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Small yellow croaker (Larimichthys polyactis), a benthic fish species widely distributed in
the Northwest Pacific Ocean, plays an important role in the fishery catch of coastal
countries. A large amount of dead small yellow croaker floated on the sea surface near
30.2°N, 125.3°E in the East China Sea on 19 February 2017, and more than 9,000
kilograms were caught by fishermen, which had never been recorded before. This study
aims to investigate the dynamic causes of this sudden death event based on available in-
situ, satellite and modelling data. The event occurred near the overwintering ground of
small yellow croaker, where a majority of these fish assembled in winter. There were
persistent ocean fronts at target site with average intensity of 0.05°C/km at sea surface
and bottom in February 2017, which was the strongest in the past 5 years from 2015 to
2019. The fronts provided nutrients and food to fish, and the intense gradients prevented
fish from crossing, thus forming “water barriers” to restrict the horizontal movement of fish.
Due to enhanced convection, the water was well-mixed, enabling the demersal croaker to
float to sea surface. The sea temperature was particularly warm in winter 2017, but then
experienced a significant drop by more than 4.5°C in 40 days according to satellite and
modelling datasets due to the northerly wind and the southeastward movement of cold
eddy. The drop of temperature led to ‘cold shock’ of fish, affecting their physiological
regulation and survival. Under the combined influence of these factors, a large number of
small yellow croaker died and aggregated near the target site. This paper has a great
reference value for further study on the living habits of small yellow croaker and their
responses to marine dynamic changes.
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1 INTRODUCTION

Small yellow croaker (Larimichthys polyactis) is a demersal fish
species widely distributed in the Bohai Sea, the Yellow Sea, and
the East China Sea (ECS) in the Northwest Pacific Ocean (Li
et al., 2011; Xiong et al., 2017; Ren et al., 2020). Small yellow
croaker is a typical migratory species (Lin et al., 2018) that
generally migrates for food and overwinters to warm waters (Li
et al., 2011); and in springs, they return from the open sea to
coastal waters (such as the Yangtze River Estuary and its adjacent
areas) to spawn and grow up (Lin et al., 2018).

Small yellow croaker is one of the most important commercial
fishery resources for coastal countries such as China, North
Korea, and South Korea (Lin et al., 2011; Xiong et al., 2017), and
a substantial number of fishermen in these countries depend on
small yellow croaker fisheries. However, in recent years, the
quantity and population structure of this fish have changed
significantly due to overfishing (Shan et al., 2017; Ren et al.,
2020). Moreover, environmental changes caused by marine
hydrological factors and climate change have imposed a certain
impact on its population (Li et al., 2011; Cheung et al., 2013b;
Ren et al., 2020). Therefore, small yellow croaker resources are
facing serious decline and the probability of achieving a high-
density of fish population is decreasing.

At 3 p.m. (local time, GMT+8) on 19 February 2017, an
unusual event happened: fishermen found more than 9,000
kilograms of small yellow croaker floating on the sea surface at
approximately 30.2°N, 125.3°E over a short period, and most
were dead or nearly dead (Figure 1B). The fishing vessel was
surrounded by dead fish in an oval shape with a maximum radius
of 60~70 m. According to the fishermen, this phenomenon had
not been seen in past years. As red tide events had not been
observed in the surrounding waters, and no red tide toxins or
other toxins were found according to the toxicological tests by
the Zhejiang Marine Fisheries Research Institute, the fish were
approved for sale. The causes of death and gathering of small
yellow croaker remain to be further explored.

Previous studies have shown that the survivals and spatial
distributions of the fish are highly correlated with the changes of
marine environmental factors. Finch (1917) described the
destructive effects of a cold wave event on small fish (e.g. crabs
and small shrimp) in Florida. Gunter (1941) found that along the
coast of Texas in the United States in January 1940, different
kinds of fish (e.g. pinfish, squid, eel, etc.) died due to cooling
caused by severe northerly wind. The fishes were aerated and
floated on the surface or washed ashore. Misund et al. (1998)
found that the large amount death of herring occurred between
cold-water fronts in the Icelandic Exclusive Economic Zone.
Marti-Cardona et al. (2008) described several fish kills were
related to strong winds and upwelling in the Salton Sea.

By summarizing previous studies, such fish death events may
have been caused by the following factors associated with
atmospheric and marine dynamics. Firstly, water temperature
is the most important environmental factor affecting the spatial
distribution of fishes (Lin et al., 2011). Temperature not only
affects the metabolic rate of fishes by adjusting the activity of
enzymes, thereby regulating the survival and growth of fishes
Frontiers in Marine Science | www.frontiersin.org 2
(Hurst et al., 2012; Bergstad, 2013; Shan et al., 2017), but also
influences the migration of fishes, and the locations of fishing
grounds (Li, 1982; Perry et al., 2005; Cheung et al., 2013a; Shan
et al., 2017). The abnormal change of water temperature,
especially cooling, could cause discomfort of small yellow
croaker and lead to the inflation of fish bladder and eventually
death. Secondly, fish might encounter “water barriers”, or ocean
fronts. Ocean fronts are vertical boundaries between water
masses of different physical, chemical, and hydrodynamic
properties (Wolanski and Hamner, 1988). Frontal zones play
an important role in fisheries, ecology, and diffusion and
concentration of nutrients (Belkin, 2021). Consequently, the
fish would gather near fronts because there are high nutrients
and they are unable to cross strong gradients. Seasonal hypoxia
forms off the Yangtze River Estuary in the ECS under the massive
anthropogenic eutrophication (Zhang et al., 2022), and is known
to cause detrimental consequences to fish stock and other
ecosystem elements. Generally, the seasonal hypoxia in this
region starts to form in late spring and early summer, reaches
its peak in August, and weakens in autumn (Chi et al., 2020;
Wang et al., 2022). However, winter dissolved oxygen level is
generally high due to fast oxygen exchange associated with active
vertical mixing and lateral advection (Zuo et al., 2019; Zhang
et al., 2022). Hence, hypoxia is unlikely to be a potential cause of
this event. This paper is motivated to find out the possible
reasons and relevant evidence for this event.

In this paper, oceanic numerical modelling data combined
with satellite data and in-situ data were used to investigate the
possible marine dynamic mechanisms underlying the sudden
death event in winter 2017. The paper is organized as follows.
The study area and datasets used in this paper are introduced in
Section 2. Section 3 presents the analysis results based on
multiple datasets. Section 4 discusses two main possible causes
of this event, namely, cooling and fronts, and proposes some
other possible reasons and deficiencies. A summary is given in
Section 5.
2 MATERIALS AND METHODS

2.1 The East China Sea Circulation in Winter
The abnormal death event of small yellow croaker happened in
the ECS adjacent to point 30.2°N, 125.3°E (hereinafter referred to
as “target site”) (Figure 1A red spot). The ECS circulation in
winter and migration routes of small yellow croaker are shown
in Figure 1A.

The circulation of ECS is mainly composed of three parts: the
Kuroshio in the southeast, the Taiwan Warm Current (TWWC)
and Zhe-Min Coastal Current (ZMCC) in the middle, and the
Yangtze River buoyant plume in the northwest (Isobe, 2008; Xu
et al., 2018) (Figure 1A). Kuroshio is the strongest western
boundary current in the Pacific Ocean, with characteristics of
high temperature, high salinity, and high velocity. High
concentrations of phosphorus are also carried by Kuroshio
intrusive waters, supporting the primary production of the
ECS shelf (Wang et al., 2018; Liu et al., 2021a). Kuroshio
May 2022 | Volume 9 | Article 908195
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intrusion is divided into 3 branches (Yang et al., 2012; Yang et al.,
2018): Kuroshio branch current (KBC), offshore Kuroshio
branch current (OKBC), and nearshore Kuroshio branch
current (NKBC). For demersal fishes, the NKBC may influence
their spatial distribution (Xu et al., 2019). The intrusion of
Kuroshio mainly occurs along the shelf break (usually 200 m
isobath, Figure 1A), but can also occur at depth less than 200 m,
and there is water exchange of the Kuroshio and these places (e.g.
midshelf of 50-100 m) (Zhang et al., 2017). The intrusion may
occur throughout the year but is more frequent in winter (Wu
et al., 2014a) when the NKBC moves towards the Kuroshio
mainstream (Yang et al., 2018). This event happened around 60
m isobath in February (Figure 1A); therefore, the target site
would be affected by the intrusive water of Kuroshio. The
Kuroshio intrusion is an important external factor of the ECS
circulation, transporting nutrients from lower latitudes to higher
latitudes, which plays a crucial role in the nutrient supply of the
ECS and further affects marine creatures and ecology (Isobe,
2008; Guo et al., 2012; Guo et al., 2013; Yang et al., 2013).

TWWC flows northeastward along the ECS shelf and is
characterized by high temperature (Yuan and Hsueh, 2010; Liu
et al, 2021b). When northerly winds prevail in winter, the
TWWC moves toward the shore (Liu et al., 2021b).
Meanwhile, the buoyant plume from the Yangtze River
transports southwestward toward the Taiwan Strait, and this
current that carries cold and fresh waters is ZMCC (Liu et al.,
2021b), which will reverse its direction in summer (Guan and
Fang, 2006; Yang et al., 2018). All these currents control the
hydrology of the ECS shelf. Ocean circulation combines
Frontiers in Marine Science | www.frontiersin.org 3
nutrients with light, promoting primary productivity and
interactions between higher nutrient levels (Weisberg et al.,
2015), further affecting the survival of marine creatures.

2.2 Migration Routes of Small Yellow
Croaker

The migration routes of small yellow croaker are inseparable
from the pattern of ocean circulation in the ECS. In previous
studies, three stocks were identified: North Yellow Sea stock,
South Yellow Sea stock, and ECS stock (Liu, 1962; Han et al.,
2009). The latter two stocks exist in our study area.

For South Yellow Sea stock, the overwintering ground is
located at 32°-34°N, 123°-126°E (Han et al., 2009). The adults
migrate westward to the Yangtze River estuary for spawning in
March (Han et al., 2009; Lin et al., 2011), and form the largest
spawning ground of small yellow croaker in China, namely, the
Lvsi fishing ground (Xu and Chen, 2009) (Figure 1A).

For ECS stock, the southeastern coastal waters are overwintering
ground (Han et al., 2009). From Figure 1A, the location is around
28°-30°N, 123°-125°E. In spring, the fish migrate to the Zhoushan
Archipelago, Lvsi fishing ground, and Yushan fishing ground for
spawning (Liu, 1990; Xu and Chen, 2009). Geographically, the death
event occurred quite close to the overwintering ground, which
indicated that small yellow croaker had gathered there in February.
The fish can be brought to target site by ocean currents.

2.3 Datasets
Daily sea surface temperature (SST) products of GHRSST-
OSTIA (Group for High Resolution Sea Surface Temperature-
A B

FIGURE 1 | (A) The East China Sea circulation in winter (TWWC: Taiwan Warm Current; ZMCC: Zhe-Min Coastal Current) and migration grounds and routes of small yellow
croaker. The circulation is redrawn based on Liu et al. (2021b); the migration grounds and routes of small yellow croakers are after Ren et al. (2020). (B) The event: a large
number of small yellow croaker floated on the sea surface around the fishing vessel.
May 2022 | Volume 9 | Article 908195
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Operational Sea Surface Temperature and Sea Ice Analysis) are
provided with a spatial resolution of 0.05°, merging in-situ data
and satellite data from both infrared and microwave radiometers.
These data are distributed by NOAA’s National Centers for
Environmental Information (https://www.ncei.noaa.gov/data/
oceans/ghrsst/L4/GLOB/UKMO/OSTIA/2017/). This dataset is
generated using optimal interpolation method. The in-situ
temperature from 2 coastal stations near target site in
February, 2017 are from Zhejiang Ocean and Fisheries Bureau
with intervals of 1 hour, as shown in Figure 2A.

Two modelling datasets are used in this paper. The data of
global HYCOM (HYbrid Coordinate Ocean Model) have a
spatial resolution of 1/12° between 40°S-40°N and a temporal
resolution of 3 hours after data assimilation (https://hycom.org/
dataserver/gofs-3pt1/analysis). The spatial resolution of
simulated data in Wu et al. (2011) is approximately 1/12° in
the Kuroshio zone and 4 km in Zhejiang Coastal Waters, and the
temporal resolution is 1 hour (hereinafter referred to as “regional
model”). A detailed description can be found in Wu et al. (2011).
This model was previously validated based on in-situ salinity,
temperature, currents, and elevation data (Wu et al., 2011; Wu
et al., 2014b; Yuan et al., 2016; Wu et al., 2018), and the results
showed reasonable accuracy. The two modelling datasets are
employed to perform a more comprehensive analysis. HYCOM
is a global model and works well by using a distinctive vertical
hybrid coordinate. It assimilates data from satellites, Argo, and
other field observations (Helber et al., 2013). However, regional
model has a finer resolution in our study area and involves tidal
forcing. More importantly, it is refined in upper 5 m thickness,
allowing to resolve the vertical structure of the Yangtze River
plume (Wu et al., 2011).

The two modelling datasets are first compared with GHRSST
to validate their credibility. From Figure 3, SST fields based on
HYCOM and regional model show a great similarity with
GHRSST. In addition to reflecting the high temperature of
Kuroshio and southeast gradient of SST near this current, the
modelling data can also distinguish the cold-water area along the
Yellow Sea coast.

The wind data is provided by CCMP (Cross-Calibrated
Multi-Platform, https://www.remss.com/measurements/ccmp/),
which assimilates inter-calibrated satellite data from numerous
radiometers and scatterometers. The spatial and temporal
resolutions are 1/4° and 6 hours, respectively.

Altimeter satellite gridded Sea Level Anomalies (SLA) of daily
intervals are obtained from AVISO, which are distributed by
Copernicus Marine Environment Monitoring Service (CMEMS;
http://marine.copernicus.eu/). The spatial resolution is 1/4°.
3 RESULTS

3.1 Eddy and Wind Induced Cooling
Figure 4 demonstrates the temperature differences on the basis
of 10 January 2017 from satellite data in the ECS. There was
obvious and continuous cooling in February, which occurred
Frontiers in Marine Science | www.frontiersin.org 4
near target site and its northwest region. The temperature has
dropped by up to 5°C.

The spatial distribution of SLA shows that the cooling was
partly caused by a cold eddy (Figure 5). The center of the warm
eddy had a positive value with a relatively large SLA (Morrow
et al., 2003), while the center of the cold eddy had a negative
value with a relatively small SLA (Morrow et al., 2004). The cold
eddy will lead to a decrease in ambient temperature. In early
February of 2017, a cold eddy (CE-A) was near 32.5°N, 121.5°E
(Figure 5A). Driven by the northerly wind, the cold eddy then
moved southeastward and appeared at 32°N, 123.5°E on 7
February (Figure 5B), during which its position and size
changed. Subsequently, from 8 February to 13 February, CE-A
gradually merged with a cold eddy along the coast of Jiangsu
Province, thus forming a new cold eddy (CE-B) (Figure 5C). On
14 February, CE-B merged with a southeastern cold eddy at 30°
N, 124°E, forming a larger cold eddy (CE-C) (Figure 5D). On 15
February, a new cold eddy (CE-D) separated from CE-C, and its
position was rather close to target site (Figure 5E). From 16
February to 19 February, CE-D actually persisted and gradually
moved towards target site along with the southerly wind, as
shown in Figures 5F–I, leading to further cooling of the area.

Another cause of cooling is the strong northerly wind
(Figures 4, 5). The variation of wind at target site from
January 10 was demonstrated in Figure 6A. The wind
direction varied frequently: from 10 January to 14 February,
the wind was basically from north and northwest except 28-30
January and 3-5 February, while from 15 February to 19
February, obvious wind direction alternations occurred.
Furthermore, the strength of northerly and northwesterly wind
(~10 m/s) was significantly stronger than the southerly winds
(~5 m/s). The northwest wind brought cold and dry air from the
continent, resulting in a huge loss of ocean heat from the ocean
to the atmosphere (Kim et al., 2018), which could cause the
cooling of February (Luis and Kawamura, 2000).

At target site, the temperature had decreased by 4.5°C within 6
km during about 40 days before the sudden death event. The
cooling range can reach up to 60 km with a drop of 6.6°C, which
can be found from both HYCOM and GHRSST at every depth
(Figures 6B, C). Figures 6D–G demonstrate that the temperatures
and salinities on 18 February were lower than those on 10 January
within the nearby area of target site. However, the variation in
salinity was less than 1, which was weaker than that in
temperature. Wang et al. (2021) discussed the effects of salinity
on small yellow croaker through controlled experiments on the
enzyme activities in them after salinity changed. They found that
when the salinity is reduced to 5, the croaker can adjust the
physiological function by mobilizing the enzymes in the body in
time, thusmaintaining the osmotic pressure balance of the internal
and external environment and surviving. Therefore, the slight
change of less than 1 (Figures 6E, G) would not cause the death of
small yellow croaker. Thus, more attention should be paid to
temperature decrease (cooling).

The generation algorithm of HYCOM and GHRSST
involves shift, interpolation, and assimilation of observed
data, which may bring unavoidable estimation errors
May 2022 | Volume 9 | Article 908195
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(Minnett and Kaiser-Weiss, 2012; Helber et al., 2013), especially
the underestimation of sharp variations both in space and time
domain. Due to the lack of directly in-situ data of target site, we
analyzed the observed surface temperature at 2 coastal stations
(Figure 2A blue dots). As shown in Figure 2B, the variation of
surface temperature reflected by the in-situ data has a trend of
decreasing, up to 15°C, during most of February, especially from
16 to 18 February. This is similar to the variation reflected by the
HYCOM and GHRSST data (Figures 6B, C). Nevertheless, the
magnitude of the variation is different. It is reasonable to speculate
that the actual cooling at target site at the time of this event could
be greater than that shown by the modelling datasets.

3.2 Spatial Distribution of Sea Temperature
SST data can be used to explore the possible effect of the
Kuroshio on this death event. The spatial distribution of daily
mean SST of the ECS during February (Figure 3) shows that the
warm Kuroshio was approximately 22°C and generally flowed
northeastward, which could bring a wealth of nutrients. Figure 3
also illustrates the relatively cold Jiangsu Coastal Current, which
has abundant inorganic nutrients (Zhang et al., 2020) and moves
southeastward. The target site was in the middle of 14°C and
16°C isotherms on 4 February both at the surface and bottom.
Later, it was between the isotherms of 12°C and 14°C and closer
to 12°C on 18 February, which meant the temperature had
decreased significantly. In addition, there were tongue-shaped
temperature gradients between the Kuroshio intrusive path and
target site, and a cold-water tongue was found north of it, which
was easy to form thermal fronts.
Frontiers in Marine Science | www.frontiersin.org 5
Since the regional model has a higher vertical resolution near
shore, we use this modelling dataset to analyze the vertical
structure. The northwest-southeast and the northeast-
southwest direction are represented by blue and red lines
respectively in Figures 3C, G, K. As shown in Figure 7, the
profiles also indicate the temperature decrease and temperature
gradients, which will be further explored in the following
sections. Besides, the temperature near target site shows
obvious vertical uniform structures. From the surface to
bottom, seawater was well-mixed and the temperature was
relatively cold.

3.3 Ocean Fronts
Ocean fronts can be seen in the vertical profile of temperature
(Figure 7). The temperature in the southeast was higher than that in
the northwest, showing a clear temperature gradient (Figures 7A,
C, E). On 4 February, the vicinity of target site presented a
temperature of approximately 13.5°C, followed by a gradual
movement of the cold water from northwest gradually to
southeast, resulting in a drop of 1.5°C in 2 weeks (Figure 7G). As
coldwatermoved, the front around target site was also strengthened.
This might be related to changes in the intrusive path of the cold-
water tongue, which gradually moved southeastward.

In the northeast-southwest direction, the temperature profile
presents a “sandwich” structure (Figures 7B, D, F), showing that
warmer seawater was on both sides and relatively colder seawater
was in the middle. The center of low temperature was located
around 126°E, which indicated that there were fronts on both
sides near target site, especially the southwest side. As the cold
A

B

FIGURE 2 | (A) Locations of observed data stations (blue dots) and the target site (red dot). (B) Temperature variation of in-situ data at 2 stations in February 2017.
The data came from Zhejiang Ocean and Fisheries Bureau.
May 2022 | Volume 9 | Article 908195
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water gradually diffused, it also showed that the temperature of
target site dropped, which is consistent with the results of section
3.2, whereas the fronts remained on both sides.

The horizontal gradients are commonly used to detect ocean
fronts. The intensities of the temperature fronts at the surface
and bottom are calculated by using the formula:

DT =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∂T
∂ x

� �2

+
∂T
∂ y

� �2
s

,

where x and y represent the distances of latitude and longitude
respectively. The spatial distribution of intensities of temperature
fronts shows that there were continuous and intense fronts at the
surface and bottom near target site. The intensity of thermal
fronts increased by 0.01°C/km at the bottom and 0.005 °C/km at
the sea surface from 7 to 12 February 2017. The range of strong
fronts near the target site expanded from 12 to 18 February
(Figures 8A–F).
Frontiers in Marine Science | www.frontiersin.org 6
Daily variations of ocean fronts in February from 2015 to 2019
(Figures 8G, H) indicate that the intensity of the fronts near target
site in 2017 was the largest in the past 5 years from 2015 to 2019,
both at the surface and bottom. The average fronts intensity at the
surface and bottom was 0.05°C/km in 2017, 0.03°C/km in 2018,
while 0.02°C/km in the other 3 years. In 2017, the intensities of the
temperature fronts in the bottom layer increased significantly after
14 February. The variations of ocean fronts might have acted as a
barrier, affecting the movement of small yellow croaker.
4 DISCUSSION

Based on comprehensive data analysis, the reasons for the
sudden death event of small yellow croaker in the ECS during
winter 2017 are illustrated in Figure 9.

The target site is near the overwintering ground of the ECS stock,
between 60 m and 200 m isobaths within the continental shelf
(Figure 1A). The intrusion of nutrient-rich NKBC could provide
A B D

E F G

I

H

J K L

C

FIGURE 3 | Comparison of sea surface temperature obtained from GHRSST (left panels: A, E, I), global HYCOM (the second panels: B, F, J), and the regional
model (the third panels: C, G, K): note that the red line refers to the NE-SW transect and the blue line refers to the NW-SE transect; the bottom temperature
obtained from global HYCOM (right panels: D, H, L). The selected time is 4, 13, and 18 February 2017.
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food and attract small yellow croaker to gather. Fish larvae will be
transported onto the shelf by the northward intrusion of Kuroshio
and its associated streamers and eddies (Sassa, 2019). The trawl
investigation of demersal fish in the ECS carried out by Xu et al.
(2019) also proved that the distribution of these fish closely matched
intrusion of NKBC. Also, the tongue-shaped cold-water in Figure 3
and curved fronts in Figure 8 demonstrate that high-nutrients
Jiangsu Coastal Current is moving to the target site, which can also
provide nutrients.

There were continuous ocean fronts near the target site,
especially temperature fronts (Figures 7, 8), which provided
sufficient nutrition for small yellow croaker. In the early 20th

century in Japan, the first scientific expression describing the
relationship between fishes and fronts was so-called Kitahara’s
law, which was put in fewer words: “fish shoals tend to be
congregated in ocean fronts” (Sournia, 1994). A recent study
Frontiers in Marine Science | www.frontiersin.org 7
discussed the relationship between fronts and skipjack tuna
fishing grounds (Zainuddin et al., 2021). They found that
skipjack gathered around the thermal fronts with a distance of
0-40 km. Ding et al. (2021) used satellite and reanalysis data to
explore the causes of unusual fish assemblage in February and
March 2017 in the ECS. They confirmed that fish are more likely
to migrate to fishing areas with relatively high temperature,
northerly wind, strong thermal fronts and high chlorophyll-a
concentration. Based on their analysis, fish assemblage appeared
when the front intensity was around 0.05°C/km in the 32°N,
125.5°E of the ECS in March 2017, which is consistent with front
intensity at the target site. Moreover, several studies have
confirmed that the abundance of most fish peaked at or near
fronts (Tseng et al., 2014; Woodson and Litvin, 2015; Alemany
et al., 2018; Belkin, 2021). This was because fronts were usually
considered as locations of maximum biodiversity and elevated
A B

DC

FIGURE 4 | Temperature differences on the basis of 10 January (color shading) and daily average winds (vectors) of 4 (A), 8 (B), 12 (C), and 17 (D) February in the
ECS. The SST were obtained from GHRSST and the wind data came from CCMP.
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production in the ocean (Palacios et al., 2006; Woodson et al.,
2012; Svendsen et al., 2020; Belkin, 2021). Besides, the fronts
were beneficial to development and maturation of the gonads of
small yellow croaker (Kucera et al., 2002). Consequently, the
fronts were conducive to the gathering of small yellow croaker.

Meanwhile, ocean fronts formed “water barriers” for small
yellow croaker that might restrict their horizontal movement
(crossing the front) and hinder the range of movement, thus
preventing the fish from escaping or prolonging their retention
time. Such phenomena occurred because the gradients were large
along the fronts, and fish tended to migrate along the boundaries
rather than cross them (Iwatsuki et al., 1989; Hubbard et al.,
2004). Furthermore, the most important prey of small yellow
croaker are planktonic crustaceans (mainly krills and decapods)
Frontiers in Marine Science | www.frontiersin.org 8
(Xue et al., 2005), which don’t have the ability to swim
autonomously and can only rely on the flow of seawater to
move. According to Iwatsuki et al. (1989), if the surface current
moves toward the fronts and the current speed is 0.1 m/s or
more, the fish larvae and crustaceans will follow the water masses
toward the front and then convey along the frontal zone
horizontally, further increasing fish population. In our case, the
ocean fronts are basically in the northeast-southwest direction.
From Figure 10, the speeds are larger than 0.1 m/s in most of the
time, and the current was toward the fronts, especially on 10, 16,
and 19 February. Therefore, a large number of small yellow
croaker would gather and be confined near the target site, thus
causing the large fishery catch in February 2017. In previous
studies, the influence of the fronts had also been found in lots of
A B

D E F

G IH

C

FIGURE 5 | Changes of SLA (color shading) and wind (vectors) in 1 (A), 7 (B), 13-19 (C–I) of February 2017. Closed contour lines of SLA are cold eddies and
warm eddies, and the negative centers are cold eddies. The SLA data were obtained from CMEMS and the wind data were from CCMP.
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areas. For example, Hidayat et al. (2019) carried out a survey to
confirm that the distribution of skipjack tuna fishing grounds
was at or near the detected thermal fronts in the Makassar Strait.
Garcés-Rodrıǵuez et al. (2021) found that the highest fish larvae
abundance was related to the strongest thermal fronts in the
Midriff Archipelago region, Gulf of California through cruises.

Fish are poikilothermic animals, meaning their body
temperature changes with the ambient temperature (Lall and
Tibbetts, 2009), and all of their physiological and behavioral
parameters are controlled by temperature (Fry, 1947; Donaldson
et al., 2008). Thus, changes of sea temperature due to wind and
other factors will cause changes in the actions of fish. The small
yellow croaker is warm-temperate demersal fish and prefers warmer
water (Chen et al., 2010). As the temperature at the bottom of the
target site continued to drop (Figures 6B, C), large numbers of
small yellow croaker swim up from the bottom in search of a
warmer environment. With the drop of temperature, seawater
convection will be enhanced, leading to a more uniform structure
(Killworth, 1983), making it possible for fish to swim up
unimpededly (Figure 7). Meanwhile, high concentration of
nutrients at the bottom can diffuse to the surface, which may
Frontiers in Marine Science | www.frontiersin.org 9
better promote photosynthesis. In this case, the migration process of
fish could occur in all water layers, which meant that the demersal
yellow croaker could float to the sea surface without the limitations
of thermoclines (Li, 1982). For example, the vertical isothermal
structure caused by a cold wave in the Bohai Sea on 6 October 1977
led to a large number of prawns floating up to the surface, which
greatly affected the catch (Li, 1982). During the process of
migration, a decrease in sea temperature was caused by southerly
movement of cold eddies and northerly wind (Figures 4–6A). Based
on HYCOM and GHRSST datasets, the temperature had dropped
at each depth by about 4.5°C in one and a half months at target site
(Figures 6B, C). Moreover, we believe the actual cooling range
would be greater than HYCOM and GHRSST show through the
analysis of nearshore in-situ data (Figure 2).

Qi et al. (2017) studied the floating algae blooms in the ECS in
2017, in which they analyzed SST anomaly from 2010 to 2017 and
found that the ECS experienced record-high temperature with a
positive anomaly of 0.7-1.3°C in winter 2017. The temperature
could as high as 18.21°C (Song et al., 2019). In this case, when the
small yellow croaker had adapted to a specific warm water
environment, the subsequent decrease of more than 4.5°C of
A

B

D E F G

C

FIGURE 6 | Changes of wind direction at the target site from 10 January 2017 (A). The data were from CCMP. Sea temperature variation from surface to bottom within 6
km (B) and 60 km (C) of the target site. The differences of surface (D) and bottom (F) temperatures and the differences of surface (E) and bottom (G) salinities between 18
February and 10 January 2017. The areas of decline have been marked. The temperature and salinity data were from HYCOM.
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living environment in around 40 days caused by the cold eddies and
wind might cause a series of physiological and behavioral
discomfort and even death. Donaldson et al. (2008) referred to
the death of fish due to a decrease in temperature as “cold shock”.
Cold shock is one of the stress responses of fish, and it affects the
central nervous system, metabolic function, and ionic balance of fish
(Donaldson et al., 2008). Furthermore, it leads to slow movement,
compromised swimming and foraging ability, reduced
responsiveness, shrinkage of gill, loss of equilibrium, the onset of
cold coma, starvation, and respiratory failure (Fuiman and Batty,
1997; Smith and Hubert, 2003; Hurst, 2007; Donaldson et al., 2008).
Several studies have focused on the effects of cold shock on fish and
catches. For instance, Emery (1970) implicated declining
temperatures from a seiche as a cause for high mortalities of
sculpins and crayfish in Georgian Bay, Lake Huron, Canada.
Frontiers in Marine Science | www.frontiersin.org 10
Lee et al. (2014) illustrated the effects of an unusual cold-water
intrusion caused by a strong and continuous northeasterly wind in
2008 around Taiwan Islands. They noted that the cold water caused
the death of fish but increased the catches from a set-net fishery,
with the majority of the catch represented by migratory species.
Through these studies, we confirmed the negative impacts of
cooling on the living of small yellow croaker. Thus, the abnormal
cooling caused by wind and cold eddies in February 2017 may be
the main factor for the death of small yellow croaker.

This study has some limitations. We lack in-situ temperature,
chlorophyll, dissolved oxygen measurements at target site.
Moreover, due to the lack of higher-resolution datasets, we are
unable to discuss the effects of smaller-scale motions, such as the
submesoscale processes. For example, enhanced vertical and
horizontal currents and high levels of shear can be produced
A B

C D

E

G

F

FIGURE 7 | Upper left panels: the vertical temperature profile of the northwest-southeast direction (A, C, E). Upper right panels: the vertical temperature profile of
the northeast-southwest direction (B, D, F). Bottom panels: the vertical variation of temperature at the target site (G). The temperature data were obtained from the
regional model.
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A B C

D E

G H

F

FIGURE 8 | Spatial distribution of surface (A–C) and bottom (D–F) thermal fronts near the target site in February 2017. The fronts had been averaged between two
isotherms. Daily variations of thermal front intensity near the target site in February from 2015 to 2019 (G, H), (G) refers to the surface and (H) refers to the bottom.
The solid lines indicate the frontal intensity in 2015-2019, respectively, and black-dashed lines indicate the average front intensity in 2015-2019. The data were
obtained from HYCOM.
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by submesoscale fronts, which leads to nutrient flow into the
surface water, and in turn causes more concentration of
nutrients, phytoplankton and zooplankton (Genin et al., 2005;
Lévy et al., 2012; Mahadevan, 2016; Snyder et al., 2017), affecting
the migration of fish. Therefore, this abnormal event needs to be
further explored from multiple aspects.
Frontiers in Marine Science | www.frontiersin.org 12
5 CONCLUSION

This paper discusses the possible causes of the abnormal sudden
death event of small yellow croaker in the ECS during winter 2017.
Satellite and modelling datasets are used to investigate the possible
dynamic mechanisms of this event. The results indicate that small
FIGURE 9 | Schematic diagram of the reasons for the sudden death event of small yellow croaker in the ECS in winter 2017. For more details: see [1] in Figure 1A;
see [2] in Xu et al. (2018); see [3] in Figures 4–6A; see [4] in Figure 5; see [5] in Figure 7; see [6] in Figure 8.
FIGURE 10 | Current speeds of the target site from 10 to 21 February. The data were from HYCOM.
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yellow croaker overwintered through the ECS in the winter, and the
number of small yellow croaker would increase during this time.
The pathways of NKBC intrusion and the development of ocean
fronts might have provided nutrients, affecting the fish gathering.
Moreover, the fronts formed “water barriers” that blocked the
horizontal movement of the small yellow croaker. In the vertical
direction, due to the vertical isothermal structure, the demersal
croaker could freely swim to the sea surface. The analysis of multiple
data shows that the wind directions switched several times in late
February but mainly northerly, moreover, the cold eddies moved
southward. There was more than 4.5°C drop of temperature caused
by wind and the moving cold eddies in about 40 days, leading to
“cold shock” of the fish, which finally resulted in discomfort and
eventual death of small yellow croaker. Under the comprehensive
influence of these factors, a large number of dead small yellow
croaker emerged from the sea at the target site. In short, the impacts
of changes in the marine dynamic environment on the abnormal
death event of small yellow croaker are multifaceted, and the
influences of other environmental factors, such as chlorophyll,
dissolved oxygen, and submesoscale processes, need to be further
studied. A comprehensive understanding of the relationships
between marine dynamic factors and main creatures will be of
great scientific significance in making fisheries policies and using
marine fishery resources.
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