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Abstract: Two large fish assemblages were recorded in the overwintering fishing grounds of the
East China Sea in February and March 2017. In this study, available time series of satellite-derived
sea surface temperature, wind, chlorophyll 4, and reanalysis data were used to explore the relation-
ships between the observed large fish aggregations and environmental factors. The bottom waters
of the fishing grounds were abnormally warm in winter 2017, and then experienced significant cool-
ing due to the eastward movement of the Yellow Sea Cold Current, which was driven by the in-
creased northwesterly wind from January to mid-March 2017. Fishing areas in the affected region,
including No. 1891, which was abnormally warm, and No. 1592, which had a strong thermal front
and high chlorophyll a concentration, might have provided suitable environments for the warm-
temperature fish, resulting in the observed large fish assemblages. The abnormal temperature
changes between winter and early spring 2017 may have been associated with changes in local ocean
circulation.

Keywords: fish assemblage; temperature; environmental change; Yellow Sea Coastal Current;
East China Sea

1. Introduction

Changes in fishery resources are not only associated with increased anthropogenic
fishing pressure, but are also closely related to fluctuations in marine environmental fac-
tors, such as winds, sea surface temperatures (SST), and ocean currents [1-3]. Of these,
temperature has the most significant effect on fish activity [4]. Changes in temperature
directly or indirectly affect fish migration behaviors, growth, and habitat distributions
[5-7]. Eveson et al. [8] demonstrated that water temperature is the environmental variable
most commonly used to forecast tuna fishing grounds. The strong relationships between
temperature and fish abundance are well documented [9]. In addition, several studies in-
vestigated the effects of abrupt changes in temperature on fishing grounds and fishery
resources, e.g., [4,10]. For example, some fish species shifted northward during the 2012
ocean heat wave in the Northwest Atlantic [4], while a cold event in 2008 contributed to a
massive fish die-off near the Penghu Island, Taiwan [10].

The East China Sea (ECS) is a marginal sea in the western Pacific Ocean that has a
vast shallow continental shelf (Figure 1). The Yangtze River carries a large volume of ter-
restrial material into the ECS, and the southeastern ECS is strongly affected by the warm
Kuroshio current [11,12]. The ECS circulation is influenced by the East Asian monsoon:
Northerly winds prevail in winter, while southerly winds prevail in summer [13]. The
primary currents affecting the ECS include the Kuroshio, Taiwan Warm Current
(TWWC), Yellow Sea Warm Current (YSWC), Yellow Sea Coastal Current (YSCC), and
Zhe-Min Coastal Current [1,14]. Interactions among bottom topography, large freshwater
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discharge, monsoon winds, and the Kuroshio intrusion led to the development of partic-
ular circulation regimes and distinct water masses [1]. Ocean parameters, such as temper-
ature and salinity, may change abruptly between water masses [15]. Fronts, which are
defined as boundaries between water masses, are generally characterized by strong mix-
ing and increased bioproductivity [16-18]. Thus, frontal zones often coincide with fishery
grounds in the ECS [19].
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Figure 1. Map showing the study area and water circulation in winter. The two red boxes outline
the two fishing areas (Nos. 1592 and 1891). Area B, which includes Nos. 1592 and 1891, is boxed by
blue dotted lines. The light gray lines represent isobaths. The bathymetric data were obtained
from the General Bathymetric Chart of the Oceans (GEBCO_2020) grid data from the British
Oceanographic Data Centre. TWWC: Taiwan Warm Current; ZMCC: Zhe-Min Coastal Current;
YSCC: Yellow Sea Coastal Current; YSWC: Yellow Sea Warm Current; TWC: Tsushima Warm
Current.

Being one of the most important fishing grounds in the west Pacific, the ECS is bio-
logically diverse and rich in fishery resources, with over 700 recorded species of fish, more
than 100 species of crustaceans, and 69 species of cephalopods [20-22]. All fish species are
considered inshore, offshore, or migratory [23]. Migratory species include the small yel-
low croaker (Larimichthys polyactis), hairtail, red seabream, and Pacific herring [23]. These
species spawn and mature in shallow nearshore waters, then migrate for food and over-
wintering far offshore [23]. Previous studies show that the abundances and spatial distri-
butions of fishery resources in the ECS are closely related to variations in marine environ-
mental variables [24-26]. For example, due to the influence of various currents and water
masses, primary productivity in the ECS is high during the summer [27]. Thus, the ECS is
an important spawning and nursery ground for commercially valuable fish such as the
small yellow croaker, hairtail, pomfret, and white Chinese croaker [26].
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ECS fisheries began to be heavily exploited in the 1980s [28,29], and the biodiversity
and abundance of commercial fish species decreased significantly since that time [30]. In
the 1990s, the abundance of large-sized, commercially high-value fish species, such as
hairtail, small yellow croaker, and silver pomfret, declined to less than 50% of levels in the
1980s, and low-value species began to dominate the catch [29,31]. In addition, although
fishing power increased by a factor of 7.6 between the 1960s and the 1990s, the catch per
unit effort in the ECS declined by a factor of 3 over the same period [23,32].

In late February 2017, a large number of small yellow croaker (L. polyactis) appeared
at the surface of fishing area No. 1891 in the ECS (Figure 2a). Fishermen caught more than
9000 kg of L. polyactis in about two hours (available online:
http://slide.news.sina.com.cn/s/slide_1_2841_108157 html#p=1, accessed on 2 March
2021). Two weeks later, in mid-March 2017, fishermen caught more than 90,000 kg of Col-
lichthys sp. and L. polyactis near fishing area No. 1592 in about ten days (Figure 2b) (avail-
able online: https://www.sohu.com/a/128766304_115864, accessed on 2 March 2021).
Large fish catches over short periods such as these are very rare in the ECS, especially as
fishery resources are currently reduced due to overfishing. Although some previous stud-
ies explored long-term variations in fishery resources and the relationship between these
variations and climate change [33-36], investigations of the environmental factors associ-
ated with the sudden appearance of abundant fish assemblages in the ECS are limited.

(a) (b)
Figure 2. Fishermen catching large quantities of fish in the ECS. Larimichthys polyactis caught in
fishing area No. 1891 in late-February 2017 (a, available online: http://slide.news.sina.com.cn/s/
slide_1_2841_108157.html#p=1, accessed on 2 March 2021); Collichthys sp. and L. polyactis caught in
fishing area No. 1592 in mid-March 2017 (b, available online: https://www.sohu.com/a/1287
66304_115864, accessed on 2 March 2021).

Therefore, to investigate the drivers of the large fish assemblages recorded between
February and March 2017, we utilized time series data for satellite-derived sea surface
temperature (5ST), wind, and Chl a concentration, and we used reanalyzed data including
data covering temperature and geostrophic currents to investigate variations in marine
environmental factors across the fishing grounds, particularly Nos. 1891 and 1592. This
study aimed to explore possible mechanisms associated with the large fish accumulations
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observed in February and March 2017. Usually, large fish assemblages are rare and diffi-
cult to predict. However, an improved understanding of the complex relationships among
environmental factors in marine ecosystems will help to clarify the responses of fishery
resources to marine environmental change, and will inform the development of fishery
policies that anticipate future changes in resource availability due to abrupt shifts in ma-
rine conditions.

2. Materials and Methods
2.1. Satellite Data and Processing

Daily and monthly global Operational Sea Surface Temperature and Sea Ice Analysis
(OSTIA) data from 2011 to 2019 were obtained from the European Copernicus program
(http://marine.copernicus.eu, accessed on 2 March 2021), and Advanced Scatterometer
(ASCAT)-derived wind-speed and wind-direction data for the same period were obtained
from Remote Sensing Systems (http://www.remss.com, accessed on 2 March 2021). The
spatial resolution of the OSTIA global sea surface temperature (SST) data is 5 km, and that
of the ASCAT-derived wind data is 25 km. Monthly Chl a data from the Moderate Reso-
lution Imaging Spectroradiometer (MODIS)/Aqua were obtained from the NASA God-
dard Space Flight Center (https://oceancolor.gsfc.nasa.gov, accessed on 2 March 2021) and
have a spatial resolution of 4 km. Daily Chl a concentration data, derived from geostation-
ary satellite Himawari-8, were obtained from the P-Tree System (Japan Aerospace Explo-
ration Agency, https://www.eorc jaxa.jp/ptree/index.html, accessed on 2 March 2021) and
have a spatial resolution of 5 km.

Temporal changes in the main marine environmental factors in fishing areas No. 1592
(125.5°E-126.0°E, 32°N-32.5°N) and No. 1891 (125.0°E-125.5°E, 30°N-30.5°N; Figure 1)
were analyzed, as the abnormal fish assemblages of 2017 were observed in these areas.
We also established a larger study site surrounding fishing areas Nos. 1592 and 1891 (area
B; 125°E-126.5°E, 30°N-32.5°N) in order to investigate the main environmental parame-
ters of the overwintering fishing grounds.

Gradient methods are commonly used to recognize and define oceanic fronts. The
amplitude grad (i, j) of the SST gradient was computed at each grid point (7, j) in the ECS
using the central difference method of Wall et al. [37] as follows:

SST.

i+1,j

_SST;—I,j 2 +(SS7:',j+l _SST;,j—l )2 (1)
2Ax 2Ay

gmd(i,j)=\/(

where AX and Ay are the distances in kilometers between pairs of neighboring grid
points in the east-west direction and the north-south direction, respectively.

Here, we defined thermal fronts as those where the SST gradient was >0.025 °C/km.
In this way, the weak front at the southern edge of the YSCC was manifested. The frontal
intensity was then calculated as the average SST gradient of the pixels with gradients
greater than the threshold. We also calculated frontal intensity using other frontal thresh-
olds (e.g., gradient thresholds of 20.01, 20.015, and 20.02 °C/km) and compared our results
with those generated using a gradient threshold of 20.025 °C/km (Figure 3). We found no
significant differences among daily frontal intensities calculated based on different thresh-
olds for fishing areas No. 1891 and 1592 between January and May 2017 (Figure 3). The
correlation coefficient (R?) was >0.74 for fishing area No. 1891 and >0.96 for fishing area
No. 1592.
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Figure 3. Daily frontal intensities from January to May 2017 calculated using different frontal
thresholds for fishing areas No. 1891 (left panels) and No. 1592 (right panels).

Nighttime light remote sensing data were previously shown to be an effective proxy
with which to monitor fishing activity and evaluate fishery resources [38,39]. Waluda et
al. [40] used satellite-derived nighttime lights to show that fish catch was positively cor-
related with estimated fishing extent. Indeed, light intensity at night affects fish activity
levels and aggregation [41,42]. Because monthly fish catch data at the study sites are not
available, we used nighttime light intensity to approximate the temporal changes in fish-
ery activity levels. Higher light intensities might imply increases in fishing effort or fish
abundance. The monthly average radiance composite images derived from the Visible In-
frared Imaging Radiometer Suite (VIIRS) Day/Night Band (DNB) for February and March
from 2013 to 2019 were obtained from the Earth Observations Group (https://payneinsti-
tute.mines.edu/eog/nighttime-lights/, accessed on 2 March 2021), with a spatial resolution
of 15 arc-seconds (~500 m). DNB radiance data affected by stray light, lightning, lunar
illumination, and cloud cover are excluded from the DNB datasets before averaging [43].
We used the average monthly radiance data greater than zero in area B to analyze tem-
poral changes in nighttime light intensity.

2.2. Temperature and Geostrophic Currents from ARMOR3D

The Multi Observation Global Ocean ARMOR3D L4 multi-year reprocessed (REP)
weekly data from 2011 to 2019 were obtained from the E.U. Copernicus Marine Service
(http://marine.copernicus.eu, accessed on 2 March 2021). The product used in this study
was MULTIOBS_GLO_PHY_TSUV_3D_MYNRT_015_012. The ARMOR3D product con-
sists of global 3D temperature, salinity, geopotential height, geostrophic currents, and 2D
mixed layer depth defined on a 1/4° regular grid, from the surface down to a depth of 5500
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m [44,45]. The temperature and salinity observation-based product uses statistical meth-
ods to combine remote sensing observations (sea level anomaly and SST) with in situ ver-
tical profiles of temperature and salinity (derived mainly from Argo floats but also from
other sources including Conductivity-Temperature-Depth (CTDs) and eXpandable-
Bathy-Thermograph (XBTs)) [45]. The global 3D geostrophic circulation was estimated by
merging altimetric data and a synthetic 3D thermohaline field using the thermal wind
equation with the reference level set at the surface [44].

3. Results
3.1. Temperature

The spatial distribution of average SST in the ECS from February to March clearly
showed a cold-water tongue, represented by a 12.5 °C isotherm, extending southeastward
from the Yellow Sea (Figure 4). Fishing areas Nos. 1891 and 1592 were located at the edge
of this cold-water tongue. Unlike the 12.5 °C isotherm observed each year from 2011 to
2019 (but excluding 2011 and 2017), the 12.5 °C isotherm of 2017 shifted northwards or
eastwards (Figure 4).

= 91 4
. ] o
20°N 0975 ‘ '2013?
‘ ‘ 2
120°E 122°E 124°E 126°E 120°E 122°E 124°E 126°E 120°E 122°E 124°E 126°E

Figure 4. The spatial distributions of average OSTIA SST in February and March in the East China
Scheme from 2011 to 2019. The overlaid solid red line represents the 12.5 °C isotherm based on the
average SST from February to March in 2017, while the dashed black line represents the 12.5 °C
isotherm based on average SST from February to March in the year indicated.

Daily variations in SST between January and April from 2011 to 2019 indicated that
relatively high SST took place early in January in both fishing areas Nos. 1891 and 1592.
Then, the SSTs decreased until mid- or late-March (Figure 5). The SST of No0.1891 was
warmer in 2017 than in other years on the same days before mid-March. For No. 1592,
warm SST appeared in early January, and it was warmer than the SSTs of other years
excepting 2019. After that, the SST decreased and was <12 °C in mid-March 2017 (Figure
5).
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Figure 5. Daily SST between January and April 2011-2019 for (a) fishing area No. 1891 and (b) fishing area No. 1592. The
thickened red lines correspond to 2017.

The vertical distributions of temperature derived from ARMOR3D for area B be-
tween 2011 and 2019 are shown in Figure 6. The upper 50 m of the water column in area
B was relatively cold and vertically mixed; the bottom layer was warmer, possibly due to
the influence of the TWCC [46]. Compared with other years, the bottom layer (60-80 m)
in early January 2017 was relatively warm (>18 °C), warmer than any other years except
for 2016 and 2019 (Figures 6 and 7). Then, water temperature decreased, and relatively
cold water (<14 °C) appeared in March 2017 (Figure 6). We calculated the differences in
water temperatures between the week with the coldest average water temperature (the
11th week, March 12-18) and the week with the warmest average temperature (the 1st
week, January 1-7) for the upper layer (0-20 m) and the bottom layer (60-80 m) (Figure
7). We found that the magnitude of cooling in area B from early January to mid-March
2017 was generally greater than that in any of the other nine years. This was especially
dramatic in the bottom layer, the temperature of which decreased by >4 °C between early
January to mid-March 2017, a greater decrease than that in any other year (Figure 7).
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Figure 6. Vertical distributions of temperature between January and April 2011-2019 for area B.
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Figure 7. Temperatures in the 1st week (solid lines) and 11th week (dashed lines) in the upper
layer (0-20 m) and the bottom layer (60-80 m) in area B. Both temperatures are graphed in (a);
differences between the 1st and 11th week are shown in (b). The OSITA SSTs are superimposed
for comparison.

3.2. Thermal Fronts

The spatial distribution of the SST gradient in the ECS is shown in Figure 8. A high
SST gradient was particularly noticeable at the northern edge of the cold-water tongue,
where the cold YSCC meets the warm YSWC. Fishing area No. 1592 is located inside the
northern strong thermal front, and fishing area No. 1891 is located at the edge of the south-
ern weak thermal front (Figure 8a). The frontal intensity in the fishing area No. 1592 was
stronger than the multi-year average, while the intensity of the thermal front in most of
fishing area No. 1891 was weaker than in normal years (Figure 8b).

Daily changes in frontal intensity between 1 January 2017 and 1 May 2017 indicate
that the frontal intensity in fishing area No. 1891 was weaker than that in fishing area No.
1592 (Figure 9). The strongest frontal intensity in fishing area No. 1891 appeared in late
January. Frontal intensity remained relatively strong through mid-February and became
relatively weak in March. The strongest frontal intensity in fishing area No. 1592 appeared
in mid-February, about one month later than that in fishing area No. 1891. Thus, in neither
area did the appearance of the unusually large fish assemblage exactly coincide with
the peak of frontal intensity. However, the large fish assemblage did appear in fishing
area No. 1592 at a point when frontal intensity was relatively strong (Figure 9). Com-
pared with multi-year average, the frontal intensity in fishing area No. 1891 was weaker
on most days in February and March 2017. However, the frontal intensity in fishing area
No. 1592 was higher than average between January and mid-March 2017 (Figure 9).
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Figure 8. (a) The spatial distribution of the average SST gradient and (b) the gradient anomaly
during February and March 2017. The gradient anomaly was obtained by subtracting the average
gradients for February and March 2011-2019 from the gradients for February and March 2017.
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Figure 9. (a) Daily fluctuations in frontal intensity for fishing area No. 1891 and (b) fishing area
No. 1592 from January to April 2017. The solid and dashed lines indicate the frontal intensity in
2017 and the average frontal intensity in 20112019, respectively. The bold red lines on each x-axis
indicate the time periods at which the large fish assemblages were observed in each area (as
shown Figure 2).

3.3.Chla

Analysis of the spatial distribution of MODIS Chl a concentration in February and
March 2017 showed that nearshore Chl a2 was greater than offshore Chl a (Figure 10a). Chl
a concentrations were greater than 1.0 mg/m3 in both fishing areas (Nos. 1891 and 1592).
In 2017, Chl a levels greater than the multi-year average mostly occurred in or near ther-
mal fronts (Figure 10b), and these locations also had stronger than average frontal inten-
sities (Figure 8b). Indeed, the Chl a concentration in fishing area No. 1592 was 0.21 mg/m?
(11.9%) higher than the multi-year average.

Because several datapoints in the daily Himawari-8-derived Chl 4 dataset for fishing
areas Nos. 1891 and 1592 are missing due to bad weather or cloud cover, we used the daily
changes in Chl 2 concentration in area B as a whole (including both fishing areas; Figure
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10c). Chl a concentrations were relatively high from early February to mid-March, con-
sistent with the appearance of relatively intense fronts (Figure 9).
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Figure 10. (a) The spatial distribution of average MODIS-derived Chl a concentrations and (b)
Chl a anomalies in area B, overlaid with an SST gradient of 0.025 °C/km in February and March
2017. (c) Daily changes in Himawari-8-derived Chl a concentrations in area B. Chl 2 anomaly data
were calculated by subtracting the average Chl a concentration in February and March 2011-2019
from the Chl a concentration in February and March 2017.

3.4. Wind

Northerly winds prevailed in the ECS during February and March 2017 (Figure 11a).
The polar wind chart indicates that the wind field in 2017 was mainly northerly and north-
westerly, in contrast to the multi-year average wind field, which was dominated by nor-
therly and northeasterly winds (Figure 11b). The frequencies of northerly and northwest-
erly winds in February and March 2017 were greater than the multi-year average, while
the frequencies of northeasterly winds were significantly lower. Furthermore, the speeds
of northerly and northwesterly winds in February and March 2017 were significantly
stronger than the multi-year average, while the northeasterly winds were weaker (Figure
11b).
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2011-2019 (left panel) and the average wind in February and March 2017 (right panel).

4. Discussion

During February and March 2017, large fish assemblages were observed in fishing
areas Nos. 1891 and 1592 (Figure 2). We used monthly average nighttime light radiance
data to demonstrate that fish abundance was also high in other locations in area B (Figure
12a). Nighttime light radiance in area B was high in 2017 and 2018 (Figure 12a). The aver-
age radiance in February and March 2017 was 38% higher than that of 2013-2016. High
radiance levels correspond to higher light intensities, indicating that greater fishing fleets
and fish abundance were at sea [40]. Indeed, it was previously reported that many fisher-
ies worldwide use artificial light to attract pelagic fish and increase fish catches, e.g.,
[41,47]. Our results suggested that there might have been a considerable number of fishing
fleets operating near the fishing grounds of area B due to the relative abundance of fish
during February and March 2017 (Figure 12a).
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Figure 12. (a) Average DNB radiance, (b) SST, (c) Chl 4, and (d) frontal intensity in February and
March 2013-2019 in area B (the area outlined with a dashed blue line in Figure 1).

L. polyactis and Collichthys sp., which are economically important fishery species in
China, are warm-temperate demersal fish [48,49]. Generally, the spawning grounds of
these fish are located on the inner shelf of the ECS or its estuaries [50]. Due to the south-
eastward intrusion of the cold YSCC in the winter, the nearshore environment becomes
unsuitable for the growth of these species; both species thus migrate to warm offshore
areas and overwinter at depths of 40-80 m [51-53]. Previous studies showed that the main
winter fishing grounds in the ECS are located at the southern shelf area, where the YSCC
and TWWC meet, or at the eastern slope area, where the YSCC and YSWC meet [50]. The
two fishing areas examined in this study, Nos. 1891 and 1592, are located in these mixed
waters (Figure 1). These fishing grounds are influenced by various different water masses
and consequently have strong temperature and salinity gradients [15]. These fishing
grounds also include areas with high abundances of small- and medium-sized copepods,
which provide a rich food source for L. polyactis and Collichthys sp. [54]. Therefore, L. pol-
yactis and Collichthys sp. tend to migrate and gather in these fishing areas for the winter.

Environmental changes strongly affect the paths, compositions, and durations of fish
migrations for feeding or overwintering [55-57]. In January 2017, the bottom water be-
came relatively warm (>18 °C). The water temperature in this layer then decreased due to
the eastward movement of the cold YSCC. The decrease in the temperature of the bottom
layer was especially dramatic in 2017 (Figure 7). Liu et al. [58] indicated that L. polyactis
tolerate a wide range of temperatures (6-26 °C). However, as both L. polyactis and Collich-
thys sp. are warm-temperate demersal fish, they might tend to migrate to warmer water
[50]. Indeed, L. polyactis and Collichthys sp. may not have been able to the tolerate the con-
tinuous cooling of the bottom layer in February and March 2017, and these fish may have
attempted to migrate to the surrounding warm water.

Fishing areas Nos. 1891 and 1592 are located at the edge of the cold-water tongue,
and are warmer than the surrounding water that is influenced by the YSCC (Figure 4).
Fishing area No. 1891 was warmer than average during January and March 2017 (Figure
5a), although frontal intensity was weak, and Chl a concentrations were not high (Figures
8 and 10). Several studies suggested that fish abundance increases with temperature, e.g.,
[9,59,60]. Therefore, the warmth of fishing area No. 1891 in February 2017 might have
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provided favorable conditions for warm-temperature fish, causing the observed large ag-
gregation of fish in this fishing area (Figure 2). However, the factors leading to the large
aggregation of fish on the sea surface in fishing area No. 1891 remain unclear due to lim-
ited data. Additional observations, combined with fish behavior analyses, are necessary
to understand better the factors that generated this aggregation at the surface.

In contrast to fishing area No. 1891, fishing area No. 1592 had stronger fronts (Figures
8 and 9) and higher Chl a concentrations (Figure 10) in 2017 as compared to other years.
Usually, a strong front is characterized by abundant nutrients and high primary produc-
tivity [61-64], which provides a suitable habitat for fish [48,65]. Figure 12 shows the inter-
annual variation in nighttime light intensity, average SST, front intensity, and Chl a con-
centrations for area B over the period 2013-2019. The two years with the greater light in-
tensity (2017 and 2018) also seem to have high frontal intensity (Figure 12a,d). These re-
sults further suggested that fishing grounds with high frontal intensity attracted more fish
schools. Consequently, fish abundance was high in these frontal areas, and more fishing
boats were present.

Fishery resources in the ECS have been gradually increasing as a result of recent mor-
atoriums on summertime fishing [49]. As fishing grounds recover, large fish assemblages
may reappear in the ECS. It is possible that the particular environmental conditions iden-
tified in winter and spring 2017, which provided a suitable environment for migratory
fish and which may have played an important role in the large fish aggregations of that
year, were also present in other years. These conditions included the relatively warm tem-
perature of the bottom layer in January (Figure 6), followed by a significant cooling of the
bottom layer between January and March (Figures 6 and 7), while the surrounding waters
remained warm; these conditions also included the observed strong frontal intensity and
high Chl a concentrations. Long-term time series of multi-disciplinary data, including his-
torical catch data, should be collected to investigate the complex relationships between
environmental change and variations in fishery resources further.

Numerous studies previously showed that increases in ECS temperatures are associ-
ated with global warming [66,67], and average winter SST in the ECS has increased an
average of ~0.3 °C/decade, which far exceeds the globally averaged rate of ocean surface
warming [68]. Indeed, the ECS experienced record-high temperatures in the winter
months of 2017 [69], which was consistent with the high temperatures recorded in January
2017 (Figures 5 and 6).

The significant cooling from January to mid-March 2017 might be linked to the east-
ward movement of cold YSCC (Figures 4 and 13a). Circulation in the ECS and the Yellow
Sea is controlled by the East Asian monsoon [70,71]. As shown in Figure 13a, the Kuroshio,
TWC, and TWWC have greater northward velocities than other surrounding currents.
The frequent and strong northerly and westerly winds (Figure 11) in February and March
2017 enhanced the YSCC (Figure 13b), which might have driven more cold water from the
Yellow Sea into the northern ECS, causing the cold-water tongue of the YSCC to move
further eastward in February and March (Figures 4 and13b). At the same time, the warm
TWWC in the south moved abnormally northward (Figure 13b), raising the SST of fishing
area No. 1891 above the multi-year average (Figures 4 and 5). The strengthened YSCC
reduced SSTs, increasing the temperature difference between the YSCC and the YSWC.
This increased frontal intensity between the cold and warm water masses (Figure 8) led
to an increase in Chl a concentrations (Figure 10). As demonstrated by Weisberg et al. [72],
ocean circulation unites nutrients with light, fueling primary productivity and higher
trophic level interactions. Thus, ocean currents may play an important role in the regula-
tion of phytoplankton growth and fishery resources.
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Figure 13. (a) The distribution of average sea surface currents (SSCs) and (b) SSC anomalies in
February and March 2017. Colors correspond to current speed, while arrows indicate current di-
rection. SSC anomaly data were calculated by subtracting the average SSC during February and
March 2011-2019 from the SSC in February and March 2017.

Over recent decades, ocean temperatures increased steadily due to climate change,
and these increases strongly impacted the marine ecosystem [73-75]. The ECS was previ-
ously identified as a critical area of significant ocean warming, e.g., [76-78]. Abrupt ma-
rine environmental changes are expected to become more common as climate change pro-
gresses [35]. Warming trends and/or abnormal temperature changes may affect the abun-
dance, mortality, growth, and distribution of marine fish [33,34,79]. Here, we showed that
the large fish assemblage in the ECS winter fishing ground in February and March 2017
may have been associated with abnormal temperature changes associated with the east-
ward movement of the YSCC. This event provided a rare case study that exemplified how
complex relationships among climate-driven physical changes and biological processes
may affect fishery resources. Future fishery management programs must develop strate-
gies to adapt to similar environmental events that will become more frequent due to cli-
mate change.

5. Conclusions

Large fish assemblages were reported in the winter fishing grounds of the ECS dur-
ing February and March 2017. The bottom waters of these fishing grounds were abnor-
mally warm in winter 2017. This layer then cooled substantially from January to mid-
March 2017 due to the eastward movement of the YSCC associated with the increased
northwesterly winds. Warm-temperature demersal fish, such as the small yellow croaker
(Larimichthys polyactis) and Collichthys sp., might tend to migrate to fishing areas with
warm temperature, strong thermal front, and high Chl a concentrations; these conditions
were found in fishing areas Nos. 1891 and 1592 during February and March 2017. The
observed abnormal temperature changes in winter and early spring 2017 might reflect the
effects of changes in local ocean circulation.

This preliminary study proposes some possible mechanisms underlying the for-
mation of two large fish assemblages based on satellite remote sensing and reanalysis
data. Long-term time series data, obtained using a variety of coastal ocean observing sys-
tems [80], in conjunction with numerical models, are required to clarify and explain these
physical mechanisms further. However, this rare case study demonstrates how fishery
resources respond to climate-driven physical and biological changes. Thus, fishery man-
agement programs should carefully consider ecological responses to similar abnormal
changes in marine environment.
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