ± 29.7%). In comparison, other phytoplankton communities were rarely
observed in the large-sized phytoplankton group, with contribution rates of less than 1%.
Compared to the large-sized phytoplankton group, various phytoplankton communities
were observed in the small-sized phytoplankton group (<20 µm). Diatoms were also
the dominant phytoplankton community (41.9 ± 9.1%) in the small-sized phytoplankton
group. The relative proportion of small-sized diatoms was highest in winter (54.7 ± 16.0%),
followed by spring (42.1 ± 10.8%), summer (36.2 ± 12.4%), and autumn (34.6 ± 16.7%).
The relative proportion of small-sized cryptophytes was high in winter (28.6 ± 10.8%) and
low in summer (5.8 ± 9.2%). The proportion of small-sized chlorophytes was low in winter
(8.0 ± 5.1%) and increased along the seasons. The small-sized cyanobacteria were first
observed in summer (25.2 ± 18.1%) and decreased to 9.4 ± 7.6% in autumn.
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Figure 5. Relative contributions of the size-fractionated phytoplankton community in the YS during
the study period in 2019: (a) large-sized group; and (b) small-sized group.

In contrast to the assumption for the DPA that diatoms mainly make up the micro-
sized phytoplankton [35,43,59], a significant presence of diatoms (41.9 ± 9.1%) was found
in the small-sized phytoplankton group based on the results from the size-fractionated
pigment analysis in this study. In particular, the over-estimated contribution of micro-sized
phytoplankton was conspicuous in winter, where the small-sized diatoms accounted for
more than half of the total diatom community (72.4 ± 12.1%). In [60], it was reported that
many diatoms belong to the nano-sized phytoplankton group, and a few species even
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overlapped with the pico-sized phytoplankton class. According to [21], the most dominant
diatom species in the YS are Chaetoceros sp., Cylindrocystis sp., Proboscia, and Skeletonema
costatum. In particular, Proboscia and Skeletonema costatum are nano-sized diatoms with
a diameter of less than 20 µm [33]. Therefore, the existence of these nano-sized diatoms
should be considered when conducting DPA, as DPA requires a careful interpretation of
the size-fractionated phytoplankton biomass.

3.4. Seasonal Variation in the Size Structure of Diatoms

During the study period, the concentrations of large-sized diatoms (0.82 ± 0.65 µg/L)
and small-sized diatoms (0.54 ± 0.35 µg/L) were significantly higher in spring than other
seasons (t-test, p < 0.05). In contrast, similar concentrations of large- and small-sized
diatoms were observed in other seasons (Figure 6).
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In the YS, diatom blooming is observed during spring [32,41,61]. The proportion of
small-sized diatoms in the total diatoms during the study period varied between 14.8% and
97.9% (Figure 7). The seasonally averaged proportion of small-sized diatoms was highest
in winter (72.4 ± 12.1%), followed by autumn (70.9 ± 23.0%), summer (61.6 ± 27.4%), and
spring (44.4 ± 23.7%). Overall, small-sized diatoms were dominant in the YS (62.3 ± 12.9%)
during our study period.
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Figure 7. Relative contributions of size-fractionated diatoms during the study period in 2019:
(a) winter; (b) spring; (c) summer; and (d) autumn.
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In [62], it was reported that environmental changes (e.g., global warming and human
impacts) decrease the cell size structure of phytoplankton, especially centric diatoms. In
agreement with this, [63,64] reported that the size of the diatoms decreases as the water
temperature increases. The annual SST in the YS has gradually increased over the past
few decades (from 10.5 ◦C in 1976 to 13.5 ◦C in 2000) [44], and an increasing trend of
0.0135 ◦C/yr was observed from 1982 to 2017 [65]. Therefore, the increasing SST could af-
fect the transition in the phytoplankton size structure. Furthermore, subsequent increasing
stratification and nutrient limitations could affect cell size reductions in phytoplankton com-
munities [66]. Therefore, if the water temperature continues to increase and stratification
is strengthened in the YS, the proportion of small-sized diatoms may gradually increase.
In small-sized phytoplankton-dominated ecosystems, the total primary production and
energy transfer efficiency could be altered [38,67]. A further monitoring programs for
phytoplankton communities, especially considering small-sized phytoplankton groups,
should be conducted in the YS with respect to ongoing environmental changes.

4. Summary and Conclusions

This study is the first to report seasonal variations in the size-fractionated phyto-
plankton community structure in the YS. Overall, diatoms were dominant (55%) in the YS,
with the community size being strongly associated with salinity and the concentrations
of DIP and NH4, based on CCA analysis. Compared to previous studies, the contribu-
tion of diatoms was lower and the contribution of cryptophytes was higher in this study,
which may be due to the recent shift in inorganic nutrient conditions in the YS [44,45].
The size-fractionated phytoplankton community results demonstrated that the large-sized
phytoplankton group was largely dominated by diatoms (89.0 ± 10.6%), whereas the
small-sized phytoplankton group was dominated by small-sized diatoms (41.9 ± 9.1%)
and cryptophytes (19.2 ± 9.8%). Until recently, the importance of small-sized diatoms has
been overlooked, as it is difficult to detect and identify them. However, this study showed
that small-sized diatoms contributed greatly to the total diatoms in the YS, accounting
for 62.3%. Environmental changes due to continuous climate warming are expected to
decrease the cell size of phytoplankton—especially centric diatoms—which could largely
affect the quantity and quality of food sources in marine ecosystems. This study provides
an important baseline for understanding the seasonal variations in different size groups
of the phytoplankton community, especially different sizes of diatoms. However, this
study was conducted only at the surface layer, and specific identification of diatom species
was lacking. Therefore, further detailed studies should be conducted in order to better
understand the potential ecological roles of small-sized diatoms.
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Abstract: Dramatic environmental changes have been recently reported in the Yellow Sea (YS),
the South Sea of Korea (SS), and the East/Japan Sea (EJS), but little information on the regional
primary productions is currently available. Using the 13C-15N tracer method, we measured primary
productions in the YS, the SS, and the EJS for the first time in 2018 to understand the current status
of marine ecosystems in the three distinct seas. The mean daily primary productions during the
observation period ranged from 25.8 to 607.5 mg C m−2 d−1 in the YS, 68.5 to 487.3 mg C m−2 d−1 in
the SS, and 106.4 to 490.5 mg C m−2 d−1 in the EJS, respectively. In comparison with previous studies,
significantly lower (t-test, p < 0.05) spring and summer productions and consequently lower annual
primary productions were observed in this study. Based on PCA analysis, we found that small-sized
(pico- and nano-) phytoplankton had strongly negative effects on the primary productions. Their
ecological roles should be further investigated in the YS, the SS, and the EJS under warming ocean
conditions within small phytoplankton-dominated ecosystems.

Keywords: primary production; phytoplankton; Yellow Sea; East/Japan Sea; South Sea of Korea

1. Introduction

Marine phytoplankton as primary producers play an important role as the base
of the ecological pyramid in the ocean and are responsible for nearly a half of global
primary production [1,2]. The primary production of phytoplankton is widely used as an
important indicator to predict annual fishery yield in various oceanic regions [3–5], because
it is one of key factors in determining amount of food source for upper-trophic-level
consumers [6,7]. Lee et al. [8,9] also reported that an algorithm for estimation of the habitat
suitability index for the mackerels and squids around the Korean peninsula was largely
improved by including a primary production term. The physiological conditions and
community structures of phytoplankton are closely related to physical and chemical factors
(e.g., light regime, nutrients, and temperature) [10–12], which induce greatly different
phytoplankton productions in various marine ecosystems [3,13,14]. Thus, the primary
production measurements can provide fundamental backgrounds for better understanding
marine ecosystems with different environmental conditions and detecting current potential
ecosystem changes.

The Yellow Sea (hereafter YS), the South Sea of Korea (SS), and the East/Japan Sea
(EJS), belonging to the East Asian marginal seas, have experienced 2–4 times faster in-
crease (0.7–1.2 ◦C) in seawater temperature than that in global mean water temperature
(0.4 ◦C) for 20 years (1983–2006) [15]. Moreover, some notable changes in physicochemical
conditions were reported, such as increasing limitation of nutrients in the YS and rapid
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ocean acidification and shoaling of the mixed layer depth in the EJS [16–19]. These recent
environmental changes could result in alterations in biological characteristics, including
community structure and bloom pattern of phytoplankton and subsequently higher-trophic-
level organisms [12,20–22]. Indeed, biological responses related to phytoplankton were
observed in the YS [16,18,23,24] and the EJS [12,22,25,26]. For the YS, a remarkable decrease
in chlorophyll-a (chl-a) concentration and phytoplankton diversity and abundance was
observed between the periods 1983–1986 and 1996–1998, which affected the primary pro-
duction [16]. The phytoplankton community assemblage was also dramatically changed in
the YS, especially in the spring [18,23]. For the EJS, the patterns of timing, magnitude, and
duration of the spring phytoplankton bloom were significantly different between 1998–2001
and 2008–2011 [25]. Joo et al. [26] found dramatic decreasing trends (1.3% each year) in
annual primary productivities in various regions in the EJS for 1 decade (2003–2012) based
on the satellite-based data. Nevertheless, we still have a lack of information on regional
primary productions of phytoplankton for understanding the current status of the marine
ecosystems in the YS, the SS, and the EJS.

In this study, one of our main objectives is to compare the seasonal and regional
primary productions measured simultaneously in the YS, the SS, and the EJS for the first
time in 2018 with those reported in previous studies in each region. The other one is to
determine major controlling factors in the low primary production in the YS, the SS, and
the EJS in 2018.

2. Materials and Methods
2.1. Water Sampling Collection

Seasonal cruise surveys were conducted onboard the R/V Tamgu 8 for the YS and
the SS and R/V Tamgu 3 for the EJS from February to October 2018 (Figure 1). The data
collected from the February, April, August, and October 2018 cruises were designated to
represent winter, spring, summer, and autumn, respectively. At mid-morning, 9–10 differ-
ent stations were determined in the YS and the EJS whereas 6–7 sampling stations were
determined for the SS among the monitoring stations (Figure 1) managed by the National
Institute of Fisheries Science (NIFS) in Korea (Table 1).

Table 1. Description of sampling sites in the YS, the SS, and the EJS for each cruise period, in 2018.
(o) means investigation was conducted, while (-) means investigation was not conducted.

Region Station Latitude Longitude Bottom Depth (m) Feb. Apr. Aug. Oct.

YS

307-03 36.92 126.00 37 o o o o
307-05 36.92 125.42 54 o o o o
307-09 36.92 124.57 67 o o o o
308-06 36.33 125.21 58 - - o o
309-03 35.85 125.82 54 o o o o
309-05 35.85 125.40 69 o o o -
309-07 35.86 125.00 66 - - - o
309-09 35.85 124.59 82 o o o -
310-03 35.34 125.82 27 - o - -
310-06 35.34 125.20 72 - - - o
310-09 35.34 124.59 92 o - - -
311-05 34.72 125.52 75 o - - -
311-07 34.72 125.00 90 - o o o
311-09 34.72 124.59 89 o - o o
312-05 34.04 125.50 81 - o - -
312-09 34.09 124.60 89 o o o o
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Table 1. Cont.

Region Station Latitude Longitude Bottom Depth (m) Feb. Apr. Aug. Oct.

SS

203-03 33.64 126.36 133 - - - o
204-04 33.90 127.25 75 o o - o
205-03 34.08 127.94 82 o o o o
205-05 33.62 128.15 113 o o o -
206-03 34.37 128.82 92 o o o o
207-03 34.89 129.25 115 o o o o
400-14 34.21 128.40 75 o - o o
400-25 33.55 127.56 96 o - o -
400-27 33.51 127.08 124 - o - -

EJS

102-06 36.08 129.80 700 - o - -
102-07 36.08 130.00 1390 - - - o
102-09 36.08 130.62 1880 - - o -
103-04 36.51 129.50 110 - o - -
103-05 36.51 129.59 205 - - - o
103-07 36.50 130.00 850 o - - -
103-09 36.51 130.62 2150 - - o o
103-10 36.51 130.93 1800 - o - -
103-11 36.50 131.24 2100 o - - -
104-04 37.06 129.48 110 - - o -
104-05 37.06 129.56 220 - o - -
104-08 37.06 130.31 720 - - - o
104-09 37.06 130.63 2340 - o - -
104-11 37.06 131.26 2325 - - o -
105-03 37.55 129.17 48 - - - o
105-05 37.55 129.37 280 o - - -
105-07 37.55 130.00 1480 o - o -
105-10 37.55 130.93 1503 - o - -
105-11 37.55 131.24 1140 o - o o
106-03 37.90 128.95 320 - o - -
106-05 37.90 129.37 1120 - - o -
106-07 37.90 130.00 1060 - - - o
106-10 37.90 130.94 1980 - o - -
107-03 38.21 128.84 1120 - - o o
107-05 38.20 129.37 1080 o - - -
107-07 38.20 130.00 846 o o o o
209-04 35.79 129.55 54 - - - o
209-05 35.75 129.64 150 o - - -
209-07 35.61 130.01 250 - o o -
209-08 35.60 130.00 200 o - - -

The bottom depths at our sampling stations in the YS and the SS had relatively narrow
range, whereas the EJS had a wide range of bottom depths (48–2340 m) in this study
(Table 1). The six water depths were determined at each station by converting Secchi disc
depth to 6 corresponding light depths (100, 50, 30, 12, 5, and 1% of surface photosynthetic
active radiation; (PAR)). Then, each water sample was collected from 6 different depths
using Niskin bottles (8 L) equipped with a conductivity, temperature, and depth (CTD)-
rosette. The water temperature and salinity were obtained from SBE9/11 CTD (Sea-Bird
Electronics, Bellevue, WA, USA). The mixed-layer depth (MLD) was defined as the depth
at which the density is increased by 0.125 density units from the sea surface density [27,28].
Water samples for dissolved inorganic nutrients (NH4, NO2 + NO3, PO4, and SiO2) and
chl-a (total and size-fractionated) concentrations were collected at three light depths (100,
30, and 1% of PAR). Water samples for measuring the particle organic carbon (POC) and
particle organic nitrogen (PON) concentrations and total carbon uptake rates (primary
production) of phytoplankton were collected at six light depths (100, 50, 30, 12, 5, and 1%
of PAR). The euphotic zone is defined as the depth from 100 to 1% of PAR.
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Figure 1. Locations of sampling regions in 2018. The station numbers are in consecutive order from
coast to open sea as marked in each station line.

2.2. Inorganic Nutrients Concentrations

To measure concentrations of dissolved inorganic nutrients (NH4, NO2 + NO3, PO4,
and SiO2), 0.1 L water samples were filtered onto Whatman GF/F filters (ø = 47 mm)
at a vacuum pressure lower than 150 mmHg. Filtered water samples were immediately
frozen at −20 ◦C for further analysis in our laboratory. An auto-analyzer (Quattro, Seal
Analytical, Norderstedt, Germany) in the NIFS was used for the analysis of dissolved
inorganic nutrients according to the manufacturer’s instruction.

2.3. Chl-a Concentration

The primary method and calculation for determining the chl-a concentrations were
conducted according to Parsons et al. [29]. Water samples (0.1–0.4 L) for total chl-a concen-
tration were filtered through Whatman GF/F filters (ø = 25 mm), and samples (0.3–1 L)
for three different size-fractionated chl-a concentrations were passed sequentially through
20 µm and 2 µm membrane filters (ø = 47 mm) and GF/F filters (ø = 47 mm) at low vacuum
pressure. The filtered samples were then placed in a 15 mL conical tube, immediately stored
in −20 ◦C freezer until the analysis. In the laboratory, the frozen filters were extracted
with 90% acetone at 4 ◦C for 20–24 h, and chl-a concentrations were then measured using a
fluorometer (Turner Designs, 10-AU, San Jose, CA, USA) calibrated based on commercially
available reference material for chl-a.

2.4. Measurements of Phyoplankton Carbon and Nitrogen Uptake Rate

The 13C-15N dual stable isotope tracer technique was used for simultaneously measur-
ing the carbon and nitrogen uptake rates of the phytoplankton as described by Dugdale and
Goering [30] and Hama et al. [31]. In brief, water samples from each light depth (100%, 50%,
30%, 12%, 5%, and 1% of PAR) were immediately transferred to acid-rinsed polycarbonate
incubation bottles (1 L) covered with neutral density screens (Lee Filters) [32] after passing
through 333 µm sieves to eliminate the large zooplankton. The incubation bottles filled
with seawater at each light depth were inoculated with the labeled carbon (NaH13CO3)
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and nitrate (K15NO3) or ammonium (15NH4Cl), which correspond to 10–15% of the con-
centrations in the ambient water [30,31]. Then, the tracer-injected bottles were incubated
in a large polycarbonate incubator at a constant temperature maintained by continuously
circulating sea surface water under natural surface light for 4–5 h. The incubated water
samples (0.1–0.4 L) were filtered onto Whatman GF/F filters (ø = 25 mm) precombusted at
450 ◦C, and the filters were then kept in a freezer (−20 ◦C) until mass spectrometer analysis.
At the laboratory of Pusan National University, the filters were fumed with a strong hydro
acid in a desiccator to remove the carbonate overnight and dried with a freeze drier for
2 h. Then, POC and PON concentrations and atom % of 13C were analyzed by Finnigan
Delta+XL mass spectrometer at the stable isotope laboratory of the University of Alaska
(Fairbanks, AK, USA). The carbon uptake rates of the phytoplankton were estimated as
described by Dugdale and Goering [30] and Hama et al. [31]. The final values of the carbon
uptake rates of phytoplankton were then calculated by subtracting the carbon uptake rates
of dark bottles to eliminate the heterotrophic bacterial production [33–35]. The daily pri-
mary productions of phytoplankton were calculated from the hourly primary productions
observed in this study and 10-h photoperiod per day reported previously in the YS and
EJS [22,24].

2.5. Statistical Analysis

The statistical analyses for Pearson’s correlation, t-test, and one-way analysis of
variance (one-way ANOVA) were performed using SPSS (version 12.0, SPSS Inc., Chicago,
IL, USA). In the one-way ANOVA, a test to certify the homoscedasticity of variables was
conducted by using Levene’s test. To compare pairwise differences for the variables,
Scheffe’s (homogeneity) and Dunnett’s (heteroscedasticity) post hoc tests were used, based
on homogeneity of variances.

Principal component analysis (PCA) with the Varimax method with Kaiser normal-
ization using the XLSTAT software (Addinsoft, Boston, MA, USA) was used to identify
relatively significant factors affecting the total carbon uptake rates of phytoplankton in
each sea during our observation time. Fourteen variables for PCA included physical (water
temperature and salinity and euphotic and mixed-layer depths), chemical (NH4, NO2+NO3,
PO4, and SiO2 concentrations), and biological (total and size-fractionated chl-a and POC
concentration) factors and carbon uptake rates of phytoplankton.

3. Results
3.1. Physicochemical Environmental Conditions

Seasonal vertical profiles of the mean temperatures and salinities at each light depth
in the YS, the SS, and the EJS are presented in Figure 2. Seasonal water temperatures and
salinities in the YS, the SS, and the EJS were evenly distributed within the euphotic zone
except in August. The mean temperatures within the euphotic zone in the YS, the SS, and
the EJS were lowest in February, with means of 5.9 (S.D. = ± 2.3), 13.6 (± 1.3), and 9.9
(± 1.7) ◦C, respectively, and gradually increased to their highest in August, with means of
23.2 (± 1.4), 23.8 (± 1.6), and 20.9 (± 2.9) ◦C, respectively (Figure 2). The average water
temperature in the YS was significantly lower than those in the SS and EJS during February
and April (one-way ANOVA, p < 0.05). The highest mean salinities in the YS and EJS were
observed in April (32.8 ± 0.8 and 34.4 ± 0.1 psu), whereas salinity in the SS was highest in
February at 34.6 ± 0.0 psu (Figure 2). Overall, lower salinities were found in the YS than in
the SS and the EJS throughout the observation period.
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The mean euphotic depths in the YS, the SS, and the EJS were deepest in August
at 37.6 ± 15.6, 49.8 ± 11.3, and 54.4 ± 10.7 m, respectively (Figure 3). In particular, the
euphotic depth in the EJS in February (51.0 ± 5.8 m) was significantly deeper (one-way
ANOVA, p < 0.01) than those in the YS (12.8 ± 6.2 m) and the SS (28.1 ± 4.7 m). The deepest
MLDs in the YS, the SS, and the EJS were observed in February, with means of 68.7 ± 15.7,
59.0 ± 40.5, and 80.6 ± 57.4 m, respectively (Figure 3). The MLDs in the YS, the SS, and the
EJS became continuously shallow until August at 12.0 ± 14.2, 13.7 ± 6.6, and 13.2 ± 6.2 m,
respectively, and then deepened in October to 26.3 ± 13.7, 30.2 ± 16.1, and 37.9 ± 14.2 m,
respectively. In all regions, the differences between the MLDs and euphotic depths were
greatest in February, decreased toward April, and then reversed in August when MLDs
were significantly shallower than the euphotic depths (t-test, p < 0.01) (Figure 3). These
results indicate that the euphotic zone was vertically well-mixed in all study regions during
February and April, whereas strong stratifications were developed in the euphotic water
columns during August.
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Major dissolved inorganic nutrient concentrations at each light depth (100%, 30%,
and 1%) in the YS, the SS, and the EJS for each cruise are summarized in Table 2. The
ranges of NO2+NO3, PO4, and SiO2 concentrations during the study period were 0.5–9.9,
<0.1–0.6, and 2.4–10.0 µM in the YS; 0.9–8.1, 0.1–0.4, and 5.1–11.3 µM in the SS; and 0.2–8.7,
0.1–0.5, and 2.4–11.0 µM in the EJS, respectively. Ranges of nutrient concentrations except
for NH4 varied significantly in all regions during the study period, being generally high
in February and low in other seasons except NO2+NO3 concentrations in the YS in April.
The nutrient concentrations, except for NH4 at 1% light depths in the YS and the EJS, were
higher (one-way ANOVA, p < 0.01) than those at 100% and 30% light depths during August
and October, whereas vertical differences in the SS were only detected in August. NH4
concentrations ranged from 0.5 to 1.2 µM in the YS, 0.1 to 0.6 µM in the SS, and 0.4 to
0.9 µM in the EJS, respectively, during the observation period. Unlike other nutrients, NH4
concentrations had no distinct seasonal and vertical characteristics in all study regions.

Table 2. The dissolved inorganic nutrient concentrations averaged from each light depth (100, 30,
and 1%) in the YS, the SS, and the EJS, 2018.

Region Month Light Depth (%) NH4 NO2+NO3 PO4 SiO2

µM

YS

Feb.
100 0.9 ± 0.6 8.8 ± 2.4 0.6 ± 0.1 8.9 ± 3.3
30 0.9 ± 0.7 8.2 ± 2.1 0.5 ± 0.1 8.5 ± 3.4
1 0.7 ± 0.3 9.9 ± 2.8 0.6 ± 0.1 10.0 ± 3.6

Apr.
100 0.6 ± 0.4 6.6 ± 3.3 0.3 ± 0.1 6.8 ± 2.5
30 0.5 ± 0.5 5.8 ± 3.0 0.2 ± 0.1 6.9 ± 2.9
1 0.5 ± 0.5 7.1 ± 2.1 0.3 ± 0.1 7.8 ± 2.7

Aug.
100 1.0 ± 1.1 1.2 ± 1.6 0.1 ± 0.1 2.8 ± 1.3
30 1.2 ± 1.5 0.5 ± 0.5 0.0 ± 0.0 2.4 ± 0.5
1 0.7 ± 0.5 3.4 ± 1.8 0.4 ± 0.2 8.7 ± 3.3

Oct.
100 0.6 ± 0.1 1.7 ± 2.2 0.2 ± 0.2 4.6 ± 2.4
30 0.5 ± 0.1 1.6 ± 2.1 0.2 ± 0.1 4.2 ± 1.6
1 0.5 ± 0.1 5.0 ± 2.7 0.4 ± 0.2 7.0 ± 3.1
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Table 2. Cont.

Region Month Light Depth (%) NH4 NO2+NO3 PO4 SiO2

µM

SS

Feb.
100 0.2 ± 0.0 5.3 ± 1.3 0.4 ± 0.0 9.2 ± 0.7
30 0.2 ± 0.0 5.1 ± 0.8 0.4 ± 0.0 8.1 ± 1.7
1 0.2 ± 0.1 5.1 ± 0.8 0.4 ± 0.0 8.9 ± 0.8

Apr.
100 0.1 ± 0.1 0.9 ± 0.5 0.1 ± 0.0 5.6 ± 2.6
30 0.1 ± 0.1 1.0 ± 0.5 0.1 ± 0.0 6.1 ± 2.4
1 0.3 ± 0.2 2.1 ± 1.5 0.1 ± 0.1 6.7 ± 2.2

Aug.
100 0.6 ± 0.3 1.7 ± 0.2 0.1 ± 0.1 6.8 ± 1.4
30 0.5 ± 0.4 1.4 ± 0.3 0.1 ± 0.1 6.2 ± 1.0
1 0.1 ± 0.0 8.1 ± 2.9 0.4 ± 0.2 11.3 ± 1.8

Oct.
100 0.3 ± 0.2 1.6 ± 1.0 0.2 ± 0.0 5.1 ± 2.9
30 0.3 ± 0.2 1.6 ± 1.0 0.2 ± 0.0 4.0 ± 2.1
1 0.5 ± 0.3 3.0 ± 1.1 0.2 ± 0.1 5.2 ± 2.1

EJS

Feb.
100 0.4 ± 0.2 6.7 ± 0.9 0.4 ± 0.1 9.8 ± 1.4
30 0.4 ± 0.2 6.4 ± 0.7 0.4 ± 0.0 8.6 ± 2.4
1 0.3 ± 0.2 7.5 ± 1.1 0.5 ± 0.2 10.7 ± 2.8

Apr.
100 0.9 ± 0.7 1.8 ± 1.0 0.1 ± 0.0 4.4 ± 1.4
30 0.9 ± 0.6 1.9 ± 1.0 0.2 ± 0.1 4.2 ± 1.3
1 0.9 ± 0.7 2.6 ± 1.1 0.2 ± 0.0 5.0 ± 1.4

Aug.
100 0.4 ± 0.1 0.2 ± 0.1 0.1 ± 0.0 3.7 ± 1.7
30 0.6 ± 0.6 0.4 ± 0.6 0.1 ± 0.0 3.8 ± 1.6
1 0.4 ± 0.2 8.7 ± 3.3 0.5 ± 0.2 11.0 ± 4.1

Oct.
100 0.6 ± 0.3 1.3 ± 1.1 0.1 ± 0.1 2.6 ± 1.3
30 0.6 ± 0.2 1.3 ± 1.0 0.1 ± 0.1 2.4 ± 1.1
1 0.5 ± 0.2 4.9 ± 4.3 0.4 ± 0.3 6.9 ± 6.0

3.2. Concentrations and Size-Fractionated Compositions of chl-a

The ranges of the total chl-a concentrations integrated throughout the euphotic wa-
ter column in the YS, the SS, and the EJS were 1.3–96.6, 5.6–60.7, and 8.0–92.9 mg m−2,
respectively, during our observation period (Figure 4). The highest chl-a concentration
in the YS was detected in April (mean ± S.D. = 31.1 ± 28.6 mg m−2), followed by Octo-
ber (18.8 ± 8.0 mg m−2), August (12.1 ± 5.0 mg m−2), and February (3.3 ± 1.8 mg m−2).
The chl-a concentrations in the SS between April (47.6 ± 10.1 mg m−2) and October
(44.9 ± 15.3 mg m−2) were similar, and the concentrations during these periods were
higher (One-way ANOVA, p < 0.05) than those in February (11.7 ± 3.9 mg m−2) and
August (12.8 ± 3.9 mg m−2). In the EJS, the highest chl-a concentration was observed in
April (50.1 ± 12.5 mg m−2), and the second-highest concentration was observed in February
(38.0 ± 23.9 mg m−2). The chl-a concentration was lowest in August (12.6 ± 4.6 mg m−2).

Based on the size-fractionated chl-a concentrations, the compositions of micro- (>20 µm),
nano- (2–20 µm), and pico-sized (0.7–2 µm) phytoplankton in the YS, the SS, and the EJS
are shown in Figure 5a–c. Overall, the fraction of nano- and pico-sized phytoplankton was
dominant in the YS (> 65%), the EJS (> 58%), and the SS (> 65%) during the study period
except for October. In detail, the compositions of the nano- and pico-sized phytoplankton
in the YS were 50.7 ± 6.1 and 27.0 ± 12.2% in February, 41.6 ± 14.1 and 23.6 ± 10.9% in
April, 35.1 ± 7.6 and 45.9 ± 14.7% in August, and 23.4 ± 6.1 and 60.1 ± 21.4% in October,
respectively. The compositions of micro-sized phytoplankton in the YS remained low
(approximately 19%) during the study period except for April (34.8 ± 22.8%). The contribu-
tions of the nano- and pico-sized phytoplankton in the SS during February, April, August,
and October were 27.7 ± 4.4 and 63.8 ± 3.5%, 43.3 ± 19.5 and 24.9 ± 13.2%, 36.7 ± 11.5
and 52.4 ± 8.8%, and 15.0 ± 2.6 and 35.6 ± 17.5%, respectively. The highest contribution
of micro-sized phytoplankton in the SS was observed in October (49.4 ± 19.5%), followed
by April (31.7 ± 30.5%), August (10.9 ± 3.8%), and February (8.4 ± 2.1%). The fractions
of nano- and pico-sized phytoplankton in the total chl-a concentrations in the EJS in each
season were 25.4 ± 9.2 and 42.0 ± 16.6% (February), 28.8 ± 8.3 and 43.8 ± 12.7% (April),
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26.9 ± 13.3 and 55.9 ± 16.6% (August), and 19.0 ± 5.5 and 39.5 ± 18.0% (October), re-
spectively. The fraction of micro-sized phytoplankton in the EJS was gradually decreased
from February (32.7 ± 23.8%) to August (17.3 ± 11.4%) and then increased in October
(41.5 ± 19.7%).
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3.3. POC and PON Concentration

The mean POC concentrations integrated in the euphotic zone in the YS, the SS,
and the EJS showed different seasonal patterns in comparison to the chl-a concentrations
(Figure 6b). The POC concentrations in the YS and SS gradually increased from February,
at 1.7 ± 0.5 and 2.7 ± 1.0 g C m−2, to October, with 10.4 ± 3.7 and 7.5 ± 3.1 g C m−2,
respectively. In comparison, the POC concentrations in the EJS were the highest during
August at 8.9 ± 1.5 g C m−2 but remained constant at an average of ~4 g C m−2 during
other seasons.
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The POC concentrations had significantly positive correlations (R2 = 0.7575, p < 0.01
in the YS; R2 = 0.8105, p < 0.01 in the SS; R2 = 0.5723, p < 0.01 in the EJS) with the PON
concentrations in this study. The average C/N ratios at each month (February, April,
August, and October) were 9.2 ± 1.0 (mean ± S.D.), 7.7 ± 0.9, 9.3 ± 0.9, and 18.6 ± 2.3 in
the YS; 10.8 ± 2.1, 8.1 ± 1.4, 9.2 ± 1.5, and 11.3 ± 3.0 in the SS; and 8.9 ± 1.2, 6.6 ± 0.8,
12.5 ± 0.9, and 6.3 ± 1.2 in the EJS, respectively.

3.4. Primary Production of Phytoplankton

The primary productions of phytoplankton integrated from different six-light depths
(100, 50, 30, 12, 5, and 1%) ranged from 1.0 to 135.1 (YS), 1.8 to 63.7 (SS), and 2.3 to 119.3 (EJS)
mg C m−2 h−1, respectively (Figure 7). The ranges of the primary productions in the YS and
the EJS were more variable than in the SS in this study. High mean primary productions
in the YS, the SS, and the EJS were observed during April (29.3 ± 39.4, 42.6 ± 7.8, and
49.1 ± 25.2 mg C m−2 h−1) and October (60.6 ± 17.8, 48.4 ± 15.4, and 43.3 ± 31.1 mg
C m−2 h−1) (Figure 6c). In comparison, the mean primary productions during February
and August were low in the YS (2.6 ± 1.2, 9.3 ± 1.0 mg C m−2 h−1), the SS (6.8 ± 3.5
and 19.5 ± 12.5 mg C m−2 h−1), and the EJS (10.6 ± 7.7 and 28.4 ± 20.4 mg C m−2 h−1)
(Figure 6c). Overall, there were distinct seasonal variations in the primary productions,
which were higher in spring and autumn than those in winter and summer in all waters of
the littoral sea in Korea in 2018.
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The results of PCA to determine major environmental and biological factors affecting
the primary productions of phytoplankton in the YS, the SS, and the EJS throughout the
observation period are shown in Figure 8a–c. The two ordination axes (PC1 and PC2) of
principal components (PC) accounted for the cumulative variances of 61.6, 66.9, and 54.7%
in the YS, the SS, and the EJS, respectively. Primary production in the YS was positively
correlated with the chl-a and POC concentrations and temperature but negatively correlated
with the MLD and compositions of nano-sized phytoplankton (Figure 8a). The positive
relations between primary production and total chl-a concentrations and compositions
of micro-sized phytoplankton were observed in the SS (Figure 8b). In contrast, pico-
sized phytoplankton compositions and nutrients except for NH4 were negatively related
to primary production in the SS (Figure 8b). For the EJS, the total chl-a concentrations,
compositions of the micro-sized plankton, and salinity had positive effects, whereas the
pico-sized plankton and water temperature had negative effects on the primary production
(Figure 8c).

No strong correlation (R2 = 0.1225 p > 0.05) was found between the biomass contri-
butions of pico-sized phytoplankton and the primary production of phytoplankton in
the YS (Figure 9a). In contrast, significantly negative correlations between the biomass
contributions of pico-sized phytoplankton and the primary production were observed in
the SS (R2 = 0.791, p < 0.01) and the EJS (R2 = 0.801, p < 0.01) (Figure 9b,c).
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Figure 8. Principal components analysis (PCA) ordination plots showing primary production of phytoplankton in relation
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represent contributions of compositions of micro-, nano-, and pico-sized phytoplankton to total chl-a; PP represents
primary production.
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concentrations in the YS (a), the SS (b), and the EJS (c), 2018.

4. Discussion
4.1. Comparisons of Primary Production between This and Previous Studies

Based on a 10-h photoperiod and the hourly primary productions obtained in this study
(Figure 6), the mean daily primary productions in the YS were 25.8 ± 11.9, 292.7 ± 393.9,
139.0 ± 66.9, and 607.5 ± 172.6 mg C m−2 d−1 during winter, spring, summer, and au-
tumn, respectively. Our values obtained in this study were slightly lower than the ranges
(56–947 mg C m−2 d−1) of the values reported previously in adjacent or nearly identical
regions to our sites in the YS (Table 3). In particular, our spring (293 mg C m−2 d−1) and
summer (139 mg C m−2 d−1) values in this study were significantly lower (t-test, p < 0.05)
than the spring (851 ± 108 mg C m−2 d−1) and summer (555 ± 231 mg C m−2 d−1) val-
ues averaged from previous studies. These lower seasonal productions in 2018 might be
explained by a recent change in the nutrient budgets in the YS. An increasing trend in
dissolved inorganic nitrogen (DIN) concentration since the 1980s was reported, whereas a
decreasing trend from the 1980s to 2000 followed by a slight increase in PO4 concentration
was observed in the YS [16,36]. These changes in DIN and PO4 have induced a gradual
increase in the N/P ratio and a shift from N-limitation to P-limitation in the YS [36]. The
P-limited condition could convert dominant species of phytoplankton from diatoms to
small-sized non-diatoms with higher growth rates in P-limited waters but lower photo-
synthetic efficiencies [18,24,37]. Lin et al. [16] reported that a dramatic decrease in primary
production in the YS during all seasons between 1983–1986 and 1996–1998 periods could
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be one of the ecological responses caused by the increase in the N/P ratio. In this study,
the N/P ratios (32 ± 14) during the spring period were significantly higher (one-sample
t-test, p < 0.01) than the Redfield ratios (16) [38], which could have resulted in a limitation
for diatom growth [39,40]. Indeed, the diatom compositions (approximately 50%) in the YS
in spring based on the results from our parallel study (non-published data) were distinctly
lower than those reported previously in 1986 (89%) and 1998 (70%) [23]. This shift in
dominant species could have caused the low primary production in spring 2018. Jang
et al. [24] reported that the high contribution of pico-sized (<2 µm) phytoplankton to the
total primary production could induce a lower total primary production in the YS when the
N/P ratio is higher than 30 during the summer period. We did not measure the production
of pico-sized phytoplankton in this study, but the higher N/P ratio (54 ± 78) at upper
euphotic depth (100 and 30%) accounted for about 75% of integrated primary production
and could explain the lower primary production in the YS during summer 2018.

Since the primary production measurements have rarely been conducted in the
SS section belonging to the northern part of the East China Sea, we compared our re-
sults with those measured previously in the entire East China Sea (Table 4). The aver-
age daily primary productions in the SS during this observation are within the range
(102–1727 mg C m−2 d−1) reported previously in the East China Sea (Table 4). However,
the winter and summer values in this study were significantly lower (t-test, p < 0.05)
than the mean winter (206 ± 93 mg C m−2 d−1) and summer (621 ± 179 mg C m−2 d−1)
productions reported previously. In comparison, the autumn value (487 mg C m−2 d−1)
in this study was consistent with the previous findings (503 ± 186 mg C m−2 d−1). For
the springtime, our daily production (426 mg C m−2 d−1) was not statistically different
(t-test, p > 0.05) from the mean production (350 ± 161 mg C m−2 d−1) in early spring
(March), but our spring value was considerably lower than those reported previously in
April (1727 mg C m−2 d−1) and May (1375 mg C m−2 d−1).

Table 3. Comparisons of daily primary production in the YS. PP represents daily primary production.

Resion Method Year Month Season PP (mg C m−2 d−1) Reference

Middle-eastern part 14C method 1989 Aug. summer 450

[41]
Oct. autumn 130

1990 Feb. winter 115
Aug. summer 486
Oct. autumn 192

Entire 14C method 1992 Sep. autumn 742 [42]
middle-eastern part 14C method 1997 Feb. winter 92

[43]
Apr. spring 872
Aug. summer 899
Oct. autumn 667
Dec. winter 262

Middle part Satellite-based 1998–2003 May spring 947

[44]
Sep. autumn 723

Middle-eastern part Satellite-based 1998–2003 May spring 734
Sep. autumn 558

Middle part 14C method 2008 Jan. winter 56
[45]

Aug. summer 649
Middle part 13C-15N method 2016 Aug. summer 291 [24]

Middle-eastern part 13C-15N method 2018 Feb. winter 26 ± 12

This studyApr. spring 293 ± 394
Aug. summer 139 ± 67
Oct. autumn 606 ± 178
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Table 4. Comparisons of daily primary production in the East China Sea. PP represents daily primary production.

Region Method Year Month Season PP (mg C m−2 d−1) Reference

Northern part 14C method 1989–1990 Mar. spring 310
[46]Apr. spring 1727

Nov. autumn 517
Changjjang river

mouth to shelf edge
(PN-line)

13C method 1993–1994 Feb. winter 282
[47]

Aug. summer 714
Oct. autumn 573

Entire shelf 14C method 1997–1998 Dec. winter 235

[4]Mar. spring 213
Jul. summer 734

Oct.–Nov. autumn 355
Entire shelf 13C-15N method 1998 Mar. spring 528

[48]
Oct.–Nov. autumn 782

Southern part satellite-based 1999 Oct. autumn 543 [49]
Entire 14C method 2008–2009 May spring 1375

[50]Aug. summer 414
Nov. autumn 245
Feb. winter 102

Northern part 13C-15N method 2018 Feb. winter 68 ± 35

This StudyApr. spring 426 ± 74
Aug. summer 195 ± 125
Oct. autumn 487 ± 161

The daily primary productions measured in this study during four seasons are within
the range (44–1505 mg C m−2 d−1) obtained previously from the various regions in
the EJS in different seasons (Table 5). However, our value (284 mg C m−2 d−1) dur-
ing the winter period was significantly higher (t-test, p < 0.05) than the winter mean value
(75 ± 44 mg C m−2 d−1) reported by Nagata [51] and Yoshie et al. [52], whereas our spring
(491 mg C m−2 d−1) and summer (106 mg C m−2 d−1) rates were significantly lower (t-test,
p < 0.05) than the spring (858 ± 376 mg C m−2 d−1) and summer (519 ± 184 mg C m−2 d−1)
values averaged from various previous studies. A plausible mechanism for the difference
might be related to the development of the MLD in the EJS during the wintertime. A
vigorous vertical mixing driven by the Asian winter monsoon can limit the availability of
light to phytoplankton in winter [53,54] but induces an increase in the nutrient availability
in the upper euphotic layer from spring to summer [55,56]. However, the MLD has been
gradually decreased by an increase in water temperature and weakened wind stress in the
EJS [17,57,58], which could offer better light conditions for phytoplankton growth in winter
but fewer nutrients for the spring phytoplankton bloom. In this way, the difference in
seasonal primary production in the EJS mentioned above could be explained by the recent
change in the MLD. However, because our surveys in the EJS were restricted to only 2018,
this mechanism needs to be verified by a long-term observation. Another reason for the
low primary production, especially in spring 2018, could be potentially having missed the
bloom timing of the phytoplankton during our observation period. In general, the spring
bloom in the EJS is mainly driven by the massive growth of diatoms, which account for the
majority of large-sized (> 20 µm) phytoplankton [59–61]. Indeed, Kwak et al. [62] observed
a significantly higher contribution (approximately 60%) of diatoms during the spring bloom
period than in other seasons. In this study, the contribution of the large-sized phytoplankton
was rather lower during the spring (Figure 5c). However, much lower diatom contributions
were detected based on our parallel stud, showing that diatoms accounted for only 23.1%
(± 9.9%) of total phytoplankton communities in the EJS in spring (non-published data).
The other reason might be conspicuously low phytoplankton biomass in the EJS in April
2018. Based on MODIS (Moderate Resolution Imaging Spectrometer)-Aqua monthly level-3
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datasets regarding chl-a (https://oceandata.sci.gsfc.nasa.gov/MODIS-Aqua/, accessed on
3 August 2021), the surface chl-a showed strong negative anomalies in the southwestern
part of the EJS during April between 2003–2015 and 2018 (data not shown). As the chl-a
concentrations in the EJS were one of the major factors controlling the primary production
(Figure 8c), a noticeable low chl-a concentration could cause lower primary production
in the EJS during the springtime in 2018. At the current stage, it is difficult to find out a
solid reason for the low chl-a concentration in the EJS during April 2018, which should be
further resolved for a better understanding of the EJS ecosystem.

Table 5. Comparisons of daily primary production in the EJS. PP represents daily primary production.

Region Method Year Month Season PP (mg C m−2 d−1) Reference

Southwestern part 14C method 1986 Oct. autumn 1505 [63]
Southwestern part 14C method 1990 Oct. autumn 1420 [64]

Yamato Basin 13C method 1994–1996 Jan. winter 44

[51]Apr. spring 1082
Aug. summer 353
Oct. autumn 154

West coast of
Hokkaido 1997 Feb. winter 106

[52]Mar.–Apr. spring 1419
Jul. summer 487
Oct. autumn 254

Southwestern part Satellite-based 1998–2002
Apr. spring 1100

[65]Nov. autumn 650
Monthly 608

Ulleng Basin 14C method 2006 Apr. spring 513 [66]

Ulleng Basin 13C method 2010–2011
May spring 1114

[67]Nov. autumn 380
Ulleng Basin 13C method 2010 Jul. summer 716 [68]

Northern part 13C method
2012 Nov. autumn 181

[22]2015 May spring 442
Ulleng Basin 13C method 2016

Apr. spring 790
[12]Northwestern part Apr. spring 407

Southwestern part 13C-15N method 2018 Feb. winter 284 ± 203

This studyApr. spring 491 ± 252
Aug. summer 106 ± 77
Oct. autumn 428 ± 307

4.2. Main Factors Affecting the Primary Production in the YS, SS, and EJS in 2018

Based on the PCA results (Figure 8), the major factors controlling the phytoplankton
productions were different among the three seas. Total chl-a concentrations (positively;
+), temperature (+), MLD (negatively; −), and nano-sized phytoplankton contribution
(−) are found to be major controlling factors in the YS. In comparison, total chl-a con-
centrations (+), pico- (−) and micro-sized (+) phytoplankton contributions, and nutrients
(−) except for NH4 can greatlyaffect the primary production in the SS. For the EJS, the
primary production of phytoplankton can greatly vary due to total chl-a concentrations
(+), micro-sized phytoplankton contribution (+), salinity (+), pico-sized phytoplankton
(−), and water temperature (−). The effects of physical (temperature, salinity, and MLD)
and chemical (nutrients) factors are different in the YS, the SS, and the EJS. Given the
positive relationships between the primary productions and the total chl-a concentrations
in this study, biomass-driven primary productions are characteristics in the YS, the SS,
and the EJS ecosystems, at least in 2018. However, the effects of the three size groups
of phytoplankton can be different among the three seas. The contribution of nano-sized
phytoplankton in the YS and the contributions of pico-sized phytoplankton in the SS and
the EJS are negatively correlated with the primary productions in this study. Choi et al. [42]
reported nano-phytoplankton contributed greatly to the primary production in the YS,
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based on the large biomass contribution of nano-phytoplankton (approximately 60%). In
this study, the negative relationship between the nano-sized phytoplankton contribution
and the primary production indicates that increasing contributions of the nano-sized phy-
toplankton could decrease the primary production in the YS. In the EJS, several previous
studies reported higher contributions of pico-sized phytoplankton could cause a decrease
in the primary production [12,22,69]. Indeed, marked decreasing trends in the primary
productions with increasing pico-sized phytoplankton biomass were observed in the SS
and EJS during our observation period in 2018 (Figure 9b.c). This could be caused by
the different primary productivities between pico- and large-sized (>2 µm) phytoplank-
ton [22]. Generally, pico-sized phytoplankton have a lower primary productivity than large
phytoplankton [14,22,70]. Therefore, the total primary production can be decreased by
increasing contribution of pico-sized phytoplankton, with their lower productivity traits.
Under ongoing warming ocean conditions, pico-sized phytoplankton are expected to be
predominant in phytoplankton communities [71–74]. In this pico-sized-phytoplankton-
dominated ecosystem, a lower total primary production could be expected in the SS and
the EJS based on the negative relationships between the primary production and pico-sized
phytoplankton observed in this study. The ecological roles of pico-sized phytoplankton in
regional marine ecosystems should be further investigated in the YS, the SS, and the EJS
with current environmental changes.
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Abstract: The size of phytoplankton (a key primary producer in marine ecosystems) is known to
influence the contribution of primary productivity and the upper trophic level of the food web.
Therefore, it is essential to identify the dominant sizes of phytoplankton while inferring the responses
of marine ecosystems to change in the marine environment. However, there are few studies on
the spatio-temporal variations in the dominant sizes of phytoplankton in the littoral sea of Korea.
This study utilized a deep learning model as a classification algorithm to identify the dominance
of different phytoplankton sizes. To train the deep learning model, we used field measurements of
turbidity, water temperature, and phytoplankton size composition (chlorophyll-a) in the littoral sea
of Korea, from 2018 to 2020. The new classification algorithm from the deep learning model yielded
an accuracy of 70%, indicating an improvement compared with the existing classification algorithms.
The developed classification algorithm could be substituted in satellite ocean color data. This enabled
us to identify spatio-temporal variation in phytoplankton size composition in the littoral sea of
Korea. We consider this to be highly effective as fundamental data for identifying the spatio-temporal
variation in marine ecosystems in the littoral sea of Korea.

Keywords: phytoplankton; phytoplankton size classes (PSCs); ocean color; deep neural network (DNN)

1. Introduction

Environmental condition (temperature, salinity, nutrients, and light availability)
change impacts on the structure and functions of marine ecosystems, especially phy-
toplankton, which play a critical role as primary producers in the biogeochemical cycles
of marine ecosystems [1–3]. Physical and chemical variations in the ocean are known to
influence the primary production, photosynthetic properties, and size of phytoplankton [2].
The West, South, and East Seas comprise the littoral sea of Korea. Their surface water
temperatures are increasing two to four times faster than global temperatures [4]. Previ-
ous studies have continuously reported variations in biological properties, such as the
blooming cycle of phytoplankton, community fluctuations, and effects on the upper trophic
level [5–8]. In particular, several recent papers have reported that the proportion of small
phytoplankton is increasing, owing to warming water temperatures [9–12]. The dominant
size distribution of phytoplankton plays a critical role in variations in energy efficiency and
primary productivity for upper trophic marine organisms [13–17]. The physiological char-
acteristics of phytoplankton are also highly related to its size; therefore, it plays a crucial
role in the identification of the impacts of environmental change on marine ecosystems [17].
Nevertheless, there is inadequate long-term information on the community fluctuations
and spatio-temporal distributions of phytoplankton according to size. A method to identify
these long-term spatio-temporal distributions involves chlorophyll-a, using satellite ocean
color [18]. However, previous studies have focused on investigations related to the total
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amount of phytoplankton. Recently, it has been considered more important to identify
the impacts of change on variations in the environment and phytoplankton structure [19].
Although studies related to the contributions of the dominant phytoplankton size in the
littoral sea of Korea have been reported, research on the long-term spatio-temporal dis-
tributions in the littoral sea is inadequate. Therefore, a method to identify the long-term
spatio-temporal distributions of dominant phytoplankton size is essential.

The dominant size of phytoplankton is generally divided into three sizes (referred to
as phytoplankton size classes (PSCs)): micro-size phytoplankton (>20 µM), nano-size phy-
toplankton (2–20 µM), and pico-size phytoplankton (<2 µM). Researchers are attempting
to perform studies on PSCs using various methods (microscopy, flow-cytometry, filters,
pigment analysis). However, it is difficult to identify the long-term spatio-temporal char-
acteristics of variations in PSCs owing to the limitations of data observed in the field [17].
Researchers recently developed a method to identify the spatio-temporal distributions of
phytoplankton size compositions using ocean color data [20–22]. There are two commonly
used types of PSCs algorithms: spectral-based and abundance-based algorithms [21,23].
Spectral-based algorithms perform estimation using correlations with the properties of PSCs
that vary with optical characteristics [24–27]. This method is highly sensitive to optical char-
acteristics and is difficult use in ocean waters with high turbidity [28,29]. Abundance-based
algorithms perform estimation using the statistical correlation between total chlorophyll-a
concentration and composition according to phytoplankton size [30,31]. This method has
difficulty reflecting both regional characteristics and characteristics in ocean waters with a
complex environment [17]. To enhance the estimation accuracy of PSCs, an algorithm needs
to be developed that can reflect the variations in phytoplankton communities according to
time and environmental transitions by using an abundance-based algorithm that considers
physical factors [18,32,33]. Deep learning techniques, distinct from existing methods, are
drawing attention as tools to develop the algorithm. Furthermore, the distribution of
PSCs in oceans worldwide can be determined by applying physical characteristics and
spatiotemporal variations in PSCs and PFTs (Phytoplankton Functional Types) by using
actual machine learning techniques [34].

The objective of this study is to develop a PSCs algorithm, which includes environ-
mental factors, using deep learning techniques and lays a foundation for identifying the
spatio-temporal distributions of PSCs. We develop a new algorithm to estimate PSCs
from satellite ocean color data, which enables spatio-temporal analysis that is missing in
observations and may contribute to understanding the variations in marine ecosystems
caused by environmental changes.

2. Data and Methods
2.1. Field Observation Data

This study used observation data (2018–2020) from the National Institute of Fisheries
Science (NIFS) to develop a new PSCs algorithm applicable to the East, West, South Seas
(which comprise the littoral sea of Korea), and the East China Sea. Using the ocean
observation data from the main institute and regional research centers of the NIFS, we
developed the new algorithm based on data observed at the sea surface at 60 stations
(Figure 1) in spring (April–May), summer (August), fall (October–November), and winter
(February). Details of the survey stations are shown in Supplementary Table S1.
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Figure 1. Locations of field observation stations.

The parameters used to develop the new algorithm were total chlorophyll-a, size-
fractionated chlorophyll-a (micro, nano, and pico size), total suspended solids (TSS), and
sea surface water temperature (SST). The data were collected and observed using a rosette
sampler and CTD (SBE-911, Seabird Electronics Inc., Bellevue, WA, United States) in-
stalled on the vessel. To measure the total chlorophyll-a in the collected seawater, it was
filtered with a 25 mm GF/F (Whatman) and stored in a freezer (−70 ◦C). To measure
size-fractionated chlorophyll-a (micro, nano, and pico size), the seawater was sequentially
filtered on 20 and 2 µm Nuclepore membrane filters (47 mm) and then 47 mm GF/F (pore
size: 0.7 µm), and stored in a freezer (−70 ◦C). Then, chlorophyll-a was extracted in a
laboratory with 90% acetone over 24 h using the method specified by Parson et al. [35] and
was analyzed using the 10-AU device. The weight before and after filtering was measured
using a precombusted 47 mm GF/F to analyze TSS.

2.2. Training and Model Structure

In this study, a deep neural network (DNN) based model was used to construct the
new algorithm for phytoplankton size classification, which was station-based. As training
data, the above-mentioned parameters (Section 2.1) were used to train the model, which
were obtained by field observation. The total chlorophyll-a (total phytoplankton biomass;
unit: µg L−1, n = 531), TSS (determination factor of turbidity in study areas; unit: µg L−1,
n = 531), and SST (controlling factor of phytoplankton size; unit: ◦C, n = 531) were used as
input variables, whereas the size fractionated chlorophyll-a, obtained in a laboratory using
the Parson method [35], was used as ground truth data classifying the three categorical
types (micro-size phytoplankton, n = 126; nano-size phytoplankton, n = 99; pico-size
phytoplankton, n = 306; Table 1) corresponding with the dominant size. In other words,
the ground truth data (dominant size of phytoplankton in each area; unit: character types)
were used to train and validate the output layer of the DNN-based model for each input
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variable to develop the new algorithm for phytoplankton size classification (Figure 2). Of
the total 531 pieces of station dataset input variables: total chlorophyll-a (n = 531), TSS
(n = 531), and SST (n = 531); ground truth data: size fractionated chlorophyll-a (n = 531)],
210 pieces were used for the training dataset, and 30 pieces were used for validation dataset
in the model training process. The training and validation datasets were composed of 70
and 10 pieces of each class, respectively, in order to prevent over-fitting to a specific class in
the training process. The remaining 291 pieces were used as the test dataset, validating the
final trained model.

Table 1. The number of dominant-sized phytoplankton (ground truth data for training DNN-based
model) which appeared at field observation stations in each sea area (East, West, South, and East
China Seas) during the study period (2018–2020).

East Sea West Sea South
Sea

East China
Sea Sum

Microsize phytoplankton
(>20 µM) 39 13 21 53 126

Nanosize phytoplankton
(2–20 µM) 42 39 8 10 99

Picosize phytoplankton
(0.7–2 µM) 54 115 86 51 306

Total 135 167 115 114 531
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Figure 2. Deep learning framework of this study model. As training data, the total chlorophyll-a
(CHL), total suspended solids (TSS), and sea surface temperature (SST), obtained by field observation,
were used as input variables in this model.

Figure 2 shows the DNN-based model structure of this study. In an input layer,
the three input variables (total chlorophyll-a, TSS, and SST) were used and a sigmoid
function was used as an activation function (Equation (1)). The sigmoid function has a
characteristic of a curve shape, so it prevents a divergence of each value. The hidden
layers were comprised as eight dense layers, and a hyperbolic tangent function was used
for the activation function of each layer (Equation (2)). In terms of shape, the hyperbolic
tangent function is similar to the sigmoid function as used in the input layer. However,
it is faster than the sigmoid function in terms of optimization. Therefore, it is possible
to train the model by densely stacking each layer and solving a non-linearity problem
efficiently. Each hidden layer consisted of 20–60 nodes per dense layer. Between the dense
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layers, the dropout layers were combined to prevent the model over-fitting to a specific
class during training. The last layer, the output layer, used the soft-max function to classify
the dominant phytoplankton size classes (Equation (3)). In the processing of training,
an Adam and a categorical cross-entropy were applied for the model training optimizer
and the loss function, respectively. The training epochs and batch size were set to 2000
and 10, respectively, so the weights were configured to update 21 times per epoch. In
addition, training was configured to stop early if the loss function value for the validation
dataset did not improve within 80 epochs, in order to reduce the over-fitting and the model
execution time.

σ(x) =
1

1 + exp−x (1)

tanh(x) =
expx − exp−x

expx + exp−x (2)

yk =
exp(ak)

∑n
i=1 exp(ai)

(3)

2.3. Satellite Data

Using the new algorithm based on the final trained model, this study used satellite
ocean color data to identify the spatio-temporal distribution of dominant phytoplank-
ton size classes. The collected satellite data was a VIIRS-SNPP (Visible and Infrared
Imager/Radiometer Suite-Suomi National Polar-orbiting Partnership) by the OBPG (Ocean
Biology Processing Group) at NASA Goddard Space Flight Center accessed on 9 May
2022 (https://oceandata.sci.gsfc.nasa.gov/VIIRS-SNPP/), and consisted of monthly level-3
data on reflectance of remote sensing at 551 nm (Rrs551), total chlorophyll-a, and SST
from 2018 to 2020. TSS, which needs a trained model as an input variable, was estimated
using a previously developed algorithm [36] with Rrs551. By assumption, and due to no
significant difference between the satellite ocean color data and in-situ data, this study used
the satellite data to identify the spatio-temporal distribution of dominant phytoplankton
size classes.

3. Results and Discussion
3.1. Results of DNN-Based Model for PSCs

We verified the accuracy of the trained DNN-based model results using classification
performance evaluation indicators. Then, the model was analyzed using Equations (4)–(7)
with the classification of the confusion matrix in Table 2. According to the confusion matrix,
a result is considered true positive (TP) if both prediction and measurement are correct,
false positive (FP) if the actual incorrect answer is predicted as correct, false negative (FN)
if the actual correct answer is predicted as incorrect, and true negative (TN) if the actual
incorrect answer is predicted as incorrect.

Table 2. Confusion matrix.

In Situ Results

True False

Model results
True True Positive (TP) False Positive (FP)

False False Negative (FN) True Negative (TN)

We used four parameters to verify the model performance: precision (Equation (4)),
recall (Equation (5)), accuracy (Equation (6)), and F1-score (Equation (7)). Table 2 lists the
results obtained using the equations.

Precision =
TP

TP + FP
(4)
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Recall =
TP

TP + FN
(5)

Accuracy =
TP + TN

TP + FN + FP + TN
(6)

F1 − score = 2 × Precision × Recall
Precision + recall

(7)

We used 291 pieces of data excluding the training and validation data (46 micro-size
phytoplankton (16%), 19 nano-size phytoplankton (6%), and 226 pico-size phytoplankton
(78%)) to verify the accuracy of the developed classification model. The precision, recall,
and F1-score for micro-size phytoplankton, nano-size phytoplankton, and pico-size phyto-
plankton are 34.8%, 45.7%, and 39.5; 42.1%, 17.8%, and 25%; and 80.9%, 85.8%, and 82.8%,
respectively. The model yielded an overall accuracy of 70.5% (Table 3). An examination
of the test dataset results of the trained DNN-based model revealed that the accuracy of
70% exceeds that of the existing methods for the waters surrounding the Korean Peninsula.
However, the accuracy of the training data, validation data, and test data of the DNN-based
model differ moderately. With regard to the accuracy of the training set, the precision
for pico-size phytoplankton is high. The high accuracy is attributed partially to the large
proportion of pico-size phytoplankton in the test dataset at 78%. This is because the model
mainly estimates pico-size phytoplankton, which is the dominant phytoplankton size ob-
served in the littoral sea of Korea. Regular acquisition of observations to increase the data
would help improve the accuracy of the DNN-based model.

Table 3. Precision, recall, F1-score, and accuracy of training, validation, and test datasets for classifi-
cation model.

Data Precision
(%)

Recall
(%) F1_Score Accuracy

(%)

Training data (210)
Micro-size phytoplankton (70) 37.1 65.0 47.3

55.7Nano-size phytoplankton (70) 44.3 67.4 53.5
Pico-size phytoplankton (70) 85.7 48.4 61.9

Validation data (30)
Micro-size phytoplankton (10) 20.0 66.7 30.8

46.7Nano-size phytoplankton (10) 30.0 60.0 40.0
Pico-size phytoplankton (10) 90.0 40.9 56.3

Test data (291)
Micro-size phytoplankton (46) 34.8 45.7 39.5

70.5Nano-size phytoplankton (19) 42.1 17.8 25.0
Pico-size phytoplankton (226) 80.1 85.8 82.8

3.2. Estimation of Phytoplankton Size Classes in the Littoral Sea of South Korea Using Satellite

To identify the spatio-temporal distributions of the dominant phytoplankton size in
the littoral sea (the purpose of this study), we applied the developed algorithm using a
DNN-based model to the satellite ocean color data, and obtained monthly distributions of
dominant phytoplankton size from 2018 to 2020. These are shown in Figures 3–5. Although
there are marginal spatial differences in the dominant sea areas from 2018 to 2020, the
distribution trends of the dominant size are similar. An examination of the distributions
of dominant phytoplankton size by sea area revealed that micro-size phytoplankton are
dominant in the West Sea from January to March, whereas nano-size phytoplankton are
dominant in April and May. In contrast, according to a seasonal survey of the West Sea
(2018) by Jang et al. [37], nano-size phytoplankton are dominant in both February (approxi-
mately 50%; micro-size: approximately 22%) and April (approximately 42%; micro-size:
approximately 37%) during the research period. This was because the contributions of
chlorophyll-a according to size, reported by Jang et al. [37], reflected the chlorophyll-a
concentrations in the depth of the photic zone, which includes the surface layer. With
regard to the phytoplankton community structure in the East Sea, identified using the
algorithm developed in this study, nano-size phytoplankton are dominant from January
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to April. From May, the dominant sea area of pico-size phytoplankton expands gradu-
ally. According to prior research, the key dominant size of phytoplankton communities
in spring (March–April) in the East Sea are micro-size diatoms [38–40]. However, pre-
vious studies on phytoplankton communities in the East Sea reported differences in the
dominant communities depending on the study period and survey station [41–45]. An
observation shared among most of these studies is that the size of the key dominant size of
the phytoplankton communities tends to decrease as the water temperature increases after
spring [41,43–45]. According to the observations of phytoplankton communities in the
South Sea and East China Sea from January to May, micro-size phytoplankton are dominant
in the west, whereas pico-size phytoplankton are dominant in the central region. Although
this spatio-temporal distribution pattern in the East China Sea is similar to those observed
in previous studies [46,47], there is insufficient comparable prior research data on variations
in phytoplankton communities in the South Sea during this period. From June to September,
pico-size phytoplankton showed high distributions in all the sea areas (Figures 3–5). In
summer (June–August) when strong stratification develops, pico-size phytoplankton are
the dominant size in the littoral sea at surface depths (East, West, South, and East China
Seas) [37,44,45,47–49]. However, certain studies conducted in the South Sea observed that
the contribution of nano-size phytoplankton or micro-size phytoplankton were high [19,50].
This is likely because the sea area where the studies were conducted is a bay with a high
inflow of nutrients from the outside through precipitation [50,51]. From November, sea
areas dominant with nano-size phytoplankton gradually begin to appear in the central
West Sea and East Sea littoral seas. The dominant sea areas increased until December
(Figures 3–5). For the West Sea, comparable prior research results on the spatio-temporal
variations in phytoplankton communities during this period are insufficient. In contrast, as
mentioned above, the East Sea shows different distribution characteristics depending on the
study period and station. However, according to Jo et al. [44], nano-size was the dominant
size during September and October after summer, whereas micro-size was dominant in
November, followed by nano-size. By substituting the developed PSCs algorithm for all the
sea areas of South Korea, the most dominant size in the East, West, South, and East China
Seas was observed to be pico-size phytoplankton. Meanwhile, nano-size phytoplankton
was dominant in the northern waters of the West Sea, and micro-size phytoplankton in the
littoral seas of the West Sea.

To determine the accuracy and usability of the developed algorithm applied to ocean
color, we compared the dominant size estimated via satellite using new PSCs algorithm and
the dominant size by sea area (East, West, South, and East China Seas) in the field data, as
well as previously developed dominant size estimation algorithms (Table 4). The accuracy
was approximately 69.5% according to comparisons of the most dominant phytoplankton
size by sea area observed in the field and the most dominant size analyzed through ocean
color (the algorithm developed in this study) (Table 4). The dominant distribution of
pico-size phytoplankton showed high accuracy in the developed algorithm. One of the
main causes of this result is because pico-size phytoplankton are the most dominant size
in Korean waters, and were the most prevalent in the sample. With regard to accuracy by
sea area, the accuracies for the East, West, South, and East China Seas were 50%, 66.6%,
90%, and 67%, respectively. The lowest was for the East Sea, and the highest was for the
East China Sea. To compare the accuracy of the results applied to ocean color using the
new algorithm with existing models, we performed a comparison using a dominant size
estimation method applying an absorption model (Aph) [25] and dominant size estimation
results using the three components model [52] (Table 4). According to the dominant
size results, the Aph model yielded an accuracy of approximately 54% in the littoral sea.
Meanwhile, the three-component model showed an accuracy of 13%. The previous field
observations indicated that pico-size phytoplankton were dominant in most of the sea areas,
whereas the three-component model estimated that micro- and nano-size phytoplankton
were dominant in most of the sea areas. In particular, all the cases were incorrect in the
South Sea. The algorithm developed in this study showed a higher accuracy than the
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existing algorithms in identifying variations in the dominant size in the littoral sea of
South Korea. We consider that real AI learning-based algorithms could attain even higher
performance if they were continuously trained with new data.
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Table 4. Matched percent between field measurement Chl-a size fractionated with New AI algorithm
(this study), Aph algorithm, and three-component model derived from satellite data.

Field Measurments New AI Algorithm
(This Study) Aph Algorithm Three-Component

Model

Study area 67.3% 54.3% 13.4%
East Sea 50.0% 41.7% 16.7%
West Sea 66.7% 41.7% 33.3%
South Sea 90% 90% 0%

East China sea 66.7% 50% 0%
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Figure 5. Classification based monthly PSCs distribution using L3 mapped VIIRS data in 2020.
White color indicates a missing area by the cloud. Indigo, blue, and green colors indicate micro-size
phytoplankton, nano-size phytoplankton, and pico-size phytoplankton, respectively.

4. Summary and Conclusions

It is crucial to identify the spatio-temporal distributions of dominant phytoplankton
size to understand the variations in coastal marine ecosystems occurring alongside envi-
ronmental change. The PSCs classification models in prior studies have limited usability
owing to their low accuracy in sea areas surrounding the Korean Peninsula. Accordingly,
this study attempted to develop a DNN-based PSCs classification algorithm suitable for sea
areas around the Korean Peninsula by utilizing data collected from continuous observations
as training data for the DNN model.

For this purpose, we collected data observed at the sea surface at 60 stations in
spring (April–May), summer (August), fall (October–November), and winter (February)
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over three years (2018–2020), from the ocean observation data obtained from the NIFS
main institute and regional research centers. Data on total chlorophyll-a, size-fractionated
chlorophyll-a, TSS, and SST were collected and observed using a rosette sampler and CTD
(SBE-911) installed on the vessel. The collected data were used as training data for the
DNN-based model.

The available data was collected at different times and locations, and is not continuous.
Therefore, the DNN-based model was used for development of new PSCs algorithm. To
prevent biased learning owing to imbalanced data, we acquired 70 samples of each class
from the data by plankton size for the training process. In addition, we selected four sea
areas (the West, South, East, and East China Seas) according to the characteristics of waters
around the Korean Peninsula, and configured the ratios of data identically for each sea area.
The developed DNN-based PSCs algorithm achieved an accuracy of 70%, which exceeds
that of the existing algorithms. However, the high accuracy is partially attributed to the
large proportion of pico-size phytoplankton in the test dataset, at 78%. This aspect of the
model must be improved by securing additional data in the future.

To examine the distribution characteristics of PSCs in the sea areas surrounding the
Korean Peninsula through the developed DNN-based PSCs algorithm, we input satellite
data to express spatio-temporal distribution characteristics. Monthly averages and three-
year averages of the satellite water temperature, turbidity (i.e., TSS), and total chlorophyll
were applied as input values to the new algorithm. The results verified that micro-size
phytoplankton were dominant on the West Sea coast, nano-size phytoplankton in the
northern East Sea, and pico-size phytoplankton in the South and East China Seas (Figure 6).
By season, micro-size phytoplankton and nano-size phytoplankton are dominant in winter
and spring in the East, West, and South Seas. From summer, pico-size phytoplankton are
dominant throughout the littoral sea of Korea (Figures 3–5).
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This study developed a DNN-based PSCs algorithm that classifies the phytoplankton
in the littoral sea of Korea into three size levels for the first time. In addition, it presented
results on the spatio-temporal distribution of the dominant size based on satellite data.
Based on these results, we consider that it can be made capable of producing important
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data for understanding the variations in coastal marine ecosystems occurring alongside
environmental change. However, continuous improvement of the DNN-based PSCs al-
gorithm accuracy through comparison with in situ data is necessary for more precise
satellite observations.
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Abstract: To understand the effects of variable water masses in the northeastern East China Sea (Korea
South Sea), planktonic copepods were seasonally sampled. Out of a total of 106 copepod species, 85
were oceanic warm-water species, and the number of species varied in summer, autumn, spring, and
winter. The study area was divided into two or three regions according to the degree of influence
of the water masses. Canthocalanus pauper, Clausocalanus furcatus, Oithona plumifera, Oncaea venella,
Oncaea venusta, and Paracalanus aculeatus showed a positive correlation with water temperature and
salinity and were indicator species of warm currents. Calanus sinicus, known as an indicator species
of the Yellow Sea Bottom Cold Water, showed a high abundance and occurrence ratio in the western
sea of the study area from spring to autumn. Moreover, Acartia pacifica indicated the extension of
coastal waters to offshore areas. Several oceanic warm-water species (A. danae, Centropages gracilis,
Labidocera acuta, Rhincalanus nasutus, and Temoropia mayumbaensis) were considered indicator species
of the Taiwan Warm Current. Our results suggest that the spatiotemporal distribution patterns of
indicator species are partly explained by different water masses.

Keywords: East China Sea; warm currents; copepods; indicators; spatiotemporal distribution

1. Introduction

In the marine ecosystem, zooplankton, particularly copepods, occupy an important
intermediate position, transmitting energy to upper trophic levels as they feed on phy-
toplankton, grow, and are consumed by predators [1]. Moreover, copepods have limited
locomotion ability to move against the flow of water masses and are sensitive to changes
within them. They have been used as indicators of changes in water masses and ocean
currents [2–6]. In particular, Clausocalanus furcatus, Oithona plumifera, Paracalanus aculeatus,
and Oncaea venusta have been used as indicator species for the inflow of the Tsushima Warm
Current [5,7–9], and Calanus sinicus has been used as an indicator species for the inflow of
the Yellow Sea Bottom Cold Water (YSBCW) to the East China Sea [10,11]. Furthermore,
the coastal species Acartia omorii and Paracalanus parvus s. l. were used as indicator species
for the expansion of coastal waters into the open sea [12,13].

Changes in water masses generally cause a seasonal succession of zooplankton, fluctu-
ations in abundance, and the distribution of diverse community structures or species [2,14].
Therefore, zooplankton have generally been used as indicators of water masses and ocean
currents [4,5]. Changes in physical environmental factors, such as the temperature and
salinity of marine ecosystems, can lead to rapid changes in the species richness and quanti-
tative characteristics of zooplankton [4,5]. Water masses or currents vary in their extent
of expansion according to the season, and when different water masses meet each other,
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they mix or form a front. The seasonal influence of water masses acts as a major factor in
changing the distribution pattern and community structure of zooplankton [15,16]. In the
northeastern East China Sea (nECS), zooplankton are expected to distinctly define their
habitat characteristics in response to a variety of physical environmental variables. Various
studies on the characteristics of water masses that affect the distribution of copepods and
chaetognaths [16,17], the seasonal vertical distribution characteristics of copepods [18],
and the environmental factors affecting neustonic zooplankton in summer [19] have been
conducted in a part of the nECS. However, as these studies were conducted in a limited area
or only in one season, there is a limited understanding of the effects of various water masses
or currents in the nECS. Therefore, the purpose of this study was to understand the effects
of these seasonal water masses on changes in the planktonic copepod community structure
and to clarify the relationship between environmental factors and indicator species that
could explain the effect of water masses or currents in the entire nECS.

2. Materials and Methods
2.1. Study Sites and Environmental Factors

The study area is a site with a widely developed continental shelf at a depth of 200 m
or less, and is connected to the Yellow Sea, East China Sea, and East Sea (Sea of Japan).
There are also various water masses or warm currents. The Tsushima Warm Current
(TWC), characterized by high temperature and salinity, originates from the Kuroshio Water
(KW) and flows into the East Sea from the East China Sea. The YSBCW, with a low water
temperature, originates from the Yellow Sea in winter, moves south in summer, and affects
the bottom layer. Moreover, in the summer, the Changjiang diluted water (CDW), which
comprises a mixture of surface water and fresh water from the Changjiang River, has a
low salinity effect on the study area. In addition, the Taiwan Warm Current (TAWC) and
Chinese coastal waters affect the study area [20–22].

Field surveys were conducted seasonally in the nECS (Figure 1, Table 1). Water
temperature and salinity were vertically measured using a calibrated SBE 9/11 plus CTD
instrument (Sea-Bird Electronics, Bellevue, WA, USA). Seawater was sampled for estimating
the chlorophyll-a concentration (Chl-a) using Niskin water samplers that were attached to
the same equipment according to water depths of 0, 10, 20, 30, 50, 75, 100, and 125 m.
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Table 1. Geographic coordinates of the study sites in the Korea South Sea.

Station Latitude Longitude Bottom Depth (m)

1 33.9 126.5 52
2 33.9 127.3 78
3 34.1 127.9 82
4 34.2 128.4 85
5 34.4 128.8 102
6 34.9 129.3 127
7 33.4 124.6 75
8 33.4 125.0 125
9 33.4 125.8 92
10 33.6 126.4 140
11 33.5 127.1 128
12 33.6 127.6 102
13 33.6 128.2 119
14 33.0 125.3 85
15 33.0 125.9 102
16 33.0 126.5 107
17 33.0 127.1 105

To measure Chl-a by size (>20 µm, 3–20 µm, <3 µm), a 20-micrometer membrane
filter (Polycarbonate Track Etched, 47 mm; GVS, Sanford, ME, USA), 3-micrometer PC
membrane filters (polycarbonate membrane filter, 47 mm; Whatman, Florham Park, NJ,
USA), and a 0.45-micrometer membrane filter (polycarbonate membrane filter, 47 mm;
Advantec, Tokyo, Japan) were used for sequential filtration by size through a filter holder.
Next, the membrane filter was placed in a conical tube (15 mL), wrapped in aluminum foil,
and stored at −80 ◦C. All filters were then transferred to frozen storage in our laboratory,
Chl-a was extracted after solvation in 90% acetone, and they were settled in a dark and cool
chamber for 24 h. To filter out particles and extract them from the filter paper, a syringe
filter (0.45 µm, polytetrafluoroethylene; Advantec, Florham Park, NJ, USA) was used for
filtration and the absorbance was measured using a fluorometer (10-Au; Tuner Designs,
San Jose, CA, USA) calibrated with a Chl-a standard (Sigma-Aldrich, Darmstadt, Germany).
Next, Chl-a concentration was calculated from the absorbance measurement using the
UNESCO formula [23].

2.2. Zooplankton Sampling

The zooplankton were vertically towed from the bottom 3 m to the surface layer of each
station using a conical zooplankton net (mouth size 60 cm, mesh size 200 µm) in February
(winter), April (spring), August (summer), and October (autumn) 2018 (Figure 1). The
samples were immediately fixed on board at a final concentration of 5–10% with neutralized
formaldehyde seawater. A flow meter (model 438115; Hydro-Bios co., Altenholz, Germany)
was attached to the inlet of the net to calculate the amount of filtered seawater that passed
through the net. Next, the samples were divided into 1:2–1:512 to determine the species
composition and abundance of zooplankton using a Folsom-type divider until the final
abundance reached approximately 300 or more. Species identification was performed under
an optical microscope (SMZ645; Nikon, Tokyo, Japan). When more detailed observation
was needed for species identification, the appendages with characteristic features of the
species were dissected and observed on a glass slide with an optical microscope (ECLIPSE
80i; Nikon). Next, the zooplankton sample measurements were converted to the number of
individuals per unit volume (ind m−3).

2.3. Data Analysis

To understand the characteristics of the water masses in the study area, a T–S diagram
(temperature–salinity) was constructed using the water temperature and salinity data
(Figure 2). The water masses were classified according to their physical properties as
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follows: the TWC has a water temperature of 15 ◦C or higher and salinity of 31–34.5 psu [24];
the YSBCW has a water temperature of 13.2 ◦C or lower and salinity of 32.6–33.7 psu or
lower [25]; and the CDW has a water temperature of 23 ◦C or higher and salinity of 31 psu
or lower [26]. After setting three north-to-south lines (A, B, and C lines), each vertical
sectional diagram was drawn using Ocean Data View 5.5.1 software to determine the
distribution of the water masses that were affected by the water depth of the study area
(Figures 2 and 3). A horizontal cross-sectional diagram for Chl-a was also drawn (see
Supplementary Material Figure S1).
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A cluster analysis was performed to compare the similarities between stations based
on copepod abundance identified to the species level using PRIMER software (version 6.1.6).
After the abundances were converted to Log (x + 1) to reduce the bias in the distribution
of the data due to the variation in the abundances, the Bray–Curtis similarity index was
calculated. Based on this index, a hierarchical cluster analysis was performed using the
unweighted pair group method with arithmetic mean (UPGMA) and compared to the non-
metric multidimensional scaling (nMDS) arrangement method. Next, the similarity index
for grouping the stations was divided into 50% in February, 55% in April, 53% in August,
and 60% in October, and was further subdivided into 55% and 60% in August and October,
respectively. The similarity-percentages procedure (SIMPER) analysis was completed to
select the major species that affected each classified cluster [27]. In addition, a canonical
correspondence analysis (CCA) was conducted using Canonical Community Ordination
(CANOCO) software (version 4.5) to examine the relationship between the major species
that contributed to the group classification seasonally and the environmental factors (water
temperature, salinity, and fractional Chl-a by size) [28]. Additionally, a Pearson correlation
analysis in the statistical package SPSS (version 12.0) was used to determine the correlation
between these major species and the environmental factors (water temperature, salinity, and
fractional Chl-a by size) of the study area (p < 0.01; p < 0.05). Data normality was checked
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before analysis. When data were not normally distributed, a log (x + 1) transformation was
applied for data normality.
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3. Results
3.1. Environmental Factors (Water Temperature, Salinity, and Chl-a Concentration)

In February, the water temperature and salinity were in the range of 10.2–16.4 ◦C and
34.27–34.67 psu, respectively (Figures 2 and 3a–c). The TWC was observed at stations 12
and 13 on the eastern side of Line B and stations 16 and 17 on the eastern side of Line C,
and there was a difference of approximately 5 ◦C in the water temperature when compared
to the other stations. Moreover, there was no difference between the surface and bottom
layers at the observatory in February (Figures 2 and 3a–c).

In April, the water temperature and salinity were in the range of 10.4–17.6 ◦C and
33.48–34.67 psu, respectively (Figures 2 and 3d–f). The TWC was observed at stations
9–13 on the eastern side of Line B, and at stations 14 and 15 on the eastern side of Line
C. The YSBCW was observed at station 7 on the western side of Line B and station 14
on the western side of Line C, and was located approximately 25 m from the surface
(Figures 2 and 3d–f).

In August, the water temperature and salinity were in the range of 6.1–28.3 ◦C and
31.73–34.59 psu, respectively (Figures 2 and 3g–i). The TWC was observed at all the stations.
The YSBCW was observed at stations 7–9 on the western side of Line B and at stations 14
and 15 on the western side of Line C, and it was located at water depths of approximately
50 m or deeper (Figures 2 and 3g–i).

In October, the water temperature and salinity were in the range of 11.7–23.5 ◦C and
32.42–34.64 psu, respectively (Figures 2 and 3j–l). The TWC was observed at all the stations,
as was the case in August. The YSBCW was observed at stations 7–9 west of Line B and
stations 14 and 15 of Line C, and was located at water depths of approximately 50 m or
deeper (Figures 2 and 3j–l).
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The Chl-a concentration was high in April and October, whereas it was low in February
and August. The stations that were adjacent to the coast had higher Chl-a concentrations
than those in the open sea (Table 2; see Supplementary Material Figure S1).

Table 2. Range of total chlorophyll-a concentrations (µg/L), microplankton (>20 µm), nanoplankton
(3–20 µm), and pico-plankton (<3 µm) in the Korea South Sea.

Months
Total Micro Nano Pico

Min Max Min Max Min Max Min Max

2 0.01 (St. 3) 1.64
(St. 17)

0 (St. 2, 3, 5,
10, 13) 0.88 (St. 17) no data no data no data no data

4 0.52 (St. 15) 4.65 (St. 6) 0.05 (St. 10) 1.17 (St. 13) 0 (except St. 16) 0.01 (St. 16) 0.19 (St. 9) 1.95 (St. 6)
8 0.15 (St. 4) 0.81 (St. 1) 0.02 (St. 13) 0.23 (St. 17) 0.04 (St. 12, 16) 0.11 (St. 7) 0.15 (St. 6) 0.44 (St. 1)

10 0.61 (St. 17) 4.12 (St. 4) 0.02 (St. 1) 1.91 (St. 4) 0.08 (St. 17) 0.25 (St. 1, 8) 0.25 (St. 16) 0.81 (St. 8)

In February, the total Chl-a concentration was in the range of 0.01–1.64 µg/L, with
the highest value at station 17 and the lowest at station 3. The >20-micrometer Chl-
a concentration was in the range of 0–0.88 µg/L, with the highest value at station 17,
and concentrations of <0.3 µg/L Chl-a were observed at the other stations (Table 2; see
Supplementary Material Figure S1).

In April, the range of the total Chl-a concentration was 0.52–4.65 µg/L, with the
highest value at station 6 at 4.65 µg/L and the lowest at 0.52 µg/L at station 15 (Table 2; see
Supplementary Material Figure S1). The >20-micrometer Chl-a concentration was in the
range of 0.05–1.17 µg/L, with the highest value at station 13 and the lowest at station 10.
The Chl-a concentration measuring between 3 µm and 20 µm ranged from 0 to 0.01 µg/L
and was hardly observed at almost all stations. The <3-micrometer Chl-a concentration was
in the range of 0.28–1.95 µg/L, with the highest value at station 6 and the lowest at station
15. The total Chl-a concentration was observed to be high close to the coast of the eastern
sea area and further from Jeju Island. The >20-micrometer Chl-a was observed to be at a
relatively high concentration in the seas near the east of Jeju Island, whereas a relatively
high concentration of <3 µm Chl-a was observed at the stations that were adjacent to the
east coast of the study area (Table 2; see Supplementary Material Figure S1).

In August, the total Chl-a ranged from 0.15 to 0.81 µg/L, with the highest value at
station 1 and the lowest values at stations 3 and 4. The >20-micrometer Chl-a was in the
range of 0.02–0.23 µg/L, with the highest value at station 17 and the lowest at station 13.
The Chl-a measuring between 3 µm and 20 µm was in the range of 0.04–0.11 µg/L, with
the highest values at stations 1 and 7, and the lowest at station 16. The Chl-a measuring
<3 µm or less ranged from 0.15 to 0.38 µg/L, with the highest value at station 7 and the
lowest at station 6. This was similar to the <3micrometer Chl-a levels in February and was
observed to be <1 µg/L (Table 2; see Supplementary Material Figure S1).

In October, the total Chl-a ranged from 0.61–4.12 µg/L, with the highest value at
station 4, and the lowest at station 17 (Table 2; see Supplementary Material Figure S1). The
>20micrometer Chl-a concentrations were in the range of 0.02–1.91 µg/L, with the highest
value at station 4, and the lowest at station 1. The Chl-a concentration measuring between
3 µm and 20 µm was in the range of 0.08–0.25 µg/L, with the highest value at station 1,
and the lowest at station 12. The Chl-a concentration measuring 3 µm or less ranged from
0.25 to 0.81 µg/L, with the highest value at station 8, and the lowest at station 16. As in
April, the Chl-a concentration was relatively high close to the east coast and further from
Jeju Island. The Chl-a measuring 20 µm or more were observed to be at a relatively high
concentration at the stations that were adjacent to the east coast of the study area, whereas
at the other stations, Chl-a occurred at a concentration of less than 1 µg/L (Table 2; see
Supplementary Material Figure S1).
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3.2. Spatiotemporal Distribution of the Copepods

Supplementary Material Table S1 shows the species list and relative occurrence ratio of
copepods in the study area. In total, 106 species of planktonic copepods were observed. The
numbers of warm-water oceanic species observed were 39 of the 54 species in February, 34
of the 48 species in April, 66 of the 75 species in August, and 56 of the 66 species in October.
The major species that were recorded were as follows: Calanus sinicus, Ctenocalanus vanus,
Oithona longispina, Oithona plumifera, P. aculeatus, P. parvus s. l., Scolecithricella longispinosa,
and S. nicobarica in the winter; Ctenocalanus vanus, Ditrichocorycaeus affinis, Oithona longispina,
Oithona similis, Paracalanus parvus s. l. in the spring; A. pacifica, Calanus sinicus, Canthocalanus
pauper, Clausocalanus furcatus, D. affinis, Oncaea venella, Oncaea venusta, Oithona atlantica,
Paracalanus parvus s. l., Paracalanus aculeatus, and Undinula vulgaris in the summer; and A.
pacifica, Clausocalanus furcatus, Canthocalanus pauper, Clausocalanus minor, D. affinis, Farranula
gibbula, Oithona atlantica, Oithona plumifera, Oncaea venella, Oncaea venusta, Paracalanus
aculeatus, and Paracalanus parvus s. l in the autumn.

The abundance of the copepods was in the range of 87–800 ind m−3 in February, with
the lowest value at station 8 and the highest at station 17. In April, it was in the range
of 300–3270 ind m−3, with the lowest value at station 13 and the highest at station 7. In
August, it was in the range of 258–1647 ind m−3, with the lowest value at station 11 and the
highest at station 10. In October, it was in the range of 270–1080 ind m−3, with the lowest
value at station 16 and the highest at station 12 (Figure 4).
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The Shannon–Wiener species diversity index was in the range of 1.27–3.01 (stations
3 and 16, respectively) in February, 1.52–2.63 (stations 3 and 12, respectively) in April,
2.64–3.36 (stations 5 and 12, respectively) in August, and 2.04–3.25 (stations 1 and 17,
respectively) in October (Figure 5).
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3.3. Cluster Analysis

In February, the stations were divided into west (Group A) and east (Group B) with
Jeju Island as the reference point and a similarity index of 50%. The contribution of the
grouped stations was highest in the following order in Group A: Paracalanus parvus s. l.,
S. longispinosa, Calanus sinicus, D. affinis, and Oithona plumifera. It was in the following order
in Group B: Paracalanus parvus s. l., Oithona plumifera, S. longispinosa, and Ctenocalanus vanus
(see Supplementary Material Table S2, Figure 6). In April, the stations were divided into
north (Group A) and south (Group B) with Jeju Island as the reference point and a similarity
index of 55%. Paracalanus parvus s. l., Oithona similis, D. affinis, Calanus sinicus, and A. omorii
were important contributors in Group A, whereas Oithona similis, Paracalanus parvus s. l.,
Oithona longispina, Ctenocalanus vanus, D. affinis, Calanus sinicus, Oncaea scottodicarloi, and
Oithona plumifera were important contributors in Group B (see Supplementary Material
Table S2, Figure 6). In August, the stations were divided into western offshore stations
(Group A) and the rest (Group B), using Jeju Island as the reference point (Figure 6). In
Group A, A. pacifica, Paracalanus parvus s. l., Calanus sinicus, Paracalanus aculeatus, Oncaea
venella, D. affinis, and Canthocalanus pauper were important contributors. By contrast, Group
B was divided into Groups B-1 and B-2. Oncaea venusta, Paracalanus parvus s. l., Undinula
vulgaris, Oncaea venella, Oithona atlantica, D. affinis, Clausocalanus furcatus, and Paracalanus
aculeatus made important contributions to Group B-1, whereas in Group B-2, the important
contributors were Paracalanus aculeatus, Oncaea venusta, Oncaea venella, Oithona plumifera,
Clausocalanus furcatus, and Paracalanus parvus s. l. (see Supplementary Material Table S2,
Figure 6). In October, the stations were divided into two groups (Groups A and B) with a
similarity index of approximately 60%. Group A was divided into Groups B-1 and B-2. The
highest contributors to the B-1 group were in the following order: Paracalanus parvus s. l.,
Paracalanus aculeatus, Oncaea venusta, D. affinis, and A. pacifica. The highest contributors to
Group B-2 were in the following order: Paracalanus aculeatus, Oncaea venusta, and Oithona
plumifera (see Supplementary Material Table S2, Figure 6).
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3.4. Correlation between the Environmental Factors and Major Copepods

Among the species that played an important role in the grouping of similar commu-
nity structures in February, Calanus sinicus, in Group A, showed a negative correlation
with water temperature (p < 0.01), and Oithona plumifera, in, Group B showed a positive
correlation with water temperature and salinity (p < 0.05; Table 3, see Supplementary
Material Table S3 and Figure S2a). In April, A. omorii and Calanus sinicus, in Group A,
showed a negative correlation with water temperature and salinity, respectively (p < 0.05;
Table 3, see Supplementary Material Figure S2b). In August, Oncaea venella, in Group B-1,
showed a positive correlation with salinity and Chl-a (> 20 µm; p < 0.01), whereas Para-
calanus aculeatus showed a positive correlation with salinity (p < 0.01) and Chl-a (> 20 µm)
(p < 0.05). Oncaea venusta, in Group B-2, showed a positive correlation with the total Chl-a
(p < 0.01; Table 3, see Supplementary Materials Table S3 and Figure S2c). In October, Oncaea
venusta, in Group B-1, showed a positive correlation with salinity, and A. pacifica showed a
negative correlation with salinity (p < 0.05). Furthermore, Paracalanus aculeatus, in Group
B-2, showed a positive correlation with Chl-a (>20 µm; p < 0.05; Table 3, see Supplementary
Material Table S3).
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Table 3. Correlation analysis between species and environmental factors in February (Feb.), April
(Apr.), August (Aug.), and October (Oct.) 2018. (** correlation is significant at the 0.01 level,
* correlation is significant at the 0.05 level).

Group Species T S
Chlorophyll−a

Total >20 µm 3–20 µm <3 µm

Feb.

A

Paracalanus parvus s. l. −0.264 0.350 −0.716 * −0.252 no data no data
Scolecithricella longispinosa 0.093 −0.475 −0.310 −0.177 no data no data

Calanus sinicus −0.880 ** −0.207 −0.197 0.212 no data no data
Ditrichocorycaeus affinis 0.460 −0.179 0.312 −0.008 no data no data

Oithona plumifera 0.435 0.571 −0.056 −0.456 no data no data

B

Paracalanus parvus s. l. −0.572 −0.234 −0.110 0.050 no data no data
Oithona plumifera 0.769 * 0.801 * 0.412 0.409 no data no data

Scolecithricella longispinosa 0.589 0.270 0.280 0.229 no data no data
Ctenocalanus vanus −0.197 −0.639 −0.364 −0.550 no data no data

Apr.

A

Paracalanus parvus s. l. −0.163 −0.376 0.094 −0.488 0 0.063
Oithona similis −0.479 −0.495 0.226 −0.227 0 0.275

Ditrichocorycaeus affinis −0.189 0.139 0.323 0.082 0 0.368
Calanus sinicus −0.586 −0.713 * −0.123 −0.291 0 −0.065
Acartia omorii −0.633 * −0.570 0.104 −0.220 0 0.181

B

Oithona similis −0.314 0.108 0.207 −0.081 −0.328 −0.192
Paracalanus parvus s. l. −0.779 0.043 0.419 −0.021 0.137 0.310

Oithona longispina −0.016 0.003 −0.101 −0.200 −0.426 −0.407
Ctenocalanus vanus 0.302 −0.147 −0.749 −0.587 0.313 0.027

Ditrichocorycaeus affinis −0.093 −0.356 −0.247 −0.432 0.197 0.053
Calanus sinicus 0.224 0.139 −0.374 −0.235 0.554 0.403

Oncaea scottodicarloi −0.513 −0.470 0.072 −0.392 −0.060 −0.076
Oithona plumifera −0.786 −0.107 0.282 −0.131 0.152 0.261

Aug.

A

Acartia pacifica −0.898 −0.149 0.672 0.712 −0.118 0.219
Paracalanus parvus s. l. −0.657 −0.289 0.574 0.564 −0.437 −0.044
Paracalanus aculeatus 0.851 0.365 −0.884 −0.235 −0.670 −0.884

Oncaea venella −0.204 0.824 −0.501 0.842 −0.540 −0.650
Calanus sinicus 0.049 −0.789 0.455 −0.276 −0.491 −0.107

Ditrichocorycaeus affinis −0.563 0.339 0.062 0.893 −0.588 −0.411
Canthocalanus pauper 0.824 0.246 −0.679 −0.639 0.220 −0.154

B−1

Oncaea venusta −0.207 0.425 0.599 0.087 −0.029 −0.302
Paracalanus parvus s. l. −0.190 −0.379 −0.135 −0.165 0.023 0.237

Undinula vulgaris 0.619 0.388 −0.029 0.430 −0.240 −0.709 *
Oncaea venella 0.345 0.780 ** −0.061 0.788 ** 0.455 −0.332

Oithona atlantica −0.231 −0.352 0.190 −0.372 −0.503 −0.041
Ditrichocorycaeus affinis 0.138 −0.087 −0.530 0.018 −0.420 −0.407
Clausocalanus furcatus 0.129 0.351 0.211 −0.082 0.066 −0.173
Paracalanus aculeatus 0.076 0.822 ** 0.309 0.726 * 0.525 −0.151

B−2

Paracalanus aculeatus −0.981 −0.971 0.875 −0.191 0.986 −0.139
Oncaea venusta −0.766 −0.736 1.000 ** 0.306 0.785 0.356
Oncaea venella 0.529 0.490 −0.951 −0.585 −0.555 −0.627

Oithona plumifera 0.813 0.838 −0.246 0.846 −0.795 0.817
Clausocalanus furcatus 0.697 0.664 −0.995 −0.400 −0.718 −0.448
Paracalanus parvus s. l. −0.957 −0.969 0.546 −0.630 0.948 −0.588

Oct.

B−1

Paracalanus parvus s. l. 0.067 −0.473 0.006 0.027 0.062 0.414
Paracalanus aculeatus 0.074 −0.320 −0.089 −0.190 −0.118 0.444

Oncaea venusta 0.442 0.654 * 0.236 0.207 0.096 −0.012
Ditrichocorycaeus affinis −0.176 0.113 −0.301 −0.325 −0.249 0.012

Acartia pacifica −0.004 −0.614 * −0.266 −0.376 −0.375 0.385

B−2
Paracalanus aculeatus −0.890 −0.729 0.892 0.999 * 0.139 0.996

Oncaea venusta −0.712 −0.489 0.987 0.968 0.431 0.977
Oithona plumifera 0.687 0.459 −0.992 −0.958 −0.462 −0.970

T, water temperature; S, salinity.
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4. Discussion

Over the past several decades, many studies have revealed that zooplankton species,
in particular copepod species, are closely related to large-scale physical processes, such as
the transport of water masses by ocean currents [28–36]. In this study, 106 species were
found to occur and among them, 85 were warm-water oceanic species. However, there was
a seasonal difference: the warm-water oceanic species were most prevalent in summer, and
few species appeared in spring (see Supplementary Material Table S1). By contrast, Kang
and Hong [17] showed that the number of warm-water oceanic species was the highest in
autumn, and they explained that this was because the force of the TWC increases as autumn
approaches [37]. For the past three decades, the warm-water oceanic species from Korean
waters have been introduced along the TWC, which branches from the KW [11,17,22,38].
Nevertheless, Cho et al. [39] argued that the TAWC may have a greater effect on the study
area than the TWC in summer. In this study, warm-water oceanic calanoid copepods
(59 species) occurred in the Korea South Sea, including species from the TAWC and KW.
Among these species, A. danae, Centropages gracilis, Nannocalanus minor, Euchaeta media, Het-
erorhabdus subspinifrons, Labidocera acuta, Pontellina morii, Rhincalanus nasutus, S. nicobarica,
and Temoropia mayumbaensis occurred in the Taiwanese waters, whereas Clausocalanus parap-
ergens, Haloptilus longicornis, Rhincalanus cornutus, Pleuromamma piseki, and S. longispinosa
appeared in the KW. Although the data need to be supplemented by further extensive
surveys in the KW, this occurrence pattern seems to support Cho et al. [39]. Moreover,
since the study conducted by Kang and Hong [17], the oceanic warm-water species appear
to have continuously increased in Korean waters (see Supplementary Material Table S4),
likely due to global warming, which could cause changes in the community structure of
the zooplankton in the marine ecosystem.

The cluster analysis indicated that the stations were divided into two or three groups
(Figure 6). The contributing species for the grouped stations are shown in Table 3. Among
them, in winter, the neritic species, Paracalanus parvus s. l., showed a significantly negative
relationship with the total Chl-a (p < 0.05) in Group A, but in the other seasons, it was not
significantly related to the other environmental factors. The warm-water oceanic species,
Oithona plumifera, had a significantly positive relationship with temperature and salinity
(p < 0.05) in Group B in winter. The neritic species A. omorii had a significantly negative
relationship with temperature (p < 0.05) in Group A in spring. The warm-water oceanic
species Oncaea venella and Paracalanus aculeatus were significantly positively related with
salinity and Chl-a (>20 µm) in Group B in summer. Additionally, the warm-water oceanic
species Oncaea venusta had a positive relationship with salinity (p < 0.05), whereas the neritic
species A. pacifica had a negative relationship with salinity (p < 0.05) in Group B in autumn.
Additionally, in the correlation analysis between the environmental factors and dominant
copepods, Oithona plumifera (February, Group B), Paracalanus aculeatus (August, Group
B-1), Oncaea venusta (October, B Group -1), and Oncaea venella (August, Group B-1) showed
positive correlations with water temperature or salinity, indicating that these species are
possible indicators of the TWC. Many studies [3,6–8,40] suggest that Clausocalanus furcatus,
Oithona plumifera, Paracalanus aculeatus, Oncaea venusta, Oncaea venella, Oncaea mediterranea,
Oncaea media, Triconia conifera, Nannocalanus minor, Canthocalanus pauper, Scolecithrix danae,
Temora turbinata, and Calocalanus plumulosus are abundant in the KW, which has a high
temperature and high saltwater masses, and their occurrence indicates inflow from the
TWC (see Supplementary Material Table S4).

In the present study, as a result of examining the correlation between the dominant
species and the phytoplankton, three species, namely Paracalanus aculeatus, Oncaea venusta,
and Oncaea venella, showed a positive correlation with >20-micrometer phytoplankton. It is
easy for zooplankton to find and capture large prey [41]. Although analyzing the relation-
ship with phytoplankton according to the size of the zooplankton is ideal, a limitation of
the present study is its understanding of the food web from phytoplankton to zooplankton,
because size was not measured.
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By contrast, the neritic cold-water species, Calanus sinicus, was a key species in Group
A in summer. Calanus sinicus was well distributed in the YSBCW in summer [9,10]. The
YSBCW is formed in the winter and remains in the bottom layer, and as the seasons change,
and the surface water temperature rises under the influence of the rising temperature
of the seasons; consequently, a strong stratification with the bottom water is created,
and it flows south to the Korea South Sea in all seasons except winter [42,43]. In April,
August, and October, the YSBCW was found in the bottom layers at <50 m in the western
sea area (stations 1, 7, 8, 9, 14, and 15) based on Jeju Island. In August and October, it
extended to the western area of the study area, and the extension range was the narrowest
in April (stations 7 and 14). Calanus sinicus, which appeared in the areas where the YSBCW
was observed between April and October, had a higher average abundance, including
immature individuals, than in other waters: 842 ind m−3 in April, 200 ind m−3 in August,
and 57 ind m−3 in October. Furthermore, in April, the high abundance in the western
area (station 7) was due to the high abundance of the copepods stage of the Calanus
sinicus. These results suggest that the southern flow of the YSBCW can affect the copepod
community of the Korea South Sea. However, the geographical distribution of Calanus
sinicus extends southward to northeastern Taiwan in the marginal seas of the northwestern
Pacific Ocean [3,33,35,43]. Moreover, Calanus sinicus retains its population in cold water at
<20 ◦C in the Yeosu Strait of Gwangyang Bay, located in the central region of the southern
Korea South Sea in summer [11]. This indicates that Calanus sinicus can have variable sites
for its oversummering period [9,10].

The species diversity index could also have responded to the effect of the inclusion
of the warm currents. Tseng et al. [5] suggested that when comparing the species di-
versity indices in seas where various water masses exist, the species diversity index is
usually higher in sea areas that are affected by warm currents. In this study, most of
the stations that were affected by the TWC showed a high species diversity index, and
it seems that the inflow of the oceanic warm currents, such as the TWC, could have af-
fected the species diversity index. In August, the TWC and YSBCW flowed together in
the waters near the western part of Jeju Island (stations 8 and 9), indicating that these
water masses may have contributed to the increase in the species diversity index. How-
ever, the CDW, which is known to affect the Korea South Sea in the summer, was not
recorded during the study period. This may be because the inflow of the CDW in 2018
(<45,000 m3 s−1) was significantly lower than in 2016, 2017, 2019, and 2020 (approx-
imately 60,000–80,000 m3 s−1) [https://www.nifs.go.kr/bbs?id=insmaterial&flag=pre&
boardIdx=3861&site=&gubun=A&sc=&sv=&cPage=1&startDate=&endDate=], accessed
on 20 April 2022.

5. Conclusions

There are various water masses or currents in the Korea South Sea, and the spatiotem-
poral occurrence pattern of the planktonic copepods seems to be affected by the seasonal
fluctuations in these water masses. In particular, some of the following are possible in-
dicator species: Oithona plumifera, Oncaea venusta, and Paracalanus aculeatus for the TWC,
Calanus sinicus for the YSBCW, and A. pacifica for coastal waters. Moreover, as global
warming intensifies, studies on zooplankton diversity are expected to play an important
role in determining the fluctuations in various water masses.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jmse10060754/s1. Table S1: Abundance of the copepods; Ta-
ble S2: Similarity-percentages (SIMPER) analysis; Table S3: Canonical correspondence analysis
(CCA) table; Table S4: Warm-water species; Figure S1: Distribution of chlorophyll-a concentra-
tion; Figure S2: Canonical correspondence analysis (CCA) figure. References [44–47] are cited in
Supplementary Materials.
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Abstract: The Yellow Sea Bottom Cold Water (YSBCW) refers to seawater with a water temperature
of 10 ◦C or less found at the bottom of the center of the Yellow Sea. The spatiotemporal variability
of the YSBCW directly affects the distribution of organisms in the marine ecosystem. In this study,
hydroacoustic and net surveys were conducted in April (spring) to understand the spatial distribution
of the sound scattering layer (SSL) and estimate the density of Euphausia pacifica (E. pacifica) in the
YSBCW. Despite the shallow water in the YSBCW region, E. pacifica formed an SSL, which was
distributed near the bottom during the daytime; it showed a diel vertical migration (DVM) pattern of
movement toward the surface during the nighttime. The mean upward and downward swimming
speeds around sunset and sunrise were approximately 0.6 and 0.3–0.4 m/min, respectively. The
E. pacifica density was estimated in the central, western, and eastern regions; the results were
approximately 15.8, 1.3, and 10.3 g/m2, respectively, indicating significant differences according to
region. The results revealed high-density distributions in the central and eastern regions related to
the water temperature structure, which differs regionally in the YSBCW area. Additional studies are
needed regarding the spatial distribution of E. pacifica in the YSBCW and its relationship with various
ocean environmental parameters according to season. The results of this study contribute to a greater
understanding of the structure of the marine ecosystem in the YSBCW.

Keywords: diel vertical migration; sound scattering layer; spatial and regional distributions; Yellow
Sea Bottom Cold Water

1. Introduction

The Yellow Sea, a semi-enclosed marginal sea located between the Korean penin-
sula and the China mainland, is connected to the northwestern Pacific Ocean and has
a mean depth of approximately 44 m [1]. The maximum water depth in the central part
of the sea, which has the characteristics of a continental shelf, is less than approximately
100 m [2]. The Yellow Sea Bottom Cold Water (YSBCW), an important oceanic phenomenon
in the Yellow Sea, occurs from spring to autumn at the bottom of the central area [3,4]. The
YSBCW, which occupies more than 70% of the total area of the Yellow Sea, has a low water
temperature of less than 10 ◦C and a high salinity of 32–33 practical salinity unit (psu) [5,6].

With catches exceeding 3 million tons of marine organisms per year, the Yellow
Sea is an important source of aquatic resources [7,8]. However, its fishery resources
are decreasing rapidly because of overfishing, as well as increases in temperature and
marine–environmental pollution related to global change [9]. The zooplankton species
Euphausia pacifica (E. pacifica) is a key species in the Yellow Sea. The YSBCW provides
a cold-water refuge for this species, allowing it to survive summer and autumn when
surface temperatures are high. E. pacifica is a major food organism for fish and marine
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mammals; it has an important role in the food web, where it links predators and phyto-
plankton [10,11]. Thus, E. pacifica is one of the most important biological factors that affect
marine ecosystems and fishery resources in the Yellow Sea [12]. Because the temporal and
spatial variabilities of the YSBCW greatly affect the distribution of marine life, there is
a need to study the characteristics of marine ecology.

Various zooplankton (Mesozooplankton, Macrozooplankton), small mesopelagic fish
and other juvenile fishes generally tend to form a community at a specific depth in the
ocean, defined as the sound scattering layer (SSL), or deep scattering layer (DSL), which
is of several meters vertical extent [13,14]. The distribution of the SSL varies depending
on the marine environment of the specific ocean; it moves toward the surface at night
and the bottom during the day because of diel vertical migration (DVM) [14,15]. The
DVM of zooplankton changes the distribution of SSLs in accordance with changes in
illumination, the constituent organisms, marine environmental conditions, seasons, prey,
and escape [16,17]. E. pacifica migrates to the surface at night to avoid predators and moves
to the bottom during the day to feed [18,19]. Identifying the distribution of the important
zooplankton constituting the SSL is an important consideration for understanding the
characteristics of marine ecosystems and relationships within food chains; thus, it requires
investigation in aquatic resources research.

To determine the characteristics and structure of marine ecology in the YSBCW, previ-
ous studies have mainly examined spatial distribution, individual structure, reproduction,
vertical distribution, seasonal volume, and regional appearance distribution via biological
sampling [20–25]. These previous studies provided qualitative data that are useful for
understanding these characteristics, but they were often limited in their abilities to provide
quantitative characteristics because of the zooplankton-detection problem associated with
the sampling process. When the zooplankton density is determined by net survey alone,
there is a possibility that it will be underestimated. However, hydroacoustic techniques are
used in various ways to evaluate the spatiotemporal distribution, quantitative distribution,
and biomass of zooplankton [26]. In the YSBCW, only the characteristics of circadian
changes related to changes in temperature structure have been reported, and few studies
have been conducted [12,27]. There have also been studies regarding the distribution of
the SSL in the southern Yellow Sea [28] and the estimation of the E. pacifica density in the
East China Sea [29]; however, the biomass and spatiotemporal distribution of E. pacifica
have not been previously assessed in the YSBCW, and the optimal management strategy
for this resource remains unclear. Therefore, because this species is an important biological
factor that regulates the total biomass of the marine ecosystem and the fishery resources in
the YSBCW area, qualitative and quantitative research regarding E. pacifica is continuously
needed for effective resource management.

The goals of this study were to understand the spatial distribution of the SSL and
density estimation of the E. pacifica density in the YSBCW. We used hydroacoustic data,
net sampling data, and water temperature data gathered near the Yellow Sea during the
spring season. The results of this study will enhance understanding of the marine ecosystem
structure in the YSBCW.

2. Materials and Methods
2.1. Survey Area

The survey area covered the central Yellow Sea and was divided into the Korea–China
provisional water zone (at latitudes of 35◦ to 36◦) and the exclusive economic zone (EEZ)
of Korea. YSBCW distribution occurs in the survey area. A research vessel R/V Onnuri
was used to conduct the hydroacoustic survey, biological net sampling, and conductivity–
temperature–depth (CTD) castings in Figure 1 from 19 to 26 April 2019. Table 1 provides
the region, time, latitude, longitude, range, and sea-depth data of each transect.
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Figure 1. Map of acoustic transects, net sampling, and CTD stations used for evaluation of the sound
scattering layer (SSL) including Euphausia pacifica in the Yellow Sea Bottom Cold Water (YSBCW).

Table 1. Transect, region, time, start/end position, range, and sea depth information of the
acoustic measurements.

Transect Region Time
(Local)

Start lat./lon.
(◦)

End lat./lon.
(◦)

Range
(Nautical

Miles)

Sea Depth
(m)

Transect 1 YSBCW
Central

K-C PWZ 1

(Korea)
04:00–07:00

Sunrise
35.00◦ N
124.25◦ E

35.00◦ N
124.00◦ E 16 78–85

Transect 2 YSBCW
Western

K-C PWZ 1

(China)
16:00–20:30

Sunset
35.00◦ N
123.00◦ E

35.00◦ N
122.50◦ E 22 65–75

Transect 3 YSBCW
Eastern

EEZ
(Korea)

17:50–20:00
Sunset

36.00◦ N
125.00◦ E

36.00◦ N
125.50◦ E 12 70–80

1 K-C PWZ: Korea-China Provisional Water Zone.

2.2. Data Collection

Acoustic measurements were performed using a scientific echosounder system
(DT-X Extreme, BioSonics, Inc., Seattle, WA, USA) frequencies of 38 and 200 kHz [30].
The measurement of E. pacifica in the YSBCW was determined using the 38 and 200 kHz.
However, the frequencies were mainly used in previous studies of the Yellow Sea [28,29].
Because this study was performed in spring, and given the proliferation of phytoplankton
as prey, it was presumed that large numbers of zooplankton would appear in this season;
thus, the present study used the frequency of 200 kHz for good resolution in the field
acoustic survey.

Before the measurements, the transducers of the echosounder were calibrated in
a water tank using 38 mm (38 kHz) and 36 mm (200 kHz) tungsten-carbide calibration
spheres and standard procedures [31,32]. After 38 and 200 kHz transducers had been de-
ployed to a small-towed body, it was towed by the research vessel. In order to minimize the
effect of ship or surface bubbles by wind, the towed body was located at a depth of roughly
7–9 m from the sea surface to obtain measurements for each transect line (Figure 2, top).
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To identify the regional distribution of E. pacifica, measurements were conducted
for three transects at latitudes 35◦ and 36◦ in the central, western, and eastern regions
(approximately 4 h of measurements for each transect).

Centered on the imaginary midline in the Korea–China provisional water zone (K-C
PWZ), the acoustic measurement areas were divided into the central Korea ocean (Tran-
sect 1), western China ocean (Transect 2), and eastern Korea exclusive economic zone
(EEZ) ocean (Transect 3). The acoustic measurements were performed at sunrise or sunset
times for each transect to confirm the DVM pattern of the SSL. Both the 38 and 200 kHz
transducers transmitted and received 2 pings/s; the pulse width was 0.5 ms, and the
detection range was set at 0–120 m water depth. The threshold level of the received signal
was fixed at −100 dB to determine the influence of small organism or zooplankton layers
on the volume backscattering strength (Sv). Location information was collected from the
differential global positioning system within the echosounder while traveling along the
transect lines at a speed of 5–7 knots. The system and environmental parameters of the
acoustic measurements are detailed in Table 2.

114



J. Mar. Sci. Eng. 2022, 10, 56

Table 2. System parameters of the scientific echosounder used for acoustic surveys in the Yellow Sea
Bottom Cold Water.

Parameter 38 kHz 200 kHz

Source Level (dB/µPa) 212.6 220.5
Pulse Length (ms) 0.5 0.5

Beam Width (degree) 9.0 6.9
Ping Rate (ping/s) 2

Absorption Coefficient (dB/m) 0.00904 0.05259
Threshold (dB) −100

Sound Speed (m/s) 1489.86
Collection Range (m) 0–120

Sensor Depth (m) 7–9

The ocean environment and net surveys were carried out to understand the ecological
characteristics of E. pacifica in the ocean area. Vertical profiles of water temperature were
measured at 22 stations (35◦, 01–15; 36◦, 01–07) using a CTD system (SBE 911plus, Sea-Bird
Electronics, Bellevue, WA, USA) from the surface to 5 m above the bottom (Figure 1). The
net survey was conducted at five stations: two stations (35◦, 10 and 11) in the central region,
two stations (35◦, 14 and 15) in the western region, and one station (36◦, 03) in the eastern
region (Figure 1). The net survey was conducted before or after the acoustic transects. The
bongo net used for the net survey was a conical net with an attached flowmeter. The bongo
net’s diameter, length, and mesh size are 60 cm, 3 m, 200 µm, respectively.

Slope net sampling from the bottom to the surface was performed for approximately
20 min at a net-specific towing speed of 2–3 knots. The samples were fixed immediately
using 5% formalin.

After the field surveys, the samples were fixed in formalin and moved to the labora-
tory. One hundred individuals were randomly selected from each net sampling station,
and standard length (L) was measured for 500 specimens obtained through the net surveys
at five stations. Because only L was measured and analyzed for these net sampling data,
the wet weight (W) was calculated using the W–L relationship of Equation (1) proposed by
Kang et al. (2003) [29],

W (mg) = 0.0054·L (mm)3.15 (1)

2.3. Acoustic Data Analysis and E. pacifica Identification

The acoustic data collected from the transects were analyzed using acoustic analysis
and processing software (Echoview v 9.0; Echoview Ltd., Hobart, Tasmania, Australia).
From the acquired Sv of the acoustic measurements, a virtual echogram was generated
by removing unnecessary data (e.g., sensor depth, sensor near-field effects, air bubbles in
the surface and bottom signals) [33,34]. To understand the DVM of the SSL and identify
E. pacifica, the acoustic data were compressed by the horizontal resolution (3.5 s) and the
vertical resolution (0.5 m). An analysis and processing flowchart of the acquired acoustic
data is shown in Figure 2.

To extract the E. pacifica echoes, this species identification was performed using the dif-
ference of the mean volume backscattering strength (∆MVBS) method, which is also known
as the dB difference method [35–38]. The dB difference method depends on the frequency
characteristics of the SSL attributable to marine organisms. Generally, zooplankton target
strength (TS) is characterized by fluctuations between the low frequency of 38 kHz and the
high frequency of 200 kHz [35,39]. Thus, the Sv difference between 38 and 200 kHz is large,
providing a good method for species classification. The ∆MVBS window can be used to
identify E. pacifica echo signals. By applying the ∆MVBS, other zooplankton (ex. Copepoda)
and fish signals were excluded from the net sampling data. The echoes were selected using
the data range bitmap algorithm to eliminate noise smaller than the minimum Sv and larger
than the maximum Sv of E. pacifica and then masking it by applying the ∆MVBS. E. pacifica
were used as the true signals, and all other values were not-selected signals from the data

115



J. Mar. Sci. Eng. 2022, 10, 56

range bitmap (Figure 2). In this study, the range of the ∆MVBS applied (on the basis of
biological net sampling data) was 14–19 dB. The range of dB differences used to identify
E. pacifica was the recommended range of Sv difference based on the size distribution of
E. pacifica by net sampling data.

For the acoustic characteristics of E. pacifica, the TS at 200 kHz was estimated using
the distorted wave Born approximation (DWBA) model, a widely used acoustic model for
estimating the TS of zooplankton, as shown in Equation (2) [40–42],

TS200 kHz = 40.42·log10(L)− 131.9 (2)

The ∆MVBS value was obtained by separating the 38 kHz and 200 kHz acoustic
signals, using Equation (3),

∆MVBS = TS(200 kHz)− TS(38 kHz) = Sv(200 kHz)− Sv(38 kHz) (3)

The swimming speed of DVM of the SSL was estimated by using the echo signal of Sv,
to which the ∆MVBS was applied. To calculate the swimming speed, the center of the SSL
of each compressed signal was calculated as a function of time D(t). Then, a threshold of
−90 dB of Sv was set to accurately extract the center of the SSL. The upward and downward
swimming speeds (Vs) were calculated from the rate of change in the SSL as the derivative
of D(t) with the time(t) [28],

Vs = dD(t)/dt (4)

2.4. Density Estimation of E. pacifica

To estimate the spatially distributed density of E. pacifica, the SSL was separated by
excluding fish signals and other zooplankton signals from the acoustic data. The densities
by transect of E. pacifica in the SSL were calculated using the ∆MVBS, the Sv, and the
nautical area scattering cross-section (NASC) of the 1 nautical mile (n·mile) interval of the
elementary distance sampling unit. The density of E. pacifica was calculated via Equation (4)
using the L with frequency of L, W–L relationship, and the NASC values obtained from the
net sampling data [26,43–45],

ρ
(

g/m2
)
= a·

n

∑
i=1

fi(Li)
b ∗ NASC (5)

where fi is the relative frequency value of E. pacifica concerning the standard length (Li),
and the sum is 1; a and b are constants calculated from the conversion factor, considering
the NASC and W–L relationship. To calculate the mean density (ρ) in the survey area,
the weighted mean of the data obtained from each transect was used, as in Equation (6):

ρ
(

g/m2
)
=

∑N
i=1 ρi·ni

∑N
i=1 ni

(6)

where N is the number of transect lines, ρi is the mean density of the i-th transect line,
and ni is the distance obtained by converting the i-th transect line into 1 n·mile.

3. Results
3.1. Zooplankton Community Analysis and Size Distribution

According to an analysis of the net sampling data at the five stations, Copepoda was
a dominant class with an average of 86%. Euphausiacea and etc. comprised 11% and under
3%, respectively (Figure 3a). It was confirmed that Copepoda consisted of individuals less
than 2 mm in L, and Euphausiacea mainly consisted of juvenile and adults of E. pacifica.
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Analysis of the size and weight distribution of E. pacifica was performed using the
net survey data; the findings indicated that the juveniles and adults were mixed and
distributed concurrently. In the central region, the adult mean L and mean W were 15.1 mm
and 33.4 mg, respectively. In contrast, the juvenile mean L and mean W were 6.6 mm
and 2.1 mg, respectively. In the western region, the juvenile and adult of mean L and W
were 7.2 mm and 2.8 mg, respectively, whereas the juvenile and adult of mean L and W
in the eastern region were 17.5 mm and 45.5 mg, respectively. Hence, larger individuals
of E. pacifica were caught in the eastern region than at the other net sampling stations.
Among five net surveys performed at all net sampling stations, the mean L of E. pacifica
was 11.4 mm and the mean W was 19.4 mg.

Large individuals of E. pacifica were found in the eastern region and the Korean
oceans; small individuals inhabited the western region. A histogram analysis, performed
by dividing the distribution of L of E. pacifica from all net sampling stations by 2 mm,
revealed a bimodal distribution ranging from 6 to 8 mm and from 16 to 18 mm (Figure 3b).
The highest frequency of W was 0–8 mg (Figure 3c). L and W information obtained via net
sampling was used to estimate the density of E. pacifica from the acoustic data.

3.2. DVM of SSL

Figure 4 shows the compressed sample echogram received from the 38 (Figure 4a,c,e)
and 200 (Figure 4b,d,f) kHz transducers. The 38 kHz echogram was different from that
of the 200 kHz echogram. Despite the shallowness of the ocean, an SSL was formed from
E. pacifica and distributed in the YSBCW. Analysis of acoustic data obtained before and
after sunrise and sunset revealed that the SSL was distributed at the surface during the
nighttime; the DVM findings were characteristic of swimming toward the bottom during
the daytime.

In Transect 1 at 200 kHz of the central region, the biological community of the SSL
during the nighttime was divided into two layers. At nighttime, an SSL located in the upper
layer of the water column was distributed from the surface to a depth of approximately
50 m; an SSL in the lower layer was distributed from a depth of approximately 60 m
from the bottom. The upper layer (SSL 1), located at a depth of approximately 25 m,
began to swim toward the bottom with a swimming speed of 0.63 m/min from 05:40. The
distribution was mixed, with the lower layer (SSL 2) located at a depth of approximately
75 m (Figure 4b).

Figure 3. (a) Zooplankton species composition from net sampling data and the histograms of the
(b) standard length (L) frequency distribution and (c) wet weight (W) frequency distribution from all
net surveys of E. pacifica in the SSL.

Analysis of the size and weight distribution of E. pacifica was performed using the
net survey data; the findings indicated that the juveniles and adults were mixed and
distributed concurrently. In the central region, the adult mean L and mean W were 15.1 mm
and 33.4 mg, respectively. In contrast, the juvenile mean L and mean W were 6.6 mm
and 2.1 mg, respectively. In the western region, the juvenile and adult of mean L and W
were 7.2 mm and 2.8 mg, respectively, whereas the juvenile and adult of mean L and W
in the eastern region were 17.5 mm and 45.5 mg, respectively. Hence, larger individuals
of E. pacifica were caught in the eastern region than at the other net sampling stations.
Among five net surveys performed at all net sampling stations, the mean L of E. pacifica
was 11.4 mm and the mean W was 19.4 mg.

Large individuals of E. pacifica were found in the eastern region and the Korean
oceans; small individuals inhabited the western region. A histogram analysis, performed
by dividing the distribution of L of E. pacifica from all net sampling stations by 2 mm,
revealed a bimodal distribution ranging from 6 to 8 mm and from 16 to 18 mm (Figure 3b).
The highest frequency of W was 0–8 mg (Figure 3c). L and W information obtained via net
sampling was used to estimate the density of E. pacifica from the acoustic data.

3.2. DVM of SSL

Figure 4 shows the compressed sample echogram received from the 38 (Figure 4a,c,e)
and 200 (Figure 4b,d,f) kHz transducers. The 38 kHz echogram was different from that
of the 200 kHz echogram. Despite the shallowness of the ocean, an SSL was formed from
E. pacifica and distributed in the YSBCW. Analysis of acoustic data obtained before and
after sunrise and sunset revealed that the SSL was distributed at the surface during the
nighttime; the DVM findings were characteristic of swimming toward the bottom during
the daytime.

In Transect 1 at 200 kHz of the central region, the biological community of the SSL
during the nighttime was divided into two layers. At nighttime, an SSL located in the upper
layer of the water column was distributed from the surface to a depth of approximately
50 m; an SSL in the lower layer was distributed from a depth of approximately 60 m
from the bottom. The upper layer (SSL 1), located at a depth of approximately 25 m,
began to swim toward the bottom with a swimming speed of 0.63 m/min from 05:40. The
distribution was mixed, with the lower layer (SSL 2) located at a depth of approximately
75 m (Figure 4b).
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Figure 4. Vertical and spatial distributions of the 38 kHz (a,c,e) and 200 kHz (b,d,f) sample echograms
for (a,b) Transect 1, (c,d) Transect 2, and (e,f) Transect 3. In the figure, E is east, W is west, black
regions are bottom, and depth are divided by 25 m. Daytime and nighttime at the top are divided
based on the on-site sunrise and sunset, and the green line is the measured and calculated regions
considering the transducer depth, near-field effects, and bottom.

In Transect 2 at 200 kHz in the western region, the SSL was densely distributed near
the bottom during the daytime, but it then swam slowly to the surface at the swimming
speed of 0.25 m/min. At 20:00, after sunset, the SSL was distributed from the surface
layer to a depth of 40 m. As in Transect 1, the SSL in Transect 2 tended to be divided and
distributed into two layers (Figure 4d).

In contrast, Transect 3 at 200 kHz in the eastern region exhibited SSL distribution from
40 to 65 m depth during the daytime. From 19:00, before sunset, the SSL moved toward
the surface at the swimming speed of 0.40 m/min; it rapidly became densely located at
a depth of approximately 20 m after sunset (Figure 4f). The E. pacifica results confirmed
DVM during the daytime and nighttime; the downward swimming speed was higher than
the upward speed.

3.3. DVM of SSL Vertical Distribution of E. pacifica

The results of the 200 kHz echo signal were comparatively analyzed (Figure 5). In
Transect 1, the acoustic signal was highest (−60 dB) at a depth of 60–70 m during the
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daytime; it was high at a depth of approximately 15–30 m during the nighttime (Figure 5a).
In Transect 2, the Sv was high at a depth of approximately 70 m during the daytime,
as well as at depths of 30–35 m and 45–60 m during the nighttime (Figure 5b). Conversely,
in Transect 3, the Sv was high at a depth of 10–50 m during the nighttime and 45–65 m
during the daytime (Figure 5c).
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The distribution depth of E. pacifica during the nighttime was similar from the acoustic
data of Transect 1 and Transect 3. However, the Transect 2 data were densely distributed
at a low water depth. The data implied that E. pacifica was densely distributed in the
lower layer during the daytime, whereas it was widely distributed from the surface layer
to the middle layer during the nighttime. The acoustic data confirmed that the vertical
distribution of E. pacifica differed according to the day and night DVM characteristics,
as well as the region.

3.4. Density and Spatial Distribution of E. pacifica

Using the dB difference method with the acoustic and net sampling results, DVM
patterns in the surface and bottom waters were revealed. The echo signals for Copepoda
and fish contained in zooplankton were removed through the ∆MVBS method, and only
E. pacifica was extracted. Figure 6 shows the mean density along each transect line. The
density was similar when using Sv or NASC. Analysis of the E. pacifica density according to
section showed that the E. pacifica density was especially high in the central region, where
it was 1.60–55.96 g/m2. In the western and eastern regions, the overall densities were
0.01–9.50 g/m2 and 2.38–25.81 g/m2, respectively. The E. pacifica density in the YSBCW
was noticeably higher in the central and eastern regions than in the western region.

The mean E. pacifica densities were 15.78 g/m2, 1.33 g/m2, and 10.26 g/m2, and the
coefficients of variation (CV) were 1.14, 1.97, 0.61, respectively, in the central, western,
and eastern regions. The overall mean density was 8.33 g/m2. Thus, the SSL had a high-
density distribution in the central and eastern regions of the Korean oceans, while it
exhibited a low-density distribution in the western region of the YSBCW.

Figure 5. Variations in mean volume backscattering strength (∆MVBS) of the 200 kHz during daytime
and nighttime in the YSBCW at (a) Transect 1, (b) Transect 2, and (c) Transect 3.

The distribution depth of E. pacifica during the nighttime was similar from the acoustic
data of Transect 1 and Transect 3. However, the Transect 2 data were densely distributed
at a low water depth. The data implied that E. pacifica was densely distributed in the
lower layer during the daytime, whereas it was widely distributed from the surface layer
to the middle layer during the nighttime. The acoustic data confirmed that the vertical
distribution of E. pacifica differed according to the day and night DVM characteristics,
as well as the region.

3.4. Density and Spatial Distribution of E. pacifica

Using the dB difference method with the acoustic and net sampling results, DVM
patterns in the surface and bottom waters were revealed. The echo signals for Copepoda
and fish contained in zooplankton were removed through the ∆MVBS method, and only
E. pacifica was extracted. Figure 6 shows the mean density along each transect line. The
density was similar when using Sv or NASC. Analysis of the E. pacifica density according to
section showed that the E. pacifica density was especially high in the central region, where
it was 1.60–55.96 g/m2. In the western and eastern regions, the overall densities were
0.01–9.50 g/m2 and 2.38–25.81 g/m2, respectively. The E. pacifica density in the YSBCW
was noticeably higher in the central and eastern regions than in the western region.

The mean E. pacifica densities were 15.78 g/m2, 1.33 g/m2, and 10.26 g/m2, and the
coefficients of variation (CV) were 1.14, 1.97, 0.61, respectively, in the central, western,
and eastern regions. The overall mean density was 8.33 g/m2. Thus, the SSL had a high-
density distribution in the central and eastern regions of the Korean oceans, while it
exhibited a low-density distribution in the western region of the YSBCW.
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4. Discussion

The YSBCW is formed during the previous winter but remains in the lower layer from
spring to late autumn [1,5]. In summer, high temperature and low salinity are distributed
at the surface, but low temperature and high salinity are distributed at the bottom in
the YSBCW [1]. Therefore, the spatiotemporal distribution of marine organisms in the
Yellow Sea is greatly affected by changes in the physical environment, which are related
to seasonal changes. In a previous study, E. pacifica exhibited DVM patterns in all water
columns from the surface to the bottom in the spring season; it moved to only the lower
water column where the thermocline occurred in summer [12]. During the spring season,
when the present study was conducted, the water temperature structure of the YSBCW
showed a mixed layer from the surface to the bottom; the observed biological characteristics
implied SSL movement to the surface and to the bottom through DVM. By applying dB
difference, the SSL showing DVM pattern was found to be E. pacifica, and the SSL showing
no DVM pattern was removed.

In general, water temperature, salinity, and chlorophyll-a concentration are consid-
ered major environmental factors that affect the distribution of E. pacifica [20–22]. In the
Yellow Sea, E. pacifica is mainly distributed at temperatures lower than 20 ◦C during the
summer [46]; the spatial distribution of E. pacifica is determined primarily by temperature,
with a tendency to inhabit cold water (8–16 ◦C) [23]. Although the net sampling results
could not demonstrate a high-resolution SSL pattern (because of the discrete sampling
method and net avoidance by E. pacifica), the sampling data provide valuable information
for understanding the species composition of the SSL. Therefore, we compared the spatial
distribution of temperature with the density of E. pacifica to understand the regional dis-
tribution of the YSBCW (Figure 7). The spatial temperature structure obtained from the
CTD survey revealed that the difference in temperature between the surface and bottom
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were mixed without significant differences in temperature. The mean temperature was
less than approximately 10 ◦C in the central region (Figure 7b, Transect 1) and less than
approximately 8 ◦C in the eastern region (Figure 7a, Transect 3), except for a portion at
the surface; in contrast, a high temperature of approximately 10 ◦C or higher existed in
the western region (Figure 7b, Transect 2). Based on the distribution of water temperature,
we concluded that the density of E. pacifica was high in the central and eastern regions
because the temperature was lower there than in the western region (less than 10 ◦C).
Therefore, it is assumed that the density of E. pacifica was related to the water temperature.
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(a) Transect 1, (b) Transect 2, and (c) Transect 3.

4. Discussion

The YSBCW is formed during the previous winter but remains in the lower layer from
spring to late autumn [1,5]. In summer, high temperature and low salinity are distributed
at the surface, but low temperature and high salinity are distributed at the bottom in
the YSBCW [1]. Therefore, the spatiotemporal distribution of marine organisms in the
Yellow Sea is greatly affected by changes in the physical environment, which are related
to seasonal changes. In a previous study, E. pacifica exhibited DVM patterns in all water
columns from the surface to the bottom in the spring season; it moved to only the lower
water column where the thermocline occurred in summer [12]. During the spring season,
when the present study was conducted, the water temperature structure of the YSBCW
showed a mixed layer from the surface to the bottom; the observed biological characteristics
implied SSL movement to the surface and to the bottom through DVM. By applying dB
difference, the SSL showing DVM pattern was found to be E. pacifica, and the SSL showing
no DVM pattern was removed.

In general, water temperature, salinity, and chlorophyll-a concentration are consid-
ered major environmental factors that affect the distribution of E. pacifica [20–22]. In the
Yellow Sea, E. pacifica is mainly distributed at temperatures lower than 20 ◦C during the
summer [46]; the spatial distribution of E. pacifica is determined primarily by temperature,
with a tendency to inhabit cold water (8–16 ◦C) [23]. Although the net sampling results
could not demonstrate a high-resolution SSL pattern (because of the discrete sampling
method and net avoidance by E. pacifica), the sampling data provide valuable information
for understanding the species composition of the SSL. Therefore, we compared the spatial
distribution of temperature with the density of E. pacifica to understand the regional dis-
tribution of the YSBCW (Figure 7). The spatial temperature structure obtained from the
CTD survey revealed that the difference in temperature between the surface and bottom
was within approximately 1 to 4 ◦C during this period, indicating that all water columns
were mixed without significant differences in temperature. The mean temperature was
less than approximately 10 ◦C in the central region (Figure 7b, Transect 1) and less than
approximately 8 ◦C in the eastern region (Figure 7a, Transect 3), except for a portion at
the surface; in contrast, a high temperature of approximately 10 ◦C or higher existed in
the western region (Figure 7b, Transect 2). Based on the distribution of water temperature,
we concluded that the density of E. pacifica was high in the central and eastern regions
because the temperature was lower there than in the western region (less than 10 ◦C).
Therefore, it is assumed that the density of E. pacifica was related to the water temperature.
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ies. In August 1997 and February 1998, the densities in the northwestern sea of Jeju Island 
and the central Yellow Sea obtained through net surveys in summer and winter, respec-
tively, were in the range of 39.5–314.7 mg/m3 [20]. In spring 1998, the density of E. pacifica 
was in the range of 16.5–129.1 mg/m3 [21]. In summer 2002, the density in the East China 
Sea obtained through acoustic and net surveys was in the range of 20.4–221.4 mg/m3 [29], 
similar to our results. According to the regular ocean observations of zooplankton bio-
mass conducted from 1978 to 2010 using the net sampling method of the National Institute 
of Fisheries Science of the Korean government at Korea Oceanographic Data Center sta-
tions, the density of E. pacifica in spring was in the range of 10.4–913.9 mg/m3 [47]. Thus, 
the density shows great variability according to season and year. In an examination of the 
spatial distribution pattern during the spring of 2006, the mean concentrations of individ-
ual eggs, larvae, adults, and juveniles obtained through net surveys in the Yellow Sea 
were 39.9, 3.58, 0.28, and 0.46 ind./m3 [23], resulting in density range of 0.5–69.2 mg/m3. In 
that study, egg abundance was positively correlated with chlorophyll-a concentration to 
a significant degree; the locations of adults were closely correlated with water tempera-
ture. In the late spring (May) of 2010, the density of E. pacifica obtained through net sur-
veys in the Yellow Sea was 13.1±14.3 mg/m3 [24]. Kim and Kang (2020) analyzed the den-
sity of E. pacifica by net survey in the YSBCW during spring [25]. They reported that the 
densities in central, western, and eastern regions were in the range of 12.7–495.6 mg/m3, 
thus revealing some regional differences. According to the acoustic and net surveys in the 
present study, the density of E. pacifica was in the range of 17.7–210.4 mg/m3. At this time, 
the density unit of g/m2 was converted to mg/m3 considering the mean depth of 75 m in 
the YSBCW, and unit of ind./m3 was converted to mg/m3 considering the mean W of E. 
pacifica. 

The density results calculated from the acoustic and net surveys of previous studies 
provided the same range of values, but some previous results showed a larger variation 
compared with the density results in the present study. The acoustic survey revealed a 
high-density distribution of E. pacifica, but quantitative net sampling was difficult because 
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Thus far, various studies have reported the density or biomass of E. pacifica in the
YSBCW, as well as its spatial distribution. In addition to the spatial and temporal distribu-
tions of E. pacifica, the estimated density distributions obtained through acoustic and net
surveys have been compared with the densities of E. pacifica reported in previous studies.
In August 1997 and February 1998, the densities in the northwestern sea of Jeju Island and
the central Yellow Sea obtained through net surveys in summer and winter, respectively,
were in the range of 39.5–314.7 mg/m3 [20]. In spring 1998, the density of E. pacifica was
in the range of 16.5–129.1 mg/m3 [21]. In summer 2002, the density in the East China Sea
obtained through acoustic and net surveys was in the range of 20.4–221.4 mg/m3 [29],
similar to our results. According to the regular ocean observations of zooplankton biomass
conducted from 1978 to 2010 using the net sampling method of the National Institute
of Fisheries Science of the Korean government at Korea Oceanographic Data Center sta-
tions, the density of E. pacifica in spring was in the range of 10.4–913.9 mg/m3 [47]. Thus,
the density shows great variability according to season and year. In an examination of the
spatial distribution pattern during the spring of 2006, the mean concentrations of individual
eggs, larvae, adults, and juveniles obtained through net surveys in the Yellow Sea were
39.9, 3.58, 0.28, and 0.46 ind./m3 [23], resulting in density range of 0.5–69.2 mg/m3. In
that study, egg abundance was positively correlated with chlorophyll-a concentration to
a significant degree; the locations of adults were closely correlated with water temperature.
In the late spring (May) of 2010, the density of E. pacifica obtained through net surveys in
the Yellow Sea was 13.1 ± 14.3 mg/m3 [24]. Kim and Kang (2020) analyzed the density of
E. pacifica by net survey in the YSBCW during spring [25]. They reported that the densi-
ties in central, western, and eastern regions were in the range of 12.7–495.6 mg/m3, thus
revealing some regional differences. According to the acoustic and net surveys in the
present study, the density of E. pacifica was in the range of 17.7–210.4 mg/m3. At this
time, the density unit of g/m2 was converted to mg/m3 considering the mean depth of
75 m in the YSBCW, and unit of ind./m3 was converted to mg/m3 considering the mean
W of E. pacifica.

The density results calculated from the acoustic and net surveys of previous studies
provided the same range of values, but some previous results showed a larger variation
compared with the density results in the present study. The acoustic survey revealed a high-
density distribution of E. pacifica, but quantitative net sampling was difficult because of the
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strong swimming ability of this species; thus, relative underestimation by net sampling is
likely [29]. Table 3 summarizes the density values of E. pacifica according to region, season,
and year in the Yellow Sea and the East China Sea, as recorded in previous studies and the
present study.

Table 3. Comparison of E. pacifica density results between previous studies and the present study.

Region Season
(Month) Survey Year Survey Method E. pacifica

Density (mg/m3) References

Yellow Sea

Summer & Winter
(August, February) 1997–1998

Sampling
39.5–314.7 [20]

Spring
(April) 1998 16.5–129.1 [21]

East China Sea Summer
(July) 2002 Acoustic 20.4–221.4 [29]

Yellow Sea Spring
(April) 1978–2006 Sampling 10.4–913.9 [47]

East China Sea
Yellow Sea

Spring
(April) 2007 Sampling 0.5–69.2 [23]

Yellow Sea Spring
(May) 2010 Sampling 13.1 [24]

Yellow Sea Spring
(April) 2019 Sampling 12.7–495.6 [25]

Yellow Sea Spring
(April) 2019 Acoustic 17.7–210.4 This study

Further studies on more accurate E. pacifica density will be obtained by a multi-
frequency technique using 38, 120, 200, and 420 kHz with the dB difference method.
If the dB difference method is applied by simultaneously operating various frequencies,
it is possible to estimate the density more accurately through the application of the acous-
tic characteristics for each frequency of E. pacifica. It is planned to estimate the density
through acoustic data analysis only during the daytime when the SSL is stably located near
the bottom.

On the other hand, the DVM pattern is influenced by environmental and biological
factors such as salinity, chlorophyll, suspended solid concentration, nutrient, light intensity,
and predator relationship, but we only focused on the water temperature. Therefore,
in order to fully understand the DVM mechanism and the characteristics of the regional SSL
in the whole YSBCW area, other environmental and biological factors must be investigated
in future study.

5. Conclusions

This study proposes the DVM characteristics of the SSL during daytime and night-
time in the YSBCW using hydroacoustic techniques; density characteristics of E. pacifica
attributable to regional differences were also identified. In the spring season, E. pacifica
showed DVM between the surface and the bottom; upward and downward swimming
speeds in the YSBCW were in the range of 0.25–0.63 m/min. The central and eastern
regions exhibited a high-density distribution of E. pacifica, while the western region showed
a low-density distribution, indicating regional differences. The regional distribution of
E. pacifica was related to the water temperature. These results could be used to enhance
understanding of the marine ecosystem structure of the YSBCW.
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Abstract: Despite their crucial roles in transporting primary productions in marine food webs, the
trophic dynamics of zooplankton throughout the seasons have rarely been studied. In this study,
four dominant zooplankton taxa with phytoplankton size composition and productivity were col-
lected over four seasons in the East Sea, which is known to change more rapidly than global trends. We
then analyzed the δ13C and δ15N values and fatty acid composition of zooplankton. The heavy δ13C
values in February and August 2021 were observed with high concentrations of total chlorophyll-a,
and the δ13C differences among the four zooplankton taxa in the coastal region (site 105-05) were
most pronounced in February 2021. The relative amounts of eicosapentaenoic acid (C20:5(n-3)) and
docosahexaenoic acid (C22:6(n-3)), indicators of phytoplankton nutritional quality, were also highest
in February 2021. Non-metric multivariate analyses showed dissimilarity among zooplankton taxa
during the high productivity period based on chlorophyll-a concentrations (51.6%), which may be
due to an increase in available foods during the highly productive season. In conclusion, the dietary
intake of zooplankton can be reduced by the transition of phytoplankton, which has important
implications for the impact of climate change on planktonic ecosystems in the East Sea.

Keywords: food web; trophic dynamics; primary production; chlorophyll-a size fraction; phytoplankton

1. Introduction

As zooplankton are crucial mediators of trophic transfer, zooplankton community
shifts may reflect changes in primary production and affect consumers at higher trophic
levels [1,2]. Alterations in the structures of diverse zooplankton populations have been
implicated as the potential drivers of food web shifts in marine ecosystems [1,3], and such
a trophic-based context is known to be affected by environmental variability [4,5]. For
instance, water temperature can influence the distribution, physiology, and abundance
of zooplankton [6,7], and stratification of seawater causes a decrease in the body size
of zooplankton [8]. Moreover, different feeding strategies among diverse zooplankton
taxa (e.g., herbivores, omnivores, and carnivores) could cause a variety of responses to
changes in the ecosystem. The seasonal heterogeneity of primary production changes
the diversity of edible food sources for each zooplankton taxon [5]. Thus, coastal and
offshore ecosystem management involves tracking an actual change in ecological status
that responds to environmental variability (spatial and temporal dynamics). However, the
zooplankton population shift under naturally variable environmental conditions in local
ecosystems is often poorly characterized, as do primary production, ecological parameters
and community, and climate change.

Climate change causes high water temperature and ocean acidification, and triggers
changes in physiology, production, and size composition in the phytoplankton commu-
nity [9–11]. In particular, the ocean warming trend of the East Sea/Japan Sea (hereafter
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the East Sea) has been faster than the global trend over the last 50–60 years [12]. The
East Sea is a semi-enclosed marginal sea of the Northwest Pacific Ocean, adjacent to the
Korean Peninsula, Russia, and the Japanese islands. The East Sea has highly dynamic
environmental conditions with seasonal upwelling, eddies, and mixing of water masses
between the Tsushima and Oyashio currents [13]. Consequently, recent studies in the East
Sea have reported that such a continuous ocean temperature rise induces a decreasing
trend in primary productivity with an increasing proportion of small-sized phytoplank-
ton in the basal food web [9,10]. A likely reason for such an increase in the proportion
of small-sized phytoplankton could be because as phytoplankton cells decrease in size,
their surface area-to-volume ratio increases, and the thickness of the diffusion boundary
layer decreases. This may be advantageous over larger phytoplankton in nutrient-poor
environments [14]. However, Kang et al. [10] reported that small-sized phytoplankton have
lower calorific values per chlorophyll-a concentration than large phytoplankton, suggesting
that small-sized phytoplankton could provide a more energy-inefficient food source for
upper trophic level consumers. Nevertheless, previous studies of zooplankton conducted
in the East Sea have focused on monitoring spatiotemporal changes in species abundance
and richness [15–17] for water temperature and salinity. It is difficult to understand the
ecological changes at the base of the pelagic ecosystem, which is composed of diverse and
complex trophic relationships of zooplankton with phytoplankton, protozoa, detritus, and
sinking particles in the water column.

Approaches to trophic relationships reflect in situ ecological changes through inform-
ing about the changes in niche breadth, interspecies dietary competition, the nutritional
quality of organisms, and the trophic position of consumers in environments based on
primary productivity [4,5,18–20]. In particular, stable isotope ratios and fatty acid (FA)
concentrations have been used increasingly to provide dietary information in consumer tis-
sues [5,19,20]. The carbon stable isotope (δ13C) value of animal tissues indicates diet sources
distributed in the habitat, as the value generally shows little isotopic enrichment during
trophic transfer (<1‰). The nitrogen stable isotope (δ15N) value can provide information
on trophic positions in marine ecosystems due to a constant 3.4‰ increase per trophic level
from prey to its direct consumer [21,22]. C and N stable isotope compositions have been
used widely to investigate changes in the food diversity of zooplankton based on seasonal
ocean currents [20,23], effects of eutrophication caused by anthropogenic activities on the
trophic level of zooplankton [24], and differences in the ecological niche of zooplankton by
size [19]. FAs can also be functional parameters, and information on plankton-specific FAs
can provide more detailed C source to the δ13C results of zooplankton [20,25]. In particular,
some FAs are called essential FAs as these cannot be synthesized de novo in the consumer
body, and thus the relative contributions of diatom and dinoflagellate in diet are directly
reflected in consumers [5,20,23,26,27]. For instance, eicosapentaenoic acid (EPA, C20:5(n-3))
and docosahexaenoic acid (DHA, C22:6(n-3)) are specific markers for the ratio of diatom
and dinoflagellate abundance. In addition, the total lipid content can identify the most
nutritionally sufficient diet for consumers at the upper trophic level [5]. Overall, stable
isotopes, FA biomarkers, and total lipid content are valuable tools for revealing the effects
of environmental variability on trophic interactions between zooplankton consumers and
primary producers at the base of the pelagic ecosystem.

It is still challenging to improve our understanding of the effects of temporal and
spatial variability on the trophic structure of zooplankton despite several studies that have
used stable isotope analysis and FA parameters to describe the trophic structure and to
specify dietary resources successfully in pelagic ecosystems [24,27]. In this regard, we
addressed how the four dominant zooplankton taxa in the East Sea are affected by envi-
ronmental conditions and phytoplankton community changes over a one-year sampling
period of August 2020 to August 2021. Stable isotope compositions and FA profiles in
zooplankton from the coastal site 105-05, where vertical mixing and upwelling by wind
occur actively and frequently, were compared with those from the offshore site 105-11,
where vertical mixing and upwelling are less frequent. Identifying the ecological change in
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response to the fluctuation of primary producers coinciding with environmental changes
helps us to broadly characterize the ecological and biochemical processes under current
climate change.

2. Materials and Methods
2.1. Analysis of Environmental Parameter

Seasonal sampling was conducted in the East Sea using the ocean research vessel
Tamgu3 (797 tons; National Institute of Fisheries Sciences, Busan, Republic of Korea)
during four seasons from 2020 to 2021 (August, October, February, and April, represent-
ing summer, autumn, winter, and spring, respectively) (Figure 1 and Table 1). In 105-05
and 105-11, water samples were collected using Niskin bottles, which were attached to a
conductivity-temperature-depth (CTD)/rosette sampler (SBE911 plus, Seabird Electron-
ics Inc., Bellevue, WA, USA) to measure dissolved inorganic nutrients such as nitrate
(NO3

2−), nitrite (NO2
−), ammonium (NH4

+), silicate (SiO3
2−), phosphate (PO4

3−), and
size-fractioned chlorophyll-a concentrations. Temperature, salinity, and dissolved oxygen
were measured using a CTD/rosette sampler.
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2020, October 2020, February 2021, April 2021, and August 2021.

Table 1. Information of sampling sites of this study.

Region Station Latitude Longitude Sample Collection Depth (m) Bottom Depth (m) Species

East Sea

105-05 37.55 129.38 100 280

Euchaetidae
Chaetognatha

Euphausiid
Amphipod

105-11 37.55 131.24 100 1140

Euchaetidae
Chaetognatha

Euphausiid
Amphipod

0.1 L seawater was passed through a 0.45 µM disposable membrane filter unit and
stored at −20 ◦C for analyzing dissolved inorganic nutrient concentrations. Nutrient
concentrations were measured using an automatic analyzer (Quattro, Seal Analytical,
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Norderstedt, Germany) at the National Institute of Fisheries Science (NIFS), Korea. The
sum of NO3

2−, NO2
−, and NH4

+ was calculated as dissolved inorganic N (DIN).
For total chlorophyll-a, 0.1–0.4 L of seawater was filtered through a GF/F (ø = 25 mm;

Whatman). Size-fractioned chlorophyll-a was separated sequentially through membrane
filters with pore sizes of 20 and 2 µM (ø = 47 mm; Whatman). The filtered sample was
shaded from light using aluminum foil and stored at −20 ◦C. Before analysis, pigments were
extracted with 90% acetone in the dark at 4 ◦C for 12–24 h. Chlorophyll-a concentrations
were measured using a fluorometer, following Parson et al. [28] (Turner Designs, 10-AU,
San Jose, CA, USA).

2.2. Zooplankton Sampling

Zooplankton were collected over four seasons, from August 2020 to August 2021. The
plankton net (RN80, diameter 80 cm, mesh size 300 µM) was towed vertically to the surface
after horizontal drawing for 10 min at a speed of 2 knots using the oblique tow method
at site 105-05 in the coastal region and site 105-11 in the offshore of the East Sea (Figure 1,
Table 1). Then, zooplankton were selectively sorted and isolated into four different groups
(Euchaetidae, Chaetognatha, Euphausiid, and Amphipod) using an optical microscope
and stored at −20 ◦C until further use. The zooplankton were freeze-dried for 48 h before
sample pretreatment.

2.3. Stable Isotope Analysis of Zooplankton

The δ13C and δ15N values of the samples were analyzed in triplicate using an elemental
analyzer (EA, Vario PYROcube, Elementar, Germany) equipped with an isotope ratio
mass spectrometer (IRMS, Isoprime 100, Isoprime, UK), as described in a previous study.
Briefly, inorganic C was extracted using 1 M HCl, whereas lipids were extracted using
chloroform/methanol treatment. For analysis, approximately 0.1 and 1.0 mg of samples for
carbon and nitrogen analysis, respectively, were wrapped in a tin capsule. Stable isotopes
are stated in conventional δ notation as follows:

δX (‰) =

[( RSample

RStandard

)
− 1

]
× 1000 (1)

where X and R indicate the isotope (C or N) and corresponding ratio of 13C/12C or 15N/14N,
respectively. δ13C and δ15N standards (IAEA CH-3 and N-1, respectively) with known
isotopic ratios were measured every 10 sample runs to confirm the precision of the analysis
instrument. The standard deviations of the samples in the entire analysis set were less than
0.3‰ for δ13C and δ15N.

2.4. Fatty Acid Composition Analysis

The total lipids in approximately 2 mg of zooplankton samples were extracted using
the method established by Folch et al. [29] and modified by Choi et al. [26]. Briefly, after
total lipids were extracted using a dichloromethane/methanol solution, 100 µL of 20 ppm
surrogate (nonadecanoic acid, C19:0) was added to the sample. Saponification was per-
formed using KOH solution in MeOH, and methylation and derivatization were performed
using Boron trifluoride-methanol solution and FA methyl esters (FAMEs). Methyl hene-
icosanoic acid (C21:0) was added at the same amount as the surrogate for use as an internal
standard. FAME concentrations were determined in triplicate using gas chromatography
(GC/FID, HP-7890A, Agilent Technologies, Santa Clara, CA, USA) equipped with a flame
ionization detector on a DB5 column (60 m in length × 0.25 mm inner diameter × 0.25 µM
film thickness, Agilent Technologies, Santa Clara, CA, USA). FAs were confirmed by com-
paring the retention time of FAME standards (Supelco, Bellefonte, PA, USA) and mass
spectra of gas chromatography equipped with mass spectrometry (GC/MS, HP-7820A,
Agilent Technologies, Santa Clara, CA, USA).
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2.5. Statistical Analysis

All data are presented as the mean and standard deviation of three replicates. To
confirm the effects of seasonality on the stable isotope ratio and FA composition in the
zooplankton groups, a one-way analysis of variance (ANOVA) was performed using
IBM SPSS statistics 27. Tukey’s-b test was conducted for post hoc analysis. Non-metric
multidimensional scaling (NMDS) was used for ordinations based on the Bray—Curtis
similarity index using PAST software [30] to identify the differences between zooplankton
taxa according to environmental differences. Feature scaling is a method of standardizing
data for statistical processing to values within the desired range and can eliminate errors
due to different values, signs, and variability. We selected seven FAs that generated up
to 75% cumulative dissimilarity between zooplankton taxa using a similarity percentage
(SIMPER) analysis (contributing at least 5% per FA). These seven FAs and carbon and
nitrogen stable isotope ratios were used for NMDS analysis. In this study, NMDS was
performed after normalizing the data to a range of 0 to 1 using the feature scaling method.
We analyzed stress values from NMDS analysis and confirmed that all the values were less
than 0.2. We performed SIMPER analysis to confirm dissimilarity between zooplankton
taxa. Furthermore, the FAs that contributed the most to each taxon were identified using
SIMPER analysis.

3. Results
3.1. Environmental Conditions

The surface water temperature ranged from 12.1–23.0 ◦C at 105-05 and 10.6–30.2 ◦C at
105-11 (Figures 2 and 3). Both sites showed low water temperatures in winter, i.e., February
2021, and the highest in summer, i.e., August 2020 and August 2021. However, salinity
showed constant values in the range of 33.1–34.5 psu at 105-05, and 33.1–34.2 psu at 105-11,
and a slight decline in August 2021. The water temperature and salinity data represent
the stratification status of the study area according to the sampling seasons. At the 105-05
site, strong stratification occurred during and after the summer in August 2020, October
2020, and August 2021. During these seasons, a thermocline layer was formed at a depth of
approximately 30 m, and in February and April 2021, the thermocline layer deepened to
nearly 50 m.

The seasonal fluctuation in dissolved inorganic nutrient concentrations was slightly
different between the sampling sites (Figures 2 and 3). In the section within 100 m, nutrient
variability in the coastal region at site 105-05 was more pronounced than in the offshore
at site 105-11. In October 2020, the section where the nutrient content decreased sharply
from 12.8 to 5.3 µM was formed around 40 m, whereas in February, the section where
the nutrient dropped from 17.4 to 9.3 µM was formed around 60 m. However, DIN
concentration measured at site 105-11 maintained a relatively low concentration between
2.7–11.7 µM in October 2020 and 7.6–9.1 µM in February 2021.

During the sampling period, depth-integrated total chlorophyll-a concentrations
within 50 m in 105-05 peaked in February and August 2021 (141.9 mg m−2 and 73.5 mg m−2)
(Figure 4). In particular, the chlorophyll-a concentrations of micro-size phytoplankton in
February and August 2021 accounted for the dominant part of total chlorophyll-a con-
centrations, i.e., 114.3 and 56.8 mg m−2, contributing to 80.6 and 77.2% of total 141.9 and
73.5 mg m−2, respectively. Moreover, at 105-05, the chlorophyll-a concentrations of nano-
size phytoplankton, 3–20 µM, were the highest in April 2021 (21.7 mg m−2, 66.8%), and
those of the pico-size sample were the highest in August 2020 and October 2020 (20.4 and
23.2 mg m−2 contributing to 60.6 and 75.0%, respectively). In contrast, the total chlorophyll-a
concentrations at 105-11 peaked in April 2021 at 79.6 mg m−2 during the study period.
Micro-sized chlorophyll-a was maintained at a low concentration of less than 18.0 mg m−2

throughout the year, except for April 2021. Nano-size chlorophyll-a showed the highest
concentrations in April 2021 (51.1 mg m−2, 64.2%), and pico-size chlorophyll-a showed
the highest concentrations in October 2020 and February 2021 (21.6 and 23.8 mg m−2

contributing to 72.2 and 48.6%, respectively).
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Figure 2. Monthly variation of temperature (a), salinity (b), dissolved oxygen (c), NH4
+ concentration (d),
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concentration (h), total chlorophyll-a concentration (i), micro chlorophyll-a concentration (j), nano
chlorophyll-a concentration (k), and pico chlorophyll-a concentration (l) from 0 to 100 m in site 105-05.
The white triangular mark indicates the month in which the zooplankton samples were collected.

3.2. Spatiotemporal Isotope Fluctuations in Zooplankton Taxa

Spatiotemporal variations in δ13C and δ15N values of zooplankton are shown in
Figure 5 and Table S1. The δ13C and δ15N values of zooplankton collected at 105-05 ranged
from −23.6 to −17.9‰ and 2.6 to 10.9‰, respectively. The average δ13C values of zoo-
plankton at 105-05 were significantly different, with the highest value of −19.2‰ in August
2021, followed by −20.3‰ in February 2021 (one-way ANOVA, p < 0.01). Furthermore,
the average δ15N of zooplankton showed significant differences among the seasons (one-
way ANOVA, p < 0.01), with the highest value of 7.8‰ in February 2021. However, the
δ13C (−22.6 to −18.9‰) and δ15N (4.7 to 9.8‰) values of zooplankton at 105-11 were not
significantly different among seasons.

The absolute value of the isotope ratio and the difference in δ13C values among
the zooplankton taxa showed seasonal characteristics. At site 105-05, δ13C values were
considerably different among zooplankton taxa in February 2021, April 2021, and August
2021. δ13C values of zooplankton taxa ranged from −22.6 to −20.8‰ and from −23.6
to −22.2‰ in August 2020 and October 2020, respectively, with little difference among
taxa. However, a significant difference occurred in April 2021 (−22.9 to −20.3‰, one-way
ANOVA, p < 0.05), and the largest difference occurred in February 2021 (−22.4 to −17.9‰,
one-way ANOVA, p < 0.01). At 105-11, however, δ13C values among zooplankton taxa
were significantly different for all seasons except April 2021, when there were not enough
comparable samples.
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Figure 4. Seasonal variations in different size fractioned chlorophyll-a concentrations at 105-05 (a)
and 105-11 (b) sites.

At 105-05, a significant difference in δ15N values among zooplankton occurred from
August 2020 to April 2021 (one-way ANOVA, p < 0.05). In addition, among the zoo-
plankton taxa collected from both study sites, Chaetognatha showed the highest δ15N
values, followed by Euchaetidae. The δ15N value of Chaetognatha showed the highest
value of 10.2‰ in February 2021 and the lowest value of 7.3‰ in August 2020. Similarly,
Euchaetidae and Euphausiid also showed the highest δ15N values in February 2021 (8.4
and 7.9‰, respectively) and the lowest values in August 2020 (5.6 and 5.0‰, respectively).
Amphipods showed the highest value of 6.8‰ in August 2021, which is different from
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other taxa. However, at 105-11, there was no difference in the δ15N values of zooplankton
based on season.
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Figure 5. Spatiotemporal (August 2020: (a,b); October 2020: (c,d); February 2021: (e,f); April
2021: (g,h); August 2021: (i,j) δ13C and δ15N biplots of four zooplankton taxa collected at 105-05
(a,c,e,g,i) and at 105-11 (b,d,f,h,j) sites. Each taxon is depicted with different color (Euchaetidae: blue;
Chaetognatha: yellow; Euphausiid: green; Amphipod: red).

3.3. Changes in Total Fatty Acid Concentrations and the Proportion of Major Fatty Acids in
Zooplankton Taxa

The total amount of FAs per unit dry weight of zooplankton showed seasonal vari-
ability (one-way ANOVA, p < 0.01) (Figure 6, Tabls S2–S5). The highest concentration of
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average total FA in both study sites showed in February 2021 (105-05: 179.5 mg g−1 dw;
105-11: 161.2 mg g−1 dw) compared to other sampling times.
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Figure 6. Changes in the total fatty acid (TFA) concentrations (a,b), proportions of C20:5(n-3) (c,d),
C22:6(n-3) (e,f), C16:0 (g,h), C18:3(n-3) (i,j) best representing seasonal dissimilarity in 105-05 (a,c,e,g,i)
and 105-11 (b,d,f,h,j) based on SIMPER analysis. Each color represents different zooplankton taxa
(Blue: Euchaetidae, Yellow: Chaetognatha, Green: Euphausiid, Red: Amphipod).

Four FAs, C16:0, C18:3(n-3), C20:5(n-3), and C22:6(n-3), 63% of total FAs, were chosen
based on SIMPER analysis, allowing the selection of FAs that contributed the most distinc-
tive seasonal variation at both 105-05 and 105-11. Among these FAs, C16:0 accounted for the
highest proportion in the zooplankton body, averaging 29.1 and 25.3% at 105-05 and 105-11,
respectively. C18:3(n-3) was the second most abundant compound, with 18.0 and 22.2%
at 105-05 and 105-11, respectively. C16:0 and C18:3(n-3) did not exhibit any significant
seasonal variability. However, C20:5(n-3) and C22:6(n-3) showed seasonal variation. At
both sampling sites, the proportion of C20:5 (n-3) and C22:6 (n-3) was the highest at 15.4
and 16.4%, respectively, in February 2021. In August and October 2020, these two FAs
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were less than 1.5 and 1.2%, respectively. Moreover, the seasonal trends in C20:5(n-3) and
C22:6(n-3) were similar in all zooplankton taxa (one-way ANOVA, p < 0.01).

3.4. Estimating Changes in the Ecological Niche of Zooplankton

NMDS was performed using the variables of stable isotope ratios and FA composi-
tions of the dominant zooplankton species to determine variations in the ecological niche
of zooplankton taxa based on phytoplankton productivity (Figure 7). Productivity was
categorized as high primary productivity (chlorophyll-a concentrations > 50 mg m−2) in
February 2021 and August 2021 at 105-05 and April 2021 at 105-11, and low (chlorophyll-a
concentrations < 50 mg m−2) in August 2020, October 2020, and April 2021 at 105-05 and
August 2020, October 2020, February 2021, and August 2021 at 105-11. The dissimilarity of
zooplankton taxa during low and high productivity periods was 37.8 and 51.6%, respec-
tively, suggesting a high dissimilarity of zooplankton in the high production period rather
than the low production period. The dissimilarity between Euchaetidae and Euphausiid
was as high as 68.0% during the high-production period compared to 42.6% during the
low-production period. In addition, the dissimilarity between Euphausiid and Amphipod
during the high production period was 34.4%, which was large relative to 29.7% in the low
production period.
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Figure 7. NMDS ordination of fatty acids and stable isotopes from four zooplankton taxa (Eu-
chaetidae, Chaetognatha, Euphausiid, and Amphipod) during high productivity period (a) and low
productivity period (b). Each color represents the different zooplankton taxa (Blue: Euchaetidae,
Yellow: Chaetognatha, Green: Euphausiid, Red: Amphipod). The stress values of each graph were
0.15 and 0.14. Both values are less than 0.2, which indicates that the given data set is suitable for
visualization within an acceptable level of distortion.

4. Discussion

In predicting changes in ecosystem structure according to environmental changes,
understanding the organisms that have connectivity in feeding relationships is the most
basic and important topic. In trophic relationships, changes in diet organisms affect
consumers, and changes in primary production caused by physicochemical factors such as
light, water temperature, and nutrients affect the trophic relationship that follows.

In this study, the increase in total chlorophyll-a and micro-size chlorophyll-a concen-
trations observed in February 2021 also signifies the proliferation of primary producers in
February, possibly regarded as winter, rather than other times in the East Sea and can be
explained by the reinforcement of vertical mixing in terms of salinity and temperature. Ver-
tical mixing has been reported in the East Sea, and many studies have measured seasonal
phytoplankton blooms in the study area [31,32]. The effects of vertical mixing on the stable
isotope ratios of zooplankton have been reported frequently in other regions. For instance,
the stable isotope ratio of zooplankton in the Red Sea is related to upwelling-induced
diatom bloom [33]. In this study, total chlorophyll-a concentrations and the proportion
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of micro-sized chlorophyll-a at 105-05 increased with the depth of the mixing layer in
February 2021. Simultaneously, the overall δ15N of the zooplankton showed the highest
value of 7.8‰. The isotopic values of nitrogen reflect these sources. For example, vertical
mixing in the Red Sea supplies 15N-enriched NO3

2− to the euphotic layer, and the actively
growing diatom mainly uptakes 15N-enriched NO3

2− rather than other N sources, e.g.,
NH4

+, transferred to zooplankton through trophic transfer and thus shows a heavier δ15N
value in zooplankton [34]. In addition, in the Gulf of Riga and the Baltic Sea, the δ15N
value of suspended particulate matter (SPM) increased by 3.9‰ after phytoplankton bloom
compared to pre-bloom under the N recycling of already assimilated N pool [35]. Likewise,
seston isotope ratios in the Yellow Sea showed that N sources exported to bottom water
during summer and autumn are transported to the euphotic layer through intense vertical
mixing in winter and transferred to the local basal food web [36]. Thus, the results of
chlorophyll-a concentrations and isotopic ratios of N indicate the supply of regenerated
N sources through vertical mixing in February 2021. However, we did not measure bulk
isotope ratios or the C:N ratio from particulate organic matter (POM) data. In addition, N
sources supplied through vertical mixing imprint the enriched δ15N signals in SPM and
phytoplankton and are likely to be transferred into zooplankton within the local food web
by recycling in the water column [37]. The δ13C values of zooplankton at 105-05 increased
sharply in February 2021 and August 2021. The 13C-enrichment of zooplankton tissue
in February 2021 could be due to high primary production caused by intense vertical
mixing in winter, similar to the 15N-enrichment. At 105-05, the δ13C value of zooplankton
rapidly increased as the proportion of micro-sized phytoplankton increased (February
2021, August 2021). The effect of phytoplankton community changes on isotope variables
in consumers has been reported in other studies in which the δ13C of POM under low
temperature and high nutrition environments (i.e., upwelling regions) becomes higher
when micro-sized phytoplankton (such as diatoms) are dominant over nano- and pico-
sized phytoplankton [1,2]. In the Gulf of Riga and the Baltic Sea, 15N and 13C enrichment
occurred as the populations of diatoms, dinoflagellates, and the ciliate Mesodinium rubrum
increased [35]. Several studies have suggested that δ13C values in rapidly growing diatoms
can be increased through changes in the C source and metabolic processes [38–41]. In
addition, there is a difference in δ13C values of phytoplankton-derived POM in regions
with and without seasonal upwelling on the western Indian shelf, showing that rapidly
growing micro-sized phytoplankton were higher in upwelling regions, with relatively low
temperatures and high nutrition conditions. In contrast, at other study sites where nano-
and pico-sized phytoplankton having slow growth rates were dominant, the δ13C value was
approximately 3‰ lower than that of upwelling area with large-sized phytoplankton, i.e.,
diatom [42]. These results indicate that contrasting biogeochemical conditions influenced
by phytoplankton communities and growth rates show that the basial diet source produced
by vertical mixing is conveyed to the zooplankton community with the accumulation of
the imprint of 13C enrichment.

As expected, (e.g., consumer δ15N increase per trophic level [22]), carnivorous Chaetog-
natha showed the highest δ15N value (7.1–10.9‰) throughout the sampling periods over
amphipods (complex feeder from detritivorous, carnivorous to herbivorous properties,
varied on species specificity) (Figure 5). Moreover, the δ15N variation pattern in all four
zooplankton was dependent on seasonality, particularly at 105-05, but weakly at 105-11.
In the context of δ13C variability, in contrast to our expectation, consumer δ13C variables
become comparable if they shared basal resources [19,24,43], and the isotope variables were
different among dominant zooplankton at specific times in February 2021, April 2021, and
August 2021. Consistent with other studies [3–5], this study supports the view that the
diversity of prey in local habitats is one of the main factors influencing temporally variable
isotope values of zooplankton.

The results of the SIMPER analysis showed that the FAs best classified among the zoo-
plankton taxa of 105-05 and 105-11 were C16:0, C18:3(n-3), C20:5(n-3), C22:6(n-3), C16:3(n-3),
C18:1(n-9), and C14:0. In particular, the ratio of the biological indicators of diatoms (e.g.,
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EPA) and dinoflagellates (e.g., DHA) measured in this study was relatively low during
August 2020 and October 2020, called as the highly stratified period. Additionally, during
this period, the total FA content of zooplankton and the contribution of phytoplankton
were low. Phytoplankton synthesize essential FAs, i.e., EPA and DHA, that consumers
cannot produce in vivo and can be delivered through trophic transfer by feeding. Thus,
seasonal changes in the composition of FAs in zooplankton are closely related to dietary
resources and certain primary producers, such as diatoms and dinoflagellates [44–46].
Several possibilities may have led to the determination of quantitative and qualitative
changes in the main dietary resources of zooplanktonic FAs. First, as the productivity of
phytoplankton decreases owing to the physicochemical conditions of the ocean, the diet
consumption of zooplankton decreases, and accordingly, fewer FAs might be stored in their
tissue [47]. In addition, several studies have reported that high temperatures sustained
during August and October 2020 cause heat stress to zooplankton and weaken lipid stor-
age efficiency [48,49]. Furthermore, high temperatures reduce the total FA concentration
and change the relative abundance of each FA synthesized by phytoplankton [50–52]. As
shown in Figures 2–4, an increase in pico-size phytoplankton ratio in August 2020 and
October 2020 causes much less efficiency in the direct grazing of zooplankton in our study
and a decrease in FA assimilation. These results suggest that the nutritional quality and
ecological characteristics of intermediate species in the pelagic food web depend on the
physicochemical aspects of the ocean, such as temperature and nutrient concentration,
as reported in previous studies. As a result, the low total FA content and C20:5(n-3) and
C22:6(n-3) abundances of zooplankton during the high-temperature period in this study
suggested that zooplankton might take up little essential FAs and energy from diatoms and
dinoflagellates under low productive conditions.

The typical seasonal isotopic variability of zooplankton taxa observed in this study
supports the idea that they reflect information on taxonomic characteristics and environ-
mental impacts in their tissue. In 105-05, δ13C and δ15N values of zooplankton taxa showed
seasonal variability (Figure 5). During August and October 2020, the four zooplankton
taxa showed relatively similar isotope ratios compared with other seasons, and after Feb
2021, the zooplankton showed a larger range of isotope ratios among taxa. In addition,
the isotope ratios of zooplankton showed discrepancies according to the study sites. In
105-05, δ15N was the lowest in Amphipods, but in 105-11, Euphausiid had the highest δ15N
value among species. Despite the spatiotemporal variation of δ15N of zooplanktonic taxa,
Chaetognatha had the heaviest δ15N value for all sites and seasons.

The difference in δ13C values between the zooplankton taxa was evident in February
2021 and August 2021. During this period, the δ13C of Euphausiid was higher than that
of other zooplankton. In contrast, Euchaetidae had relatively low δ13C values. In 105-05,
the seasonal variation in the carbon stable isotope ratio of zooplankton was significant,
whereas, in 105-11, a relatively consistent isotope trend was observed. Although we found
a spatiotemporal trend in zooplankton isotope ratios, we could not establish a complete
spatiotemporal dataset because of the low zooplankton density during the study period. We
confirmed that the environmental heterogeneity and characteristics of taxa were reflected in
zooplankton tissues. Unfortunately, we were unable to collect some taxa, causing difficulty
in understanding the overall trophic structure variation, but we inferred that more diverse
results could be obtained if additional datasets were collected in the future.

NMDS analysis using the stable isotope ratio and FA proportion revealed a clear
separation among zooplankton taxa in the productive season, and the stress value was
less than 0.2 (Figure 7). The stress value refers to the degree to which a given dataset is
suitable for visualization within an acceptable level of distortion. When the stress value is
0.2 or more, there is possibility to produce a plot that is not suitable for interpretation. In
general, when consumers have more diet options with plenty of diet sources, differences
in isotope ratios between consumers might be broad, as individuals opportunistically
switch their diets [19,53,54]. However, in the less-productive period, zooplankton groups
overlapped relative to the productive period. This might be due to limited diets during the
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less productive period, and thus, the range of δ13C and δ15N values for consumers might
be narrowly distributed under harsh environmental conditions. Henschke et al. [18] and
Kozak et al. [19] confirmed ecological niche separation by analyzing the δ13C and δ15N
of zooplankton communities inhabiting water masses with high nutrient conditions. In
addition, previous research on the west coast of Vancouver Island showed that NMDS
clustering using the FA compositions of zooplankton indicated a distinct pattern in the
functional groups of zooplankton during the post-bloom period from the pre-bloom period,
i.e., spread vs. overlapped [5]. Ultimately, it can be applied to effectively describe the
interspecific competition among zooplankton taxa according to the magnitude of primary
production (e.g., Schoo et al. [20]). To understand the impact of climate change on micro-
ecosystems in the East Sea, long-term monitoring of zooplankton trophic dynamics with
stable isotope and FA analyses is necessary.

5. Conclusions

In this study, we confirmed that the stable isotopes and FA compositions of zooplank-
ton directly reflect changes in the phytoplankton biomass in the East Sea. An increase in
pico-size chlorophyll-a proportion relative to micro-size chlorophyll-a caused the commu-
nities of zooplankton taxa to overlap among zooplankton in August 2020 and October
2020, indicating relatively simplified options of diet choice in habitat environment for zoo-
plankton that might suffer from diet limitations in the East Sea during the low-productivity
season. On the other hand, during the highly productive seasons, each zooplankton group
was well segregated because of the diversification of diet caused by the proliferation of
primary producers during February 2021. This result indicates that the dietary intake of
zooplankton can be reduced (restricted) owing to species succession to small-sized phy-
toplankton. This has important implications for predicting the impact of climate change
on micro-ecosystems in the East Sea. In the future, long-term monitoring of the trophic
dynamics of zooplankton is required to understand the disturbances in micro-ecosystems
caused by climate change in the East Sea.
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Abstract: The ecology of the mesopelagic fish genus Trachipterus, which is rarely found in oceans,
remains unclear. In this study, we found 22 eggs of T. trachypterus and T. jacksonensis around the
Ulleung Basin of the East/Japan Sea during ichthyoplankton surveys from 2019 to 2021. The eggs were
identified through genetic relationships with the genus Trachipterus based on partial sequences (COI
and 16S) or concatenated sequences of 13 protein-coding genes and 2 rRNA genes of mitochondrial
DNA. T. trachypterus eggs were discovered in all seasons, but more frequently during the winter.
One T. jacksonensis egg that appeared during the autumn was the first in the northwestern Pacific
Ocean. Identifying Trachipterus pelagic eggs would provide insight into their spawning ecology and
biogeography.

Keywords: mesopelagic fish; mitochondrial DNA sequence; pelagic fish eggs; spawning; Trachipterus
jacksonensis; Trachipterus trachypterus; Ulleung Basin

1. Introduction

Members of the genus Trachipterus (Lampriformes, Trachipteridae), which comprise six
species (T. altivelis, T. jacksonensis, T. arcticus, T. fukuzakii, T. trachypterus, and T. ishikawae) [1,2],
have elongated and compressed bodies with large eyes and are distributed in several
oceans [3,4]. They are rarely caught by deep fishing gear or found inshore [5,6]. The species
of Trachipterus have been reported based on a few specimens [7–10].

The first nominal species of Trachipterus is T. trachypterus [11]. Trachipterus has been
described using juvenile specimens, which reside in shallower waters than adults. Due
to its rarity and the morphological changes at early developmental stages, T. trachypterus
larvae of different sizes are often incorrectly identified [12]. T. trachypterus eggs were first
reported as three specimens in the Gulf of Napoli [12]. The Mediterranean Sea, where
T. trachypterus eggs, larvae, and adults have been found several times, is a known spawning
ground [13].

Fish eggs are a key indicator of spawning and evidence of species intrusion [14,15].
Because most marine teleost fish release large numbers of pelagic eggs, their egg distribution
density is higher than that of spawners [16]. Even in rare species, the probability of finding
for eggs is higher than that for adult fish during the spawning season [15]. In addition,
eggs with a shorter pelagic duration than larvae are in or close to spawning grounds [17].
The spawning grounds of the Japanese eel, Anguilla japonica, were revealed through DNA
barcoding-based identification of their eggs after prolonged research [18].
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DNA barcoding enables species-level identification of fish eggs [19]. Pelagic marine
fish eggs are typically transparent and round [20]. Eggs of the same species may have mor-
phologically different embryos depending on developmental stage [21]. Unlike dramatic
changes in morphology, DNA remains constant throughout life history [22,23]. Intra- and
inter-specific genetic distances, typically based on mitochondrial DNA (mtDNA) sequences
(COI, 12S, 16S, etc.), are analyzed to identify fish eggs and larvae species [24–26].

We conducted COI barcoding of pelagic eggs collected from the East/Japan Sea from
2019 to 2021 and surveyed the literature that applied DNA barcoding to fish eggs near
the study area. The eggs in this study were finally determined to belong to T. trachypterus
and T. jacksonensis based on their COI, 16S rRNA, and mitogenome sequences. Here, we
report T. trachypterus spawning and the first finding of T. jacksonensis based on eggs in the
East/Japan Sea.

2. Materials and Methods
2.1. Pelagic Fish Egg Collection

Pelagic fish eggs were collected from 13 stations in the East/Japan Sea (Figure 1) using
a zooplankton net (mouth diameter: 80 cm; mesh size: 300 µm) during research cruises on
R/V Tamgu 3 in four seasons (winter: February and March; spring: April; summer: June
and August; autumn: October and November) from 2019 to 2021. The water depths at the
stations are 126–2203 m. The net was towed obliquely from 10 m above the bottom to the
surface at the stations with a water depth of less than 300 m (st. 103-05, 209-05, and 209-07).
At the other stations, the net was lowered to a depth of 300 m and was towed as above.
Samples were preserved in 95% ethanol. Temperature and salinity were measured using
CTD (SBE 911plus, Sea-Bird Scientific Inc., Bellevue, WA, USA).
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Figure 1. Pelagic fish egg sampling stations in the East/Japan Sea, 2019–2021. Numbers with plus
marks, station name; italic number, station lines. The base map is a Google Satellite map drawn using
QGIS [27] through the XYZ Tiles tool (https://mt1.google.com/vt/lyrs=s&x=\{x\}&y=\{y\}&z=
\{z\}, accessed on 10 March 2022).

Fish eggs were sorted from the samples using a stereomicroscope (M125C, Leica,
Wetzlar, Germany). Among them, the 22 largest eggs were selected and photographed
using a camera mounted on a stereomicroscope (SMZ18, Nikon, Tokyo, Japan).

2.2. Genomic DNA Extraction, PCR, and Sequencing and Sequence Analysis

Genomic DNA was extracted from 22 eggs according to the protocol of the DNeasy
Blood & Tissue Kit (Qiagen, Hilden, Germany). The COI gene of mtDNA was ampli-
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fied using the primers VF2_t1 (5′-CAACCAACCACAAAGACATTGGCAC-3′), FishF2_t1
(5′-TCGACTAATCATAAAGATATCGGCAC-3′), FishR2_t1 (5′-ACTTCAGGGTGACCGAA
GAATCAGAA-3′), and FR1d_t1 (5′-ACCTCAGGGTGTCCGAARAAYCARAA-3′) [28,29].
The 20 µL PCR mixture was composed of 10 µL of 2X DNA free-Taq Master Mix including
PCR buffer, dNTPs mixture, and Taq DNA polymerase (CellSafe, Gyeonggi, Korea), 0.2 µL
of each of the four primers, 2 µL of genomic DNA, and 7.2 µL of distilled water. The PCR
program consisted of initial denaturation at 94 ◦C for 3 min; 35 cycles of denaturation at
94 ◦C for 30 s, annealing at 52 ◦C for 40 s, extension at 72 ◦C for 1 min; and a final extension
at 72 ◦C for 7 min. The PCR products were sequenced on a 3730xl DNA Analyzer (Applied
Biosystems, Foster City, CA, USA).

Other mtDNA regions of the 7 eggs among the 22 eggs were also amplified for compar-
ison with those of related taxa. The 16S rRNA gene of one egg was amplified using the 16Sar
(5-CGCCTGTTTATCAAAAACAT-3) and 16Sbr (5-CCGGTCTGAACTCAGATCACGT-3)
primers [30]. PCR and sequencing methods were used for COI analysis, except that
the annealing temperature was 56 ◦C. Six eggs were selected to analyze mitogenome
sequences in the consideration of sample conditions; three eggs were collected in 2019
and 2020 each. To obtain sufficient DNA to analyze the complete mitogenome of the six
eggs, the whole genome was amplified following the REPLI-g Mini Kit (Qiagen) proto-
col. The amplified products were sequenced using a NovaSeq 6000 (Illumina, San Diego,
CA, USA). A total of 385,684,576–474,309,190 raw reads (length: 150 bp) were obtained
from the six eggs. The reads were mapped to a reference sequence (GenBank accession
number: NC_003166, [31]) using Geneious R11 [32] mapper. The resulting consensus
sequences were annotated using MitoFish [33] and Geneious R11. The three mitogenome
sequences were constructed from three eggs (2002E3–E5), except for the d-loop region
(mean coverage, 112 ± 119×–7866 ± 11,917×; 16,159–16,163 bp), but COI (1467–1551 bp)
and 16S (1595–1683 bp) sequences were obtained from the other three eggs (1902E1, 1902E2,
and 1904E1).

The COI, 16S, and mitogenome sequences from the 22 eggs were searched using
BLAST [34] and BOLD systems [35] to identify related taxa. The sequences of the eggs,
related taxa, and outgroups were aligned using Clustal Omega [36]. The sequences were
used to analyze the maximum likelihood (ML) tree based on the best-fit substitution
model [37–39] and Kimura 2-parameter distances in MEGA X (ver. 11.0.10) [40]. The
egg sequences were submitted to NCBI GenBank under accession numbers OM527130–
OM527151, OM527153, OM574770–OM574772, and ON231742–ON231747 (Table 1). We
also investigated the literature using DNA barcoding for the species identification of
eggs around the study area, and sequences from the eggs of Shin et al. [41] were used
in this study.

Table 1. GenBank accession numbers of eggs of this study and literature.

No. Specimen ID COI 16S Mitogenome
Except for d-Loop Remark

1 1902E1 OM527131
ON231745 ON231742 this study

2 1902E2 OM527132
ON231746 ON231743 this study

3 1902E3 OM527133 this study
4 1902E4 OM527134 this study
5 1902E5 OM527135 this study
6 1902E6 OM527136 this study

7 1904E1 OM527137
ON231747 ON231744 this study

8 1904E2 OM527138 this study
9 1904E3 OM527139 this study
10 2002E1 OM527140 this study
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Table 1. Cont.

No. Specimen ID COI 16S Mitogenome
Except for d-Loop Remark

11 2002E2 OM527141 this study

12 2002E3 OM527142
OM574770 OM574770 OM574770 this study

13 2002E4 OM527143
OM574771 OM574771 OM574771 this study

14 2002E5 OM527144
OM574772 OM574772 OM574772 this study

15 2002E6 OM527145 this study
16 2002E7 OM527146 this study
17 2002E8 OM527147 this study
18 2004E1 OM527148 this study
19 2004E2 OM527149 this study
20 2102E1 OM527150 this study
21 2108E1 OM527151 this study
22 2110E1 OM527153 OM527130 this study
23 DFRCI 367 MZ596220.1 [41]
24 DFRCI 368 MZ596221.1 [41]
25 DI_4 MH144581.1 [41]

26 DI_7 MH144584.1 personal
communication

Underlined sequences were analyzed from shotgun sequencing.

3. Results
3.1. Genetic Identification of Eggs

Twenty-two egg specimens were identified as T. trachypterus and T. jacksonensis accord-
ing to genetic relationships based on COI, 16S, and mitogenome sequences.

The COI sequences of the 22 eggs and 3 eggs from the reference [41] and genus Tra-
chipterus consisted of three distinct clades (between genetic distances: average ± standard
deviation, 0.158 ± 0.057; min, 0.083; max, 0.227; Table S1), with either two or three species
in the maximum likelihood (ML) tree (Figure 2). Of the three clades, COI_Clade 1 had
sequences from 24 eggs, T. altivelis and T. trachypterus, and COI_Clade 2 had sequences
from one egg of this study, T. arcticus, T. jacksonensis, and Trachipterus sp. Although each
clade consisted of sequences from different species, the genetic distances within the clades
(COI_Clade 1, 0.009 ± 0.006; COI_Clade 2, 0.010 ± 0.007; and COI_Clade 3, 0.009 ± 0.005)
were less than between the clades (0.158 ± 0.057), indicating that each clade represented
the species.

Species of the two clades (COI_ Clades 1 and 2; Figure 2a), including the eggs, were re-
analyzed based on 16S rRNA and mitogenome sequences. Among the eggs of COI_Clade 1,
COI and 16S rRNA sequences for three eggs (1902E1, 1902E2, and 1904E1) and mitogenome
sequences excluding the d-loop for three eggs (2002E3–E5) were obtained from mitogenome
analysis (Table 1). The COI sequences of the six eggs were also located in COI_Clade 1. Con-
catenated sequences (13 protein-coding genes and two rRNAs) of the three eggs (2002E3–E5)
formed a clade with those of T. trachypterus (NC_003166.1) (genetic distance, 0.007 ± 0.003;
Table S2), and they were distinct from those of Desmodema polystictum and Zu cristatus
of Trachipteridae (0.258 ± 0.012) (Figure 2b). The 16S rRNA sequences of the six eggs
from the same samples of COI_Clade 1 and one egg (MH144584.1) from [41] formed a
clade with T. trachypterus and T. altivelis with very small genetic distances (0.002 ± 0.001;
min, 0.000; max, 0.004; Table S3) (Figure 2c). Interestingly, the T. trachypterus 16S sequence
(DQ027909.1, [42]) was distinct from 16S_Clade 1, although it was analyzed from the same
specimen with the T. trachypterus COI sequence (DQ027978.1) of COI_Clade 1.
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Figure 2. Maximum likelihood (ML) tree constructed using mitochondrial DNA sequences of pelagic
fish eggs, Trachipterus species, and outgroups. (a) COI ML tree (based on the HKY + G + I model)
including COI sequences from 25 eggs. Sequences of eggs with superscripts (bc, c) were also analyzed
in the trees in (b,c). (b) Thirteen protein-coding genes and two rRNA genes ML tree (based on the
GTR + G + I model), including concatenated sequences from the three eggs. (c) 16S rRNA ML tree
(based on the K2 + G model), including 16S rRNA sequences from seven eggs. Bootstrap values
(1000 replicates) over 50% are shown on the branches. Sequences shaded in gray were obtained using
shotgun sequencing.

One egg (2110E1) formed COI_Clade 2 with T. arcticus, T. jacksonensis, T. altivelis, and
Trachipterus sp. comprised a clade with only T. jacksonensis (genetic distance, 0.000 ± 0.000)
in the 16S ML tree (16S_Clade 2; Figure 2c). The 16S sequence of T. arcticus (KJ128928.1)
diverged sharply (0.107) from the clade of T. jacksonensis with the egg (2110E1; OM527130).
The T. arcticus 16S rRNA sequence (KJ128928.1) was obtained from the same specimen as
the T. arcticus COI sequence (KJ128643.1) in COI_Clade 3.

3.2. Pelagic Eggs of Two Trachipterus Species

The average diameter of T. trachypterus eggs was 3.2 ± 0.1 mm (min, 2.7 mm; max,
3.6 mm) (Figure 3; Table S4). The diameter of T. jacksonensis egg was 2.2 mm, smaller than
that of T. trachypterus eggs. The internal morphology of eggs preserved in 95% ethanol
was difficult to investigate. The common characteristics of T. trachypterus eggs that could
be confirmed were a narrow perivitelline space and a lack of oil globules. The developed
embryos had melanophores on the head, dorsal side, and on the yolk sac around the middle
of the body.
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chypterus; 2110E1, T. jacksonensis. Scale bar, 1.0 mm.

3.3. Distribution of Trachipterus Eggs

T. trachypterus eggs appeared in all seasons around the Ulleung Basin and Dokdo,
and one T. jacksonensis egg appeared once in autumn (Figure 4). The occurrence frequency
of T. trachypterus eggs was highest during the winter and lowest during the summer and
autumn. The surface temperature of the stations where eggs were detected ranged from
10.0 ◦C to 25.9 ◦C (Table S4). The mean surface temperature of the study area was the lowest
during the winter and peaked in the summer (Table S5). Unlike the surface, the bottom
temperature was constant at approximately 1 ◦C. Thermocline was generated by the large
difference between the temperatures of the surface and bottom. The depth and strength of
the thermocline varied according to season and station. The center of the thermocline
was usually at a depth of 100–200 m (Figure S1). Salinity was approximately 33–34
psu, and there was no significant difference depending on season and depth, unlike the
temperature.
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(b) spring, (c) summer, and (d) autumn. Tt, T. trachypterus; Tj, T. jacksonensis; Sampling year of
Trachipterus eggs: filled circle, 2019; fisheye, 2019 and 2020; filled triangle, 2020; filled square, 2021 of
this study; filled diamond, 2017–2019 of Shin et al. [41]; no egg detection: cross, this study; empty
diamond, Shin et al. [41].

4. Discussion

DNA barcoding of fish eggs enables the investigation of the spawning ecology of
various species [43,44]. Studies on fish eggs have been limited to a few species due to
the difficulty in morphology-based egg identification [45]. Egg morphological charac-
teristics were described based on larval fish hatching from eggs or eggs obtained from
adult fish [46,47]. Recently, larval fish, which have more morphological features available
for identification than eggs, have been analyzed using DNA barcoding to improve the
accuracy of species identification [48]. However, DNA barcoding has limitations in deter-
mining species due to the lack of comparable DNA sequences, unsuitable DNA regions for
barcoding, or sequences from misidentified specimens.

4.1. Genetic Identification of Eggs

The first DNA barcode for species identification of 22 eggs in this study was the
COI sequence, which contains a lot of information available to identify fish. The maxi-
mum likelihood (ML) tree based on the COI sequences of the 25 eggs, including those of
Shin et al. [41] and Trachipterus, showed three distinct clades of Trachipterus (Figure 2a).
Each clade was regarded as a species by considering the genetic distances of the intra- and
inter-clades of the COI sequences of fishes [23,28]. However, the coexistence of sequences
from two or three species within each clade was problematic: COI_Clade 1, T. altivelis, and
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T. trachypterus with 24 eggs; COI_Clade 2, T. arcticus, T. jacksonensis, Trachipterus sp., and one
egg (2110E1); and COI_Clade 3, T. arcticus, T. jacksonensis, and T. trachypterus. This could be
because COI sequences were analyzed from misidentified samples or were not appropriate
for distinguishing the species.

The T. trachypterus mitogenome sequence was the key to determining the species of
COI_Clade 1. The mitogenome sequences of three eggs (2002E3–E5) located in COI_Clade
1 formed a clade with that of T. trachypterus (NC_003166.1) (Figure 2b). In addition, genetic
distances between the 16S rRNA sequences of the seven eggs (1902E1, 1902E2, 1904E1,
2002E3–E5, and DI_7 (MH144584.1)) and T. trachypterus (NC_003166, MH144581.1) were
also very small (0.000–0.004; Table S3). These genetic relationships were a criterion for
identifying 24 eggs, including those of Shin et al. [41] in COI_Clade 1 as T. trachypterus.

COI_Clade 2, including one egg (2110E1; OM527153), was determined to be T. jackso-
nensis based on the distinct 16S_Clade 2 with sequences of T. jacksonensis and the one egg
(2110E1; OM527130) in the 16S ML tree (Figure 2c). In addition, COI_Clade 3 was identified
as T. arcticus based on the T. arcticus sequences (COI, KJ128643.1; 16S rRNA, KJ128928.1)
showing the same position in the COI and 16S rRNA ML tree (Figure 2a,c).

Interestingly, the T. trachypterus 16S sequence (DQ027909.1, [42]) from the same sample
with COI sequence (DQ027978.1, [42]) in the COI_Clade 1 was independently clustered
in the 16S ML tree (Figure 2c). This indicates that the 16S rRNA sequence (DQ027909.1)
was mishandled during the experiment or sequence analysis. In addition, T. altivelis
(GU440558.1) of COI_Clade 1 and T. altivelis (AY958674.1) of 16S_Clade 1 would be derived
from misidentification.

4.2. Trachipterus Eggs

T. trachypterus is widely distributed in the Mediterranean Sea and Atlantic Indo-Pacific
Oceans [5,6,9,49–60]. Its spawning area is the Mediterranean Sea, where eggs of Trachypterus
taenia (synonym for T. trachypterus) have been found [12]. Lo Bianco [12] collected three live
eggs of T. taenia from a sampling gear lowered to a depth of 100–150 m in the Gulf of Napoli
in February, May, and October 1905–1907. Spawning was assumed to occur year-round.
Three eggs (diameter, 2.90–2.95 mm) were in late developmental stages. In this study, we
confirmed that T. trachypterus spawned in all seasons and peaked in winter based on eggs
continuously collected during the survey periods. If the T. trachypterus eggs in this study
had similar ecological characteristics to the eggs from the Gulf of Napoli, the spawning
depth could be estimated as the thermocline layer.

T. jacksonensis is distributed in the Southern Hemisphere (Australia, New Zealand,
Africa, Brazil, and others) [61–70]. Adults have not been reported in the Northern Hemi-
sphere. The eggs detected once in autumn in this study were the first in the Northern
Hemisphere. Similarly to T. jacksonensis, Peristedion liorhynchus has not been recorded in
Korean waters, but its eggs and larvae have been recorded [15]. This suggests that eggs
may be useful for the detection of rare species.

5. Conclusions

In this study, we discovered T. trachypterus and T. jacksonensis eggs in the Ulleung
Basin of the East/Japan Sea of which their sequences could be used for post verification.
The Ulleung Basin is a spawning area for T. trachypterus along with the Mediterranean Sea;
this is the first report of T. jacksonensis egg in the northwestern Pacific. Finding Trachipterus
species eggs will elucidate their spawning ecology and geographic distribution.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jmse10050637/s1, Figure S1: Vertical distribution of temperature
at stations where Trachipterus eggs appeared in this study; Table S1: Pairwise genetic distances of the
COI genes of pelagic eggs of this study, Trachipterus species, and outgroups. Outlined values belong
to each clade of the maximum likelihood tree in Figure 2a; Table S2: Pairwise genetic distances of the
concatenated mtDNA sequences of 13 protein-coding genes and two rRNA genes of pelagic eggs of
this study, Trachipterus species, and outgroups; Table S3: Pairwise genetic distances of the 16S rRNA
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genes of pelagic egg of this study, Trachipterus species, and outgroups. Outlined values belong to each
clade of the maximum likelihood tree in Figure 2c; Table S4: Information on Trachipterus eggs of this
study and literature; Table S5: Mean and standard deviation values of temperature and salinity from
2019 to 2021 in the East/Japan Sea.
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Abstract: The feeding and spawning grounds for seahorses have been lost due to nationwide
coastal developments in South Korea. However, little information on the feeding ecology of the
Korean seahorse (Hippocampus haema) is currently available. The main objective in this study was to
understand the feeding strategy of H. haema on the basis of DNA analysis of the contents of the guts.
This is the first study on the feeding ecology of H. haema. Crustaceans were found to be major prey
for H. haema in this study. Among the 12 identified species, arthropods were predominantly observed
as potential prey of H. haema in this study. The Caprella sp. Was detected in all summer specimens
followed by the Ianiropsis sp., whereas isopods were dominant, and amphipods accounted for a small
proportion in winter specimens. According to the results in this study, there appears to be a seasonal
shift in the major prey of H. haema. Moreover, a potential change in the habitats for adults was further
discussed. Since this is a pilot study, further studies should be conducted for a better understanding
of the feeding ecology of H. haema.

Keywords: wild seahorse; H. haema; feeding habits; NGS analysis

1. Introduction

Seahorses are fascinating creatures for many people around the world due to their
unique appearance and life-history characteristics that are different to those of common
fish [1,2]. The overfishing of seahorses is occurring in some regions [3,4], and reckless
coastal developments causing their habitat loss are also threatening their survival [2,5,6].
For this reason, the scientific community is making various efforts to reduce the loss of
seahorse populations and preserve the Hippocampus species by adding them to lists or
conventions, such as the red list of the IUCN (International Union for Conservation of
Nature) and CITES (Convention on International Trade in Endangered Species of Wild
Fauna and Flora). Until now, there is no record of seahorse overfishing along the Republic
of Korea coastal area; however, the Korean coastal ecosystem, due to ongoing nationwide
coastal development, has been losing its natural shelter abilities as a safe habitat and
spawning ground for various fishes, including seahorses [2,7]. Despite these crises, very
little ecological information on seahorses is currently available in the Republic of Korea [8,9];
thus, we do not know what ecological roles they play in coastal ecosystems.

Seahorses lead a sedentary life in coastal areas where the environment can be changed
dynamically compared to the open ocean [10–13]. Five seahorse species have been reported
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in South Korean waters, mainly in the seaweed and seagrass beds throughout the south-
ern coast [8,9,14–17]. Recently, H. haema, previously known as H. coronatus, was newly
identified as a Korean species [18]. The first study on the morphometric characteristics
and basic ecological data for the newly recorded Korean seahorse (H. haema) populations
was conducted in Geoje-Hansan Bay [8]. However, no study has been conducted on their
feeding ecology to date.

The study of the feeding habits of an organism is a cornerstone that can be used for
efficient management, preservation, and artificial reproduction of specific organisms, and it is
widely conducted for various fish [19–24]. Although several previous studies were conducted
on the feeding habits of some seahorse species under laboratory conditions (H. abdominalis [25],
H. barbouri [26], H. erectus [27], H. guttulatus [28], H. hippocampus [29], H. kuda [30], and
H. reidi [31,32]), the information on wild seahorses is still insufficient [24,33–42].

A visual analysis (naked eye or microscope) of gut contents, often used in feeding
ecology, can show what quantity of prey is present in the target fish’s gut; however, this
approach may overestimate some preys that have just been recently eaten or are difficult to
digest. Often times, it is difficult to identify what kinds of prey they have eaten due to their
easily digestible characteristics or their small size [39,42]. This difference in the digestibility
of the prey items can cause some bias when evaluating their diet compositions [39,42].
Stable isotope analysis has the advantage of being able to perform nonlethal analysis of the
target organism, but it is difficult to detect the recently eaten prey due to the time gaps in
the turnover rate of isotopes [43,44]. On the other hand, metabarcoding has the advantage
of being able to detect short-term feeding habits with a very small amount of sample,
as well as to detect soft and highly digested items, which are not recognizable through
morphological identification [42,45]. Moreover, metabarcoding is also a nonlethal method,
depending on the sampling method (i.e., fecal sample [42] or flushing method [34,40]).
Therefore, in this study, a DNA analysis method was applied to understand the feeding
habits of small Hippocampus individuals.

In this study, the main objective was to understand the feeding strategy of the Korean
seahorse species (H. haema) in the coastal environment on the basis of the contents of the
guts in summer and winter, using molecular biological approaches. This is the first study
on the feeding ecology of the Korean seahorse species (H. haema).

2. Materials and Methods
2.1. Study Area and Samplings

Among the samples collected by the Environ-Ecological Engineering Institute (EEEI)
for the investigation of fish biota in the sargassum bed (Sargassum piluliferum), seven
specimens were received frozen in summer (July 2017) and winter (January 2019) for a
comparison of the feeding strategies of H. haema. The sampling area was Geoje-Hansan
Bay, Republic of Korea (34◦48′40′′ N; 128◦31′03′′ E; Figure 1). The mean water depth of
the sampling site was approximately 3 m. The two specimens taken from the samples
reported in [8] were analyzed to confirm the possibility of feeding differences between each
sampling group even in the summer season (Table 1). The body length and wet weight
were measured at the home laboratory using a caliper (Mitutoyo, 0.01 mm, Kawasaki,
Japan) and a scale (Mettler Toledo, 1 mg, Columbus, OH, USA) according to [46]. After
those measurements, all specimens were stored at −80 ◦C in a freezer and brought to the
Marine Ecological Laboratory in Pusan National University for further analysis. For all
sampled specimens (except the two specimens from 2016), the length–weight relationship
was calculated using the following equation:

Wt = a× Lb,

where Wt is wet weight (g), a is the intercept, b is the slope, and L is the standard length
(SL = straight line between snout and tail, mm). A t-test was conducted to verify the
statistical difference between the measured values (SL and Wt) of the January and July
groups (SPSS, version 12.0, Chicago, IL, USA). The two specimens in July 2016 were
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deliberately selected as relatively large fish; hence, they were excluded from the average
and statistical analysis (for a simple DNA comparison).
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Table 1. Measurements of seahorses at each collection period and the p-value of the t-test.

Sampling Date July 2017 January 2019 July 2016

n 7 7 2

Range
SL 35.5–89.4 52.7–71.1 71.4–83.6

Wt 0.078–1.500 0.300–0.721 0.681–0.814

Average
SL 58.43 60.08 77.50

Wt 0.50 0.42 0.75

SD
SL 17.27 5.96 8.57

Wt 0.49 0.15 0.09

t
SL 0.815

Wt 0.679

2.2. Genomic DNA Extraction and NGS Library Construction

The genomic DNA of H. haema was extracted after complete homogenization with
Tissue LyserTM II (Qiagen, Hilden, Germany), by adding tissue lysis buffer to the gut of
each of the 16 specimens six times, according to the instructions of the AccuPrep® Genomic
DNA Extraction Kit (Bioneer, Daedeok-gu, Korea). ND-1000 (Thermo Scientific, Waltham,
MA, USA) was used for the assay and quantification.

The NGS library of the gut contents of H. haema was constructed using primers
(COIMISQ and NEXCOIMISQ, Table 2) targeting COI in the mitochondrial DNA region,
which was previously used for the diet study of Dissostichus mawsoni [47]. The blocking
primer (Table 2) was prepared the region of the universal primer COIMISQF1 in the
nucleotide sequences of Amphipoda, Copepoda, Mysidacea, and Isopoda, known as prey
organisms, and modified with a C3 spacer at the 3′ end to suppress annealing of the
H. haema sequence [48]. For the first PCR reaction, a final volume of 25 µL mixed solution
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consisting of 10 ng of genomic DNA, 100 µM of COIMISQ primers, 5 µL of 100 µM Blocking
primer, 2 µL of 10 mM dNTPs (Takara Bio Inc., Kusatsu, Japan), 0.2 µL of Ex Taq Hot Start
Version (Takara Bio Inc., Kusatsu, Japan), 2 µL of 10× Ex Taq buffer (Takara Bio Inc.,
Kusatsu, Japan), 3% DMSO, and distilled water was used. The reaction conditions and
process of the first PCR were as follows: initial denaturation at 94 ◦C for 5 min, followed by
94 ◦C, 48 ◦C, and 72 ◦C for 30 s, respectively, repeated for 15 cycles. The final extension
was conducted at 72 ◦C for 5 min. Prior to the second PCR reaction, the amplicons were
purified using an AccuPrep® PCR Purification Kit (Bioneer, Republic of Korea). For the
second PCR reaction, a final volume of 20 µL mixed solution consisting of 5 µL of the
purified amplicons, 100 µM of NEXCOIMISQ primers, 2 µL of 100 µM Blocking primer,
2 µL of 10 mM dNTPs (Takara Bio Inc., Kusatsu, Japan), 0.2 µL of Ex Taq Hot Start Version
(Takara Bio Inc., Kusatsu, Japan), 2 µL of 10× Ex Taq buffer (Takara Bio lnc., Kusatsu,
Japan), and distilled water was used. The reacting conditions were repeated for 18 cycles
under the same conditions as that of the first PCR. The amplicons of the second PCR were
identified by 1.5% agarose gel electrophoresis (630 bp) and purified by the AccuPrep® PCR
Purification Kit. The libraries constructed by the Nextera XT index Kit (Illumina, San Diego,
CA, USA) were quantified with a QuantiFluor® Fluorometer (Promega, Madison, WI, USA),
before using the MiSeq platform (Illunima, San Diego, CA, USA) for NGS analysis.

Table 2. Primers used in this study.

Name Direction Sequence (5′ to 3′) Reference

COIMISQ
Forward ATNGGNGGNTTYGGNAA

[47]Reverse TANACYTCNGGRTGNCC

NEXCOIMISQ
Forward TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGGNGGNTTYGGNAAYTG

Reverse GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGGRTGNCCRAARAAYCA

Blocking Primer GCTTTGGTAATTGACTTG-C3 spacer This study

2.3. Bioinformatic Analysis

Some parts of the sequence data of the NGS analysis, which featured a short length
(less than 100 bp) and low quality (QV < 20), were disregarded. According to [49], the
merged reads (more than 470 bp) constructed with the Mothur software package v1.41.3
were used. After the primer sequences were elided, the OTU (Operational Taxonomic
Unit) clustering was conducted with Usearch v8.1.1861 [50] at 97%, and the chimeras
were discarded. The OTUs were classified as species (≥99%), genus (<99%, ≥90%), and
unknown (<90%) on the NCBI GenBank database. Three specimens (No. 2 of 2017, Nos.
4 and 5 of 2019) were excluded from further analysis because no potential prey organisms
were identified. The MEGA X Maximum Likelihood method was used for phylogenetic
analysis [51].

3. Results
3.1. Morphometric Measurements

Summer and winter mean surface water temperatures are 24.9 ◦C and 9.3 ◦C, respec-
tively, in the study area. A total of 16 seahorses were captured for this study. Table 1 shows
the mean SL (mm) and Wt (g), as well as the results of the t-test for each collection period.
Although no significant difference in mean SL and Wt for each collection period was ob-
served, the July specimens had broader ranges in SL and Wt than the January specimens in
this study. The length–weight relationship of each period’s specimens is shown in Figure 2.
The b values (slopes in Figure 2) of the July and January specimens were 3.237 and 3.034,
respectively, which were greater than 3, indicating positive allometric growth.
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3.2. NGS Analysis

As a result of the DNA analysis from the guts of 16 individuals, all specimens were
identified as H. haema. Of the 2,263,757 reads (mean of 174,135 reads per sample) identified
by sequencing, 41.87% were identified as seahorse and bacteria. These reads were excluded
from further analysis.

Thus, 47.4% of the nucleotide sequences of the analyzed prey organisms were iden-
tified to the lowest taxonomic level (species). Among the 12 identified taxa, 10 were
arthropods, and the remainder were Bryozoa and fish (Table 3). Among the 10 arthropods,
four orders (Harpacticoida, Caprella, Ianiropsis, and Mysida) showed a relatively high ratio
of over 80% in gut contents of some specimens. In July 2016 and 2017, Caprella sp. (am-
phipods) was detected in all specimens, especially for No. 1 (84.35%) and No. 7 (67.37%),
whereas Mysida was mostly found in two of the total specimens. The Ianiropsis sp. (isopods)
was the second most common species. On the other hand, in the January 2019 specimens,
isopods tended to be dominant in their prey items, with amphipods accounting for a small
proportion (Table 3).
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Table 3. The results of genetic analysis of gut (up to the species level). Bold font indicates the results
of further analysis up to the order level for the results showing “unknown” in the analysis up to the
species level.

Phylum Class Order Species

Proportion (%)

July 2016 July 2017 January 2019

No.
11

No.
12

No.
1

No.
3

No.
4

No.
5

No.
6

No.
7

No.
1

No.
2

No.
3

No.
6

No.
7

Arthropoda Hexanauplia

Calanoida Pseudodiaptomus sp. 0.02 0.00 0.00

Harpacticoida 43.67 97.76 6.67

Harpacticoida 0.13 0.12

Amonardia sp. 0.07
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Table 3. Cont.

Phylum Class Order Species

Proportion (%)

July 2016 July 2017 January 2019

No.
11

No.
12

No.
1

No.
3

No.
4

No.
5

No.
6

No.
7

No.
1

No.
2

No.
3

No.
6

No.
7

Malacostraca

Amphipoda 57.47 58.53 96.20 10.80 0.14 0.40

Amphipoda

Caprella sp. 2.12 84.35 9.33 21.58 3.37 67.37 3.88 0.15 0.13

Crassicorophium
crassicorne 0.13

Gammaridae sp. 22.03 2.90

Leucothoe nagatai 0.01

Monocorophium
acherusicum 0.00

Isopoda 7.89 13.41

Isopoda

Ianiropsis
epilittoralis 92.03 97.74

Ianiropsis sp. 9.44 11.87 88.67 99.39

Munna japonica 15.08 0.00 0.00 0.63 0.01

Mysida 89.02 86.59

Bryozoa Gymnolaemata Ctenostomatida Amathia
verticillate 0.17 0.26 0.04 0.06 0.00 0.08

Chordata Actinopterygii Perciformes Pictichromis
paccagnellae 0.23

Unknown 22.36 2.10 15.39 11.42 0.15 0.18 32.55 11.33 1.04 1.48 0.07

Total 100 100 100 100 100 100 100 100 100 100 100 100 100

Since each specimen could be different in their energy budget requirements according
to their body size (growth), the seahorse’s diet would be different by size in the summer
with various sizes of seahorses. However, among the specimens collected in July 2017, the
largest seahorse (No. 1, SL: 89.4 mm) had a higher proportion of Caprella sp. (84.35%) at the
species level, while the smallest one (No. 5, SL: 35.5 mm) had mostly Amphipoda (96.2%) at
the order level (Table 3). In both cases, the Amphipoda order showed a tendency to occupy
the highest ratio, although it was not possible to compare them due to the difference in the
lowest taxonomic level of identification.

As a result of additional analysis of the 52.6% classified as “Unknown”, clustering was
confirmed at the order level (Figure 3). Because Figure 3 does not indicate the proportion
of gut contents but just all items identified up to the order level, some items with very
low percentages (e.g., Algae, Calanoida, Ctenostomatida, and Perciformes) are not shown
in Table 3 or Figure 4a. The difference in the gut composition in each collection period
was clear in comparison at the order level rather than the species level (Figure 4a). The
proportions of Harpacticoida and Amphipoda had high ratios in July 2016 and 2017,
respectively, while Isopoda was dominant in January 2019. This result was consistent with
the similarity analysis in this study (Figure 4b).
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4. Discussion

To compare the seasonal feeding habits of H. haema during summer and winter,
14 specimens were collected from Geoje Hansan Bay in July (seven) and January (seven),
when the seasonal characteristics were distinct. All the specimens were found in Sargas-
sum piluliferum [8] and identified as the same species by DNA analysis [18]. There was
no significant difference in mean SL and Wt by the two different seasons, but there was a
relatively wider range in the mean SL and Wt in the July specimens. In other words, more
varied sizes of seahorses were captured in July compared to January. According to previous
studies, the breeding season of seahorse is from late spring to autumn in Korea [8,9], and
there is a positive correlation between the growth of the genus Hippocampus (H. whitei,
H. guttulatus, and H. zosterae) and water temperature within a certain range [13,52,53]. Thus,
the appearance of seahorses of various sizes in July could be due to the recruitment of
newborns and the relatively fast growth rates during the summertime.

NGS Analysis

A total of 12 taxa were identified in all gut contents except for three specimens without
genetic information for any prey items. In comparison with other previous studies on the
seahorse diet [24,34–42], Bryozoa was detected in a small proportion in this study, which
might indicate that bryozoans were fed non-selectively with other prey.

Fish was detected only in one individual in this study. We presumed that other fish
or eggs were misidentified due to the lack of NCBI data. Pictichromis paccagnellae is a
tropical species which does not live in Korean waters. Although it is also assumed to be
misidentified, it is likely that the genetic information could be other fish larvae or eggs, as
actual feeding larvae have been reported in several different kinds of seahorses such as
H. abdominalis, H. reidi, and H. trimaculatus [24,34,38].

Some “unknown” genetic information, which could not be confirmed even at the order
level, suggests that there are still insufficient coastal zooplankton DNA library data for a
variety of zooplankton in coastal areas.

Like other seahorse species reported previously [3,23,24,26,33–42,54–56], H. haema
appears to feed mainly on crustaceans, according to the results in this study. However, the
gut contents of H. haema were clearly differentiated by different sampling periods at the
order level as shown in Figure 4a,b. Caprella was detected in most specimens in this study
regardless of season, but a large proportion was recorded mainly in summer. In contrast,
Ianiropsis accounted for a large proportion of gut contents in winter, showing a pattern
opposite to that of Caprella. In fact, although Caprella appears in abundance on the coastal
areas all year round [57–59], it is most often found in summer due to its strong tolerance
to high water temperatures [57]. In comparison, large numbers of Ianiropsis are normally
observed in winter [60].

Mysida species are generally observed throughout the year in coastal waters, which
have an extreme seasonal temperature difference of more than 20 ◦C [61,62]. They stay
and/or migrate in several swarms on the sandy bottom, near vegetation and rocks [61].
In general, seahorses forage accessible prey (slow and smaller than their mouths) within
vegetation, but they occasionally hunt fast prey such as Mysida and Caridea on sandy
bottoms [24,34]. The fact that Mysida was found only in some seahorses in this study
indicates that several active individuals actually attempted to hunt them when the Mysida
swarm reached their vicinity, but it was not easy for the seahorses to catch them due to the
rapid reaction rate of Mysida. This can be supported by the low hunting success rates of
H. haema toward a Mysida swarm observed in a breeding water tank (unpublished data).

Although Harpacticoida accounted for a large percentage of the specimens in July
2016, they occupied a very small portion for the prey items for H. haema in July 2017.
Normally, Harpacticoids are a major item for some Hippocampus species (H. zosterae, [23];
H. reidi, [34]; and H. subelongatus, [54]). The seahorses can change their feeding capacity
as they grow [3,23,24,63]. Indeed, in a laboratory environment, copepods (<1 mm) were
eaten by all H. haema regardless of their size, whereas Artemia and Mysida (>1 mm) were
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mainly eaten by large seahorses (unpublished data). Like Caprella, harpacticoids appear
frequently in the late spring–summer period [64,65], which coincides with the breeding
season of H. haema. Therefore, with a maximum size of approximately 1 mm, harpacticoids
could be an important food source for growing seahorses with their small mouth sizes.

The coincidence between the gut contents of H. haema and the seasonally thriving
zooplankton in our study indicates that the main diet of H. haema can be modified according
to the availability of prey. The authors of [24] found that wild H. abdominalis collected from
Wellington Harbor did not have a seasonal shift in their habitats, but there was a major
seasonal change in their prey. According to a previous study that analyzed feces from
H. guttulatus using a genetic method, the seahorse diet differs depending on the habitat [42].
Although some differences among species are expected, this ability of Hippocampus species
to flexibly change their diets in response to spatiotemporal changes in their surroundings
could be one of the survival strategies for adapting to dynamic coastal environments.

5. Conclusions

Although specimens were collected once each in summer and winter, differences in
feeding habits of H. haema could be clearly distinguished using DNA tools. However, due
to the lack of genetic information on coastal zooplankton, it was difficult to identify up to
the species level what seahorses mainly feed on. If coastal zooplankton can be identified
up to the species level and their ecological characteristics understood, it could make a
great contribution to understanding the role of the seahorse from an ecological perspective.
In conclusion, this study is very important to provide the first information on the feeding
behaviors of the Korean seahorse species, which is very valuable for their sustainable
management and conservation in Korea.
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Abstract: The Japanese sea lion (Z. japonicus) has been regarded as an extinct species since the last
report on Dokdo in 1951. Not much ecological information on the Z. japonicus on Dokdo (hereafter
Dokdo sea lion) is currently available. Using a discrete time stage-structured population model, we
reconstructed the Dokdo sea lion population to explore the effect of human hunting pressure on
them. This study provides the first estimate for the Dokdo sea lion population from 1900 to 1951. The
reconstructed capture numbers of the Dokdo sea lion and the parameters estimated in this study
were well matched with the recorded numbers and ecological parameters reported previously for
the Californian sea lion. Based on the reconstructed population, their number rapidly declined after
hunting started and it took less than 10 years for a 70% decline of the initial population, which would
be considered to be an extinction risk. Since some caveats exist in this study, some caution about our
results is necessary. However, this study demonstrates how rapidly human over-hunting can cause
the extermination of a large local population. This study will be helpful to raise people’s awareness
about endangered marine animals such as local finless porpoises in Korea.

Keywords: sea lions; Dokdo; marine mammals; pinnipeds

1. Introduction

The genus Zalophus consists of the Japanese (Z. japonicus), California (Z. californianus),
and Galapagos (Z. wollebaeki) sea lions which are closely related species [1,2]. The three
species were typically considered to be isolated geographically since their geographic
distributions are widely separated from the temperate western (Z. japonicus) and eastern
(Z. californianus) North Pacific to the tropical Galapagos Archipelago (Z. wollebaeki) [2].
Based on the results from ancient DNA analysis extracted from skeletal remains of Japanese
sea lions, Sakahira and Niimi [3] reported that Z. japonicus diverged from Z. californianus
approximately 2.2 million years ago in the late Pliocene epoch. Recently, Kim et al. [4] found
that Z. japonicus was closely related to Z. californianus with 98.61% sequence identity based
on the first completed mitochondrial genome sequence of Z. japonicus recently excavated
from an archaeological site on Ulleungdo, Korea (Figure 1).
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Figure 1. The possible historical distribution range from Melin et al. [5] (grey color) and archaeological
sites of the Zalophus japonicus in the East/Japan Sea from [3,4,6–8].

Among the three genera of Zalophus, Japanese sea lions have been regarded as an
extinct species since the last report of 50 to 60 sea lions on Dokdo in 1951 [1]. Only
one last Z. japonicus was reported in the northern coastal area in Hokkaido in 1974, but
specific identification was not conducted so that misidentification could have occurred [9].
Reynolds et al. [10] and Kovacs et al. [11] reported that the Japanese sea lion has been
extinct for the past 60 years. However, several international research collaborations have
been conducted to detect whether this species are still alive along the northwest Pacific
region including Ulleungdo and Dokdo in Korea [12–14]. Although some unofficial reports
of observations for the species were reported, it is considered that there may have been
confusion with Steller’s sea lion or the Northern fur seal [2] which have been occasionally
observed along the eastern coast in Korea [15]. Recently, the International Union for
Conservation of Nature (IUCN) listed Z. japonicus as an extinct species [16].

Previously, Z. japonicus had been distributed along the northwest Pacific coastline
ranging from Russia (Kamchatka and Sakhalin) to coastal waters of Japan and Korea and
especially Ulleungdo and Dokdo, which had been regarded as one of the main Korean
habitats in the 1900s [1]. Based on numerous historical local Japanese names based on
the sea lion, a large number of sea lions have observed in the Japanese coastal regions
since prehistoric times ([17]; Figure 1). In Korea, several historical caves named after
sea lion have been continuously used by local people on Ulleungdo and Dokdo [15,18].
Subsistence sea lion hunting by native coastal communities since prehistoric times was
conducted in Korea [7] and Japan [3] as evidenced by various archaeological evidence.
Choy and Richards [7] found that main food sources for the prehistoric coastal communities
in the southeastern coast of the Korean Peninsula were marine animals and large marine
mammals including sea lions, based on isotopic compositions of bone collagen excavated
from an archaeological site in Yeongdo-gu, Busan city, South Korea. This prehistoric
subsistence hunting probably did not have a large effect on the population but relatively
modern commercial harvesting hunting with modern sophisticated techniques caused a
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substantial decline in the population of sea lions in southern California and Mexico [2].
The population of the Japanese sea lion had nearly disappeared in the coastal waters of
Japan by the early 1900s mainly due to over-catching by Japanese fishermen for their meat
and oil [17]. This commercial hunting pressure appears to have reduced the geographical
ranges of Z. japonicus to remote islands in the East/Japan Sea, namely Ulleungdo and Dokdo
which were previously pristine and unpopulated [6,18]. The population of Z. japonicus
on Dokdo drastically declined during the early decades of the 1900s since the Japanese
commercial harvesting started in 1904 and only 50 to 60 animals were reported by the 1950s
(Figure 2; [2,6,18]). However, the major potential reasons for the drastic decline in their
population have not confirmed whether there were some environmental changes in their
major habitats during El Niño events or human over-catching [18]. The environmental
changes could cause a reduction in major prey and a change in their behavioral responses
(e.g., migration, breeding, etc.) during El Niño events [2].

Figure 2. The recorded populations and annual capture numbers of the Dokdo sea lion from 1900 to
1951. The population numbers were from [1,2,6,18] and the annual capture numbers from 1904 to
1941 were based on [13,19].

Not much information on the ecology and specific population of Z. japonicus is cur-
rently available, since they had been extinct before various scientific research works were
conducted. Based on the fragmented historical and official records from Korea and Japan, we
reconstructed the population of Z. japonicus on Dokdo (hereafter the Dokdo sea lion) using
population models with ecological parameters of the California sea lion (Z. californianus) which
is genetically closely related to the Dokdo sea lion [3,4]. The main objectives of this study
was to reconstruct the population size of the Dokdo sea lion from a simple fitting curve
with the existing historical records and to explore the effect of human hunting pressure
on the population. This study will be helpful to raise people’s awareness for critically
endangered marine mammals.

2. Materials and Methods
2.1. Historical Hunting Records

At the current stage, limited quantitative data on the Dokdo sea lion and their capture
numbers by Japanese fisherman are available. The reported populations of the Dokdo
sea lion in 1900, 1941, and 1951 and the annual capture numbers from 1904 to 1941 were
obtained from the historical records and unpublished documents from Korea and Japan
([2,13,14,18]; Figure 1).
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2.2. Stage-Structured Model

A discrete time stage-structured population model was applied for the Dokdo sea lion
in this study. The discrete time stage-structured population model has been described in
various articles and textbooks of fishery mathematical modelling [20–22]. The model is
divided into two groups of sea lion compartments, immature (x) and mature (y) groups,
and the difference equations for the two groups are as follows:

xt+1 = be−(My+Fy)yt − (1 − a)e−(Mx+Fx)xt

yt+1 = ae−(Mx+Fx)xt − e−(My+Fy)yt
(1)

In model (1), b is the birth rate of the immature at time t, Mx and My represent the
natural mortality rates of immature and mature groups, respectively. Fx and Fy represent
the catch mortality rates of the two groups, respectively.

Specifically, e−(Mx+Fx) and e−(My+Fy) describe the survival probabilities for immature
and mature individuals, respectively. be−(My+Fy)yt represents the birth population into
the immature by surviving mature individuals. ae−(Mx+Fx)xt is the number of individuals
which become mature from the surviving immature population where a a is the proportion
of immature individuals becoming mature individuals. In our model, no large immigration
and emigration were considered since the Ulleungdo and Dokdo as major habitats for the
Dokdo sea lion are remote islands in the East/Japan Sea.

2.3. Parameter Estimation

We estimated five parameters, the birth rate (b), natural mortalities of immature and
mature Mx, My and natural mortalities of immature and mature Fx, Fy, by fitting the actual
catch data for the Dokdo sea lion by using a MATLAB-embedded function, lsqcurvefit.
This is a least square estimation method for the five parameters that minimizes the gap
of catch data between the actual data and the simulated results from Equation (1). The
simulated results of the catch at time t, denoted by Ft for year were calculated as:

Ft =
Fx

Fx + Mx
(1 − e−(Mx+Fx))xt +

Fy

Fy + My
(1 − e−(My+Fy))yt (2)

The Dokdo sea lions were distinguished between immature and mature based on an
age of five years of old when reproduction becomes possible, and the value of a is expressed
as 1/5 [2].

3. Results and Discussion

The historical geographical distribution of Z. japonicus were the eastern coasts of Korea,
coastal waters of Japan, and the Russian territories such as southwestern Sakhalin, Kuril’s
islands, and Kamchatka ([1]; Figure 1). In the mid-1800s, the population of Z. japonicus was
estimated in a range of 30,000–50,000 around Korea and Japan [2]. They hunted for prey
sometimes a long distance away but did not seasonally migrate [16]. Although prehistoric
subsistence hunting by native coastal communities had been conducted in Korea and
Japan [3,17], a substantial decline of the Dokdo sea lion population in the early 1900s could
have been caused by the over-catching by Japanese fishermen for their meat and oil [17],
which had happened in southern California and Mexico [2,5]. Based on the historical and
official bibliographic records [2,6,7,19], the populations and annual capture numbers of the
Dokdo sea lion were plotted from 1900 to 1951 (Figure 2). Japanese fisherman commercially
started to hunt a large number of Dokdo sea lions (3200 individuals) in 1904 and their
hunting number declined to a couple of hundred by the early 1910s after 10 years of hunting
(Figure 2). A major hunting of sea lions was conducted by the Japanese Jukdo Fishing Joint
Stock Company during the 1904–1925 period and then the hunting was irregularly done
by the Okido people [19]. They hunted mostly females and sub-adults which annually
increased up to 86% in 1908 since the large male sea lions were hard to catch [19]. Even after

170



J. Mar. Sci. Eng. 2022, 10, 271

the large decline in the population (based on their capture number), they still caught a small
number live for circus performances until 1941 rather than hunting for their products [18].
A total of approximately 15,000 Dokdo sea lions were hunted for the 40-year Japanese
fishing period from 1904 to 1941. After hunting stopped, 50–60 individuals, which was
approximately 0.2% of the total population at the beginning of the commercial hunting in
1904, were reported in 1951 [1].

The reconstructed capture numbers of the Dokdo sea lion are matched well with
the recorded numbers (Figure 3). The parameters estimated in this study (Table 1) were
within the ranges reported previously for the California sea lion [23–25]. For example,
the birth rate for the female California sea lion ranged from 38% to 54% at Los Islotes,
Baja California Sur, Mexico, from the 1978 to 1982 study period [24]. Actually, the birth
rate can vary with age, being significantly higher rates in young and middle-age groups
(0.52–0.80) than the older age-groups (0.06) [25]. For the natural mortality, 50% and 10%
of immature and mature sea lions, respectively, were estimated in this study. Normally,
the natural mortality of the California sea lion is substantially higher in immature pup
group during their pupping season [23]. The annual pup mortality of the California sea lion
averaged from 3 years observation is approximately 50% at Los Islotes, Baja California Sur,
Mexico [24]. The fishing mortality was estimated substantially higher in mature groups
than immature groups. Given these parameters, the reconstructed population estimates
matched well with several data points for the numbers of the Dokdo sea lion (Figure 4).
Based on the reconstructed population of the Dokdo sea lion, their number rapidly declined
to approximately 50% of the initial population in 1908 after 5 years’ fishing activity and
to approximately 6% of the initial population by the end of 20 years fishing in 1923. Since
there is no quantitative time-series data on the actual population size of the Dokdo sea
lion, the precision of the results for their historical population reconstruction might be
low. Several caveats are associated with the results in this study. Firstly, the records on the
historical population estimates of the Dokdo sea lion are not quantitative. Secondly, our
simple fitting curve population models have several assumptions for ecological parameters
estimated for the Dokdo sea lion since not much information is currently available for a
robust model. Moreover, no other environmental conditions were considered in this study
for their population dynamics. Therefore, our results in this study should be considered
with caution since our approach to reconstructing the historical population estimates of the
Dokdo sea lion is a simple mathematical technique.

Figure 3. The comparison between observed and estimated annual capture numbers of the Dokdo
sea lion.
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Table 1. Description of discrete time stage-structured model parameters.

Parameter Description Value Reference

b Birth rate 0.5 estimated
a The proportion of immature to mature 1/5 Heath and Perrin (2009)

Mx The natural mortality of the immature individuals (year−1) 0.5 estimated
My The natural mortality of the mature individuals (year−1) 0.1 estimated
Fx The fishing mortality of the immature individuals (year−1) 0.0138 estimated
Fy The fishing mortality of the mature individuals (year−1) 0.2428 estimated

Figure 4. The reconstructed population numbers of the Dokdo sea lion from 1900 to 1951. The red
circles are population numbers reported previously.

A sudden major decline in a population to extinction generally results from short-term
natural catastrophic or anthropogenic events or chronic, gradual decline of a population [26].
Mangel and Tier [27] concluded that catastrophic events could cause a sudden major decline
in population for a relatively short time period and thus be a more important factor for
determining their persistence over time than any other factor. Catastrophic events usually
control the birth and death processes which affects the dynamics and extinction of a
population [26]. A population with a 70% decline for years would be considered to be an
extinction risk [26]. Based on our simulation result, the population of the Dokdo sea lion
was less than 30% in 1911 within the 10-year fishing period (Figure 4). It took only less than
10 years for the 70% decline of the Dokdo population by Japanese commercial hunting.
Four possible mechanisms for human-caused extinction are over-hunting, which is the
most obvious extinction mechanism, introduction of new species, habitat destruction which
is currently a major human-caused extinction risk, and secondary cascade extinction [28].
The result in this study obviously showed that the extinction of a large local population
of the Dokdo sea lion could have been caused by primary human-caused extermination,
over-hunting. However, any environmental change was not considered for our discrete
time stage-structured population model. The dramatic decline of the Dokdo sea lion
population could have been caused by the increase in sea surface temperature. For the
California sea lion, the annual population growth rate can be largely influenced by the
increasing sea surface temperature which is strongly associated with major prey for the sea
lions in the highly productive California coastal waters [29,30]. The latitudinal difference
in resource availability can influence foraging behavior and thus survival rate of local
resident sea lion species associated with a changing environment [29]. Indeed, the local
productivity in Ulleungdo and Dokdo are lower than what is observed in California or
Baja California [31,32]. Moreover, the Galapagos sea lion had a smaller population than the
California sea lion [5] and one that was probably more vulnerable to extinction than the
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California sea lion. The Dokdo sea lion in the mid-1800s once had a similar population size
(30,000–50,000) [2] as the Galapagos sea lion (approximately 40,000) in 1978. Therefore, the
Dokdo sea lion would be even more vulnerable to extinction with a changing environment.

We examined the population dynamics of the Dokdo sea lion to determine the major
population decline and the recovery population simulations with several fishing ban
scenarios during the Japanese fishing period for 40 years (Figure 5). If we assumed that
they stopped their hunting in 1910 after 6 years of hunting, then it would take approximately
120 years to fully recover the initial population in 1900 (Figure 5). If they stopped after
14 years hunting in 1920, it would take approximately 220 years for the population recovery
(Figure 5). Based on the results from the simple simulations, it is very surprising to
realize how much heavy commercial fishing impacts the natural population recovery of the
specific target species. Recently, critically important ecological roles of marine mammals
were reported in various marine ecosystems [33–35]. Their ecological roles could vary
from bottom-up stimulation of phytoplankton production and further climate regulation
through a whale pumping mechanism to top-down predators affecting the abundance and
spatial distribution of their prey and, consequently, hierarchical ecosystem structure [34,35].
Unfortunately, we cannot know the ecological roles of the Dokdo sea lion on the East/Japan
Sea ecosystem since they were extinct before scientific research on them was undertaken.

Figure 5. The population recovery scenarios for the Dokdo sea lion. (a) hunting cessation after 6 years
in 1910, (b) hunting cessation after 14 years in 1920.

In this study, we demonstrated the huge impact of human hunting on the local
population of the Dokdo sea lion which is consequently extinct, using a simple fitting
curve method based on the fragmented historical and official records on the Dokdo sea
lion population. This study provides the first estimate for the annual population size
of the Dokdo sea lion from 1900 to 1951. This simple approach in this study could be
extended to other pinnipeds and marine mammals. The risk of extinction is a globally
important concern for various marine mammals, in particular otariids [26]. It is essential
to understand major extinct causes and potential subsequent consequences of the extinct
species for conservation biology [36]. Given the importance of over-catching for the
extinction of the Dokdo sea lion, the analysis conducted in this study should be considered
for other local marine mammals including pinnipeds. For example, a large number of local
finless porpoises (Neophocaena asiaeorientalis) are distributed along coastal areas in Korea.
Approximately 36,000 finless porpoises were estimated in the west coast of Korea in 2004
based on models of the detection function in a line transect [37]. However, the population
density of the species rapidly declined by approximately 70% in less than one decade
from 2004 to 2011 mainly due to bycatching related to stranding and fishing gear [38].
In the Bohai Sea, China, approximately 8000 spotted seals in the 1940s declined to 2000
in the 1980s due to human hunting and then less than 1500 were estimated to remain in
recent years [39,40]. Because of their habitat loss and human impacts, the spotted seal is
categorized as a critically endangered species in China and Korea [41]. Approximately
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400 spotted seals are annually observed along the coast of Baengnyeong islands and some
small population group (around 10) of the seals are found in Galolim Bay, South Korea [15].
Therefore, it is important to protect marine mammals such as finless porpoises and spotted
seals which has been declining in numbers in coastal areas in Korea and China. In the case
of marine mammals, the increase in the population does not appear in a short period of
time due to the characteristics of their life history by which one female gives birth to one
pup and it takes a long time to nurse the young pup. Indeed, it is quite surprising to realize
how long it would take for their population recovery based on the simple simulations
in this study (Figure 5). Moreover, a decline in the population could be predicted to be
apparent if human threats are added [2,5]. Currently, marine mammals are designated
and protected as marine protection organisms in Korea but research on marine mammals
are insufficient, so information on the biological characteristics or distribution status of
most species is not well understood [42]. Therefore, in order to effectively conserve marine
mammals in Korea, it is necessary to seek realistic management methods and to conduct
various research approaches more actively [15]. A failure to do so may result in the local
extinction of marine mammal species in Korea, as with the Dokdo sea lion. We should learn
an invaluable lesson from the historical human-caused extinction of the Dokdo sea lion.
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