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Highlights

® The warming in the Northwestern Pacific which began in late 1980s stopped after
early 2000s, after which no particular climate pattern has been observed.

® Eutrophication in the Yellow Sea as a whole has been progressing as witnessed by
the nutrient concentrations, chlorophyll-a, primary productivity, DO, and macroalgal
blooms.

® The incidence of the outbreaks of HABs and large jellyfish has decreased for the
past 10 years.

® No significant changes have been observed in the macrobenthos communities,
shorebird populations, and spotted seals (Phoca larga).

® Most contaminant (POPs, PAHSs, Hg) levels are safe and stable except for a few
hotspots in the Chinese and Korean coasts.
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1 Introduction

The Yellow Sea is a shallow marginal sea in the western North Pacific with a surface area of
380,000 kmz and an average depth of 44 m (Figure R20-2). It is broadly connected with the
East China Sea to the south and contains a semi-enclosed gulf in the north, the Bohai Sea.
The region is one of the more densely populated in the world with human populations
organized as the Peoples Republic of China, Democratic People's Republic of Korea, and
the Republic of Korea, two of which are PICES member nations. The surface circulation in
the region has three main currents: Kuroshio, Tsushima and the Yellow Sea Warm Current
(YSWC). The Kuroshio enters the East China Sea through the strait between Taiwan and
Yonakunijima Island (the eastern most of the Ryukyu Islands) and flows north-eastward
along the shelf slope before branching into Tsushima Strait. The YSWC flows into the Yellow
Sea after separating from the Tsushima Current west of Jeju Island. There are varying
opinions regarding the origins of the Tsushima Current and YSWC (Beardsley et al. 1985;
Lie and Cho 2002; Ichikawa and Beardsley 2002).

Figure R20-2. Geography, bathymetry and major currents of the Yellow Sea and East China
Sea. YSWC=Yellow Sea Warm Current. TC=Tsushima Current.

The Yellow Sea is characterized by a diversity of marine habitats due to its jagged coastline
and the many islands scattered around the shallow sea. Intertidal flats are the most
significant type of coastal habitat. Several different types can be found, such as mudflats,
salt marshes, sand flats with gravel beaches, sand dunes or eelgrass beds, and mixed flats.
These habitats support important food resources and an ecological niche for a diversity of
organisms. They are an important part of the Australia-East Asia flyway providing the
feeding, wintering and summering grounds for migratory birds. The shallow coastal areas,
encompassing more than 1,000 islands, also show high productivity and provide good
nursery and fishing grounds.

The Yellow Sea is productive, supplying a large portion of the protein to human diets in the
surrounding nations. The primary productivity of this sea had been estimated to be in the
range of 150-200 gC-m2-yr1 (Yoo et al., 2019) and is increasing possibly due to
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eutrophication. Approximately 1,600 species were reported from marine and coastal habitats
in the Korean part of the Yellow Sea, including 400 phytoplankton, 300 marine macroalgae,
50 halophytes, 500 marine invertebrates, and some 389 vertebrate species (Kim and Khang
2000). Among them, 166 zooplankton and 276 fish have been reported as resident species
in the Yellow Sea. Approximately 100 commercial species have been identified in the region,
comprising demersal fish (66%), pelagic fish (18%), cephalopods (7%), and crustaceans
(7%).

However, various human activities threaten the region. The Yellow Sea is among those
facing all conceivable stresses, whether natural or anthropogenic. The coastal regions of the
Yellow Sea are densely populated, with approximately 600 million humans living in the
region, and most of their by-products drain into the Yellow Sea. There is clear evidence of
eutrophication. Artificial jetties and dams have interfered with local circulation and freshwater
inputs into the sea. Overfishing has changed the trophic structure which cascades down the
food web. Warming is evident. All in all, significant changes in the ecosystem are anticipated
and there have been many signs. This chapter provides a review of marine ecosystem
variability, with special attention to the period from 2009-2015, hereafter, the focus period.

2 Atmosphere and hydrology

2.1 Wind and Pressure

The Yellow Sea region is located where the Siberian High and the Subtropical Pacific Low
collide to produce cold-dry winters and warm-wet summers. North and northwest winds in
the autumn and winter are strong, with maximum speeds reaching 10 m-s™. In the spring
and summer, monsoon winds reverse the direction and become weaker. Typhoons develop
in the western Subtropical Pacific bringing heavy rains in the summer and autumn. On
average, about nine typhoons pass the region every year.

The long-term change in sea level pressure showed an interesting pattern. The 2nd EOF of
sea level pressure (SLP) over the North Pacific, which describes the North Pacific Oscillation
(NPO) (Rogers 1981), shows a shift from low pressure to higher pressure in the YECS in the
middle of 1980s (Figure R20-3a), which is consistent with a warming in the YECS. In
addition, the 9-year running mean of principal component time series in the 2nd EOF of SLP
indicates that the phase of NPO is changing from positive to negative in the recent past. This
might be associated with a slowdown of warming in the YECS (Figure R20-3b). This
suggests that the circulation anomalies and thermal advection associated with the NPO-like
variability in SLP play a role to increase the mean SST in the YECS since the mid-1980s.
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Figure R20-3. (a) The from 1950 to 2014 in the North Pacific.2nd EOF and (b) time series of
PC scores of SLP in Dec-Jan-Feb

2.2 Precipitation and hydrology

The precipitation pattern over the Yellow Sea shows a typical Northeast Asian monsoon
pattern according to the NOAA/Climate Prediction Center Merged Analysis of Precipitation
(CMAP, http://www.cpc.ncep.noaa.gov/products/global precip/html/wpage.cmap.html). The
region has dry winters with the annual precipitation minimum (1.1 mm-d®) in December and
wet summers with the maximum precipitation (5.5 mm-d™?) occurring in July for the period
1979-2017 (Figure R20-4). During the same period, there was an increase from 2003 to
2013 (Figure R20-5).
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Figure R20-4. Monthly precipitation over the Yellow Sea area averaged for 1979-2017. The
pattern shows a typical northeastern Asian monsoon pattern of dry winters and wet
summers. CMAP data are used.

Figure R20-5. Annual average precipitation over the Yellow Sea area. CMAP data are used.

Fourteen rivers drain into the Yellow and East China seas, with a total discharge of >1012
m3-y1 (Hong et al. 2003). Of these, the Changjiang River has the largest discharge (895 x
10°-m3-y1). During the summer monsoon, salinity drops by as much as 6 psu. Such abrupt
events have devastating effects on aquaculture and on some parts of the adjacent
ecosystem.
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3 Physical and Chemical Ocean

3.1 Hydrography

The most striking feature in the region (32°N-40°N, 118°E-127°E) is how its surface waters
have warmed during boreal winter since the mid-1980s (Figure R20-6). Figure R20-6 shows
the time series of averaged SST over the Yellow Sea and East China Sea (YECS) (25°N-
40°N, 118°E-127°E) during the boreal winter for 1950-2014. Note that the red line in Figure
R20-6 indicates a 9-year running mean time series and the boreal winter is defined as the
three months from December to February in the following year. In details, the 9-year running
mean time series indicates that the mean SST in the YECS has gradually increased since
the mid and late 1980s, however, such a warming trend is slowing down recently. This
indicates that there exists a decadal variability of SST in the YECS, which is closely
associated with Pacific Decadal Oscillation, the Kuroshio transport and the intensity of
Siberian High pressure (Kim et al. 2018). In spite of this, the long-term trend of SST in the
YECS shows two distinctive periods during 1950-2014. The first was a cold period up to the
mid-1980s, when it shifted to a warming period (Figure R20-6). This warming in the YECS
seems to be associated with large scale atmospheric variability over the North Pacific basin
(Yeh and Kim 2010). An EOF analysis showed that the warming trend is most conspicuous
on the shelf area of the East China Sea and the central Yellow Sea (Figure R20-7a). The
dominant sign of the first EOF principal component time series changes from negative to
positive before and after the mid-1980s, respectively (Figure R20-7b).

Figure R20-6. The trend of SST (Hadley Centre) in Dec-Jan-Feb from 1950 to 2014 in the
Yellow Sea and East China Sea region (25°N-40°N, 118°E-127°E). A warming trend was
evident from the mid-1980s until the early 2000s. The thick line indicates a nine-year moving
average.
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(b) PC timeseries
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Figure R20-7. (a) The 1st EOF and (b) time series of PC scores of SST (Hadley Centre) in
Dec-Jan-Feb from 1950 to 2014 in the Yellow Sea and East China Sea region (25N-40N,
118E-127E).

Figure R20-8 shows a time series of the mean near-surface sea temperature extracted from
25 stations in a rectangular area (35°N-37°N, 123.5°E-125.5°E) in the central southern
Yellow Sea. Here, the warming described above can be seen starting from 1989. The
temperature difference between 0 m and 45-50 m depth in August, as a proxy of stratification
strength, shows stratification has been strengthened after 1995 (Figure R20-9). The near-
surface salinity in August shows that the surface layer has freshened after 1998. These data
indicate that the system underwent a shift in temperature and salinity in the late 1980s
through middle 1990s. However, after this shift there has been no particular trend.
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Figure R20-8. The trend of near-surface sea temperature in February in the central Yellow
Sea. The vertical bars represent the standard deviation.

Figure R20-9. The sea water temperature difference between Om and 45-50m in August in
the central Yellow Sea.
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Figure R20-10. The trend of near-surface salinity in August in the central Yellow Sea. . The
vertical bars represent the standard deviation.

4 Chemical Ocean

4.1 Oxygen, carbonate system, and pH

A survey in August 2008 found that the dissolved oxygen (DO) concentrations ranged from
<2.0 mg-I* to >5.0 mg-I'1 in the bottom layer of the basin (YSLME 2010). Except for the
station in the vicinity of the Changjiang river mouth, DO was >2.0 mg-I? in most regions. One
of the largest coastal low-oxygen areas in the world occurs in the vicinity of the Changjiang
River mouth (Chen et al. 2007). In August 2003, the area of DO concentrations <2-3 mg-|*t
covered >12,000 km2. Hypoxia occurs near the Changjiang River mouth due to strong
stratification and high primary production (Rabouille et al. 2008). The basin-wide survey in
October 2003 also showed that pH values ranged from 7.63 to 8.17 with an average of 8.02
(KCJRG 2004). The pH was slightly higher on the surface than it was at a depth of 50 m.

In the northern Yellow Sea, the surveys during 2011-2012 (Zhai et al. 2014) showed that, the
fugacity of CO; (fCO) of bottom water gradually increased from 438+44 patm to 630+84
patm, and pHr decreased from 8.02+0.04 to 7.88+0.06 from July to October due to local
aerobic remineralization of primary-production-induced biogenic particles. The subsurface
community respiration rates in summer and autumn were estimated to be from 0.80 to 1.08
umol O kg d* within a relatively high salinity range of 31.63 to 32.25 psu. From November
to May in the next year, however, subsurface fCO, gradually decreased and pH increased
due to cooling and water column ventilation. In the corresponding bottom water, the
carbonate saturation state of aragonite (Qarag) Was 1.85+0.21 (May), 1.79£0.24 (June),
1.75+0.27 (July), 1.76£0.29 (August), 1.45+0.31 (October), 1.52+0.25 (November), and
1.41+0.12 (January). Extremely low Qarag Values (from 1.13 to 1.40) were observed mainly in
subsurface waters within the high salinity range of 31.63 to 32.25, which covered a major
fraction of the survey area in October and November. In summer, surface water Qarag ranged
from 2.1-4.2, enhanced by biological production. However, subsurface water Qarag Was lower
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than 2.0 and had its lowest value of 1.1 at a central northern Yellow Sea station (38° 40" N,

122° 10" E). From the surveys above, the surface dissolved oxygen was saturated from

March to August and nearly in equilibrium with the atmosphere from September to October.
During November and January, dissolved oxygen declined to an undersaturated level. In
contrast, saturation state of aragonite increased from spring and reached its highest values
in summer. In autumn, it declined slightly to a level just higher than spring and it reached the
lowest level in winter.

Li et al. (2015) analyzed the long-term trend in nutrients and DO in the southern Yellow Sea
(SYS) from the 1980s to 2012 using field and historical data. The annual mean DO
concentration was relatively constant until 2000 and became lower since 2008 (Figure R20-
11F). In the southern Yellow Sea, the DO concentration has not reached a hypoxia level (<6
mg L) as of 2012.

Figure R20-11. Annual variation in NO3-N, DIN (the inset in figure A), NHs-N (DIN), PO4-P,
SiO3-Si, the N/P ratio, and DO concentrations in the SYS from the 1980s to 2012 (Note: The
data represent average values + the standard deviation during different years in the study
area; in figures A and B, the filled and open circles stand for the field and computational
data, respectively) (Li et al. 2015).

11
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4.2 Nutrients

Figure R20-12 shows the long-term variation (1976—2006) of nutrient concentrations and
nutrient ratios along the 36°N transect in winter (Wei et al., 2015). Overall, the patterns of
nutrient concentrations and nutrient ratios were similar in winter and summer (data not
shown). The concentrations of dissolved organic nitrogen (DIN) in the southern Yellow Sea
had been continuously increasing in recent decades. However, the concentrations of PO,4-P
and SiOsz-Si (especially the SiO3-Si) initially decreased from the 1970s to the mid-1990s and
then increased. The N/P ratio increased continuously and became greater than 16 at the
beginning of the 21 century, but the Si/N ratio decreased rapidly from the mid-1980s and
then maintained a low value at the beginning of the 21 century. The Si/P ratio decreased
from the 1970s to the mid-1990s and then started to increase gradually. Consequently, there
was a progressive trend from an early N limitation to the current potential P and Si limitation
in the southern Yellow Sea.

As discussed by Wei et al. (2015), the variations of the nutrient concentrations in the
southern Yellow Sea were related to the variations of the riverine flux and atmospheric
deposition, and especially the long-term variations of SiO3-Si and PO4-P concentrations
were both generally consistent with the variation of precipitation (Wei et al. 2015). In
addition, the nutrient transport by the inflow from the outer shelf of the East China Sea, in
combination with the anthropogenic eutrophication in the coastal zones, may also influence
the nutrient levels in the southern Yellow Sea under the global change.

The study conducted by Fu et al. (2012) also showed that the water column concentrations
of DIN, PO4-P and SiOs-Si along the 36°N transect in the area west of 124.5°E increased in
2007 and 2008 compared to those in the 1990s. These studies provided additional examples
of the increase in the concentrations of POs-P and SiOs-Si and the continuous increase in
the concentration of DIN in the Yellow Sea since the late 1990s. Li et al. (2015) have shown
that in the southern Yellow Sea, nitrate has increased continuously as of 2012 and
phosphates decreased after 2005 (Figure R20-11A and Figure R20-11C). As a result, N/P
ratio has drastically increased after 2005 in the southern Yellow Sea (Figure R20-11E).

However, a recent study suggests that this long-term trend of increasing trend may have
ceased after 2011. The YSLME (Yellow Sea Large Marine Ecosystem) Project analysed the
nutrient data collected by the Chinese National Marine Ecology Environmental Monitoring
Network (Working Group on Governance of the PR China, 2019). The data set covers the
northern as well as southern Yellow Sea of the Chinese side of the Yellow Sea. According to
their preliminary results, the annual surface DIN concentration has decreased since 2011,
while the bottom concentration did not show any trend (Figure R20-13). The annual surface
phosphates concentration showed peaks in 2006 and 2011 but remained stable after 2012
(Figure R20-14). Similarly, the annual bottom phosphates concentration showed a peak in
2006 but remained stable afterward. Therefore, the nitrogen enrichment consistently
reported by previous studies may have lessened. Whether this is a sign of improvement in
one of the serious environmental issues in the Yellow Sea remains to be further investigated.

12
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Figure R20-12. Temporal variations in nutrient concentrations and nutrient ratios in the
southern Yellow Sea in winter (Wei et al. 2015).
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Figure R20-13. Annual changes of phosphate concentration in the Yellow Sea, surface and
bottom (Working Group on Governance of the PR China, 2019).

Figure R20-14. Annual changes of silicate concentration in Yellow Sea, surface and bottom
(Working Group on Governance of the PR China, 2019).

5 Phytoplankton

5.1 Light

Photosynthetically Active Radiation (PAR) at the sea surface over the Yellow Sea region was
estimated from SeaWiFS/MODIS data (as described in Yoo et al. 2019) for the period 1998-
2014. The minimum annual average PAR was 31.1 E-m2.d1 in 2010 and the maximum was
34.1 E-m2.d* in 2000 (Figure R20-15). During the period, PAR decreased after 2003.

14
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Figure R20-15. Annual averages of PAR in the Yellow Sea from 1998 to 2014.|
5.2 Phytoplankton

5.2.1 Biomass and productivity

Seasonal phytoplankton blooms are known to occur in the Yellow Sea but there are few time
series to show the interannual variation in the timing and intensity of the blooms. Compiled in
situ records show that there are great variations in the phytoplankton biomass and primary
productivity in the Yellow Sea depending on the area and time. For example, the primary
productivity ranged from 1.8 to 3175 mgC-m2.d? (Yoo and Shin 1995; Cho et al. 1994; Kang
et al. 1992; Choi et al. 1988; Park 2000). In open waters of the Yellow Sea where the water
column is seasonally stratified at shallow depths, seasonal blooms develop in spring and
autumn. A bi-monthly survey of the eastern half of the Yellow Sea in 1986 showed that mean
chlorophyll-a was 1.5 mg-m= from 12 stations in April (0.4-3.3 mg-m3) while in October, the
mean was 0.97 mg-m=3 (range: 0.7-1.2 mg-m=3) (Choi et al. 1988). The mean values were
0.70, 0.66, and 0.4 mg-m3, in June, August and December, respectively, showing a clear
bimodal seasonal pattern. Seasonal cycles were also observed in some of the shallow
tidally-mixed areas. There, timing of blooms varied depending on local conditions. In Gyung-
Gi Bay (see Figure R20-2 for location), the spring bloom occurred in March and the autumn
bloom early in September. Freshwater discharge probably played an important role in this
area (Song 1999).

A bi-monthly survey in the eastern half of the Yellow Sea in 1987 found 394 species of
phytoplankton during the year (Han and Choi 1991). More than 90% of these were diatoms
and dinoflagellates and the proportion of dinoflagellates increased in stratified water.
Biomass and abundance of phytoplankton were typically high in coastal areas and near the
Changjiang River mouth but lower in the central areas (UNDP/GEF 2007). In the summer of
2008, chlorophyll-a concentrations varied from 0.13 mg-m™ to 6.69 mg-m with an average
of 1.24 mg-m=3 (microplankton; 29%, nanoplankton; 12%, picoplankton; 59%) (YSLME
2010). In the northern part of the Yellow Sea, Chaetoceros spp., cryptomonads, Paralia
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sulcata, Karenia mikimotoi, and Navicula spp. were the dominant species. The total number
of species there was 110, among which 73 species were diatoms and 29 were
dinoflagellates. In the southern part of the Yellow Sea, nanoflagellates, cryptomonads, and
Prorocentrum spp. were the dominant species. The daily primary productivity during this
study was in the range from 121 mgC-m=2.d?* to 1,204.7 mgC-m2.d? with an average of
592.8 mgC-m=2.d? (YSLME 2010). Because of the high spatial and temporal variability, it is
difficult to compare these results with previous studies.

In the tidally mixed zone, turbidity is very high and light could be a major limiting factor for
phytoplankton growth. Iy, the light intensity of the photosynthesis saturation, was as low as
10-12 pE-m2-s1 in a mixed coastal area in the winter (Yoo and Shin 1995). Tycho-pelagic
species such as Paralia sulcata were dominant and diatoms were abundant. Species
diversity was usually high throughout the year with a less conspicuous seasonal pattern.

Using the best available parametrizations for the core variables in the region at present, Yoo
et al. (2019) reassessed the primary productivity of the Yellow Sea for 1998-2014, and

suggested an average of 219 (range: 196-244) gC-m2.yrt, During the period, the
chlorophyll-a and primary productivity in the Yellow Sea steadily increased after 2003 and
levelled off after 2009 (Figure R20-16 and Figure R20-17). This is in parallel with the
increase in inorganic nutrients (Section 4.2). He et al. (2013) also attributed the increase in

the intensity of the phytoplankton blooms to the increase in the concentrations of NOs-N and
PO4-P in the Yellow Sea.

Figure R20-16. Annual averages of chlorophyll-a in the Yellow Sea from 1998 to 2014 using
a region-specific chlorophyll-a algorithm (Yoo et al. 2019).
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Figure R20-17. Annual averages of primary productivity in the Yellow Sea from 1998 to 2014
(Yoo et al. 2019).

5.2.2 Algal blooms

Red tides are common off the Chinese and Korean coasts and are related to the
eutrophication of the Yellow Sea and East China Sea (Zhou et al. 2008; Tang et al. 2006).
During the late 1990s, algal blooms (defined by cell density) in both Chinese and Korean
waters increased. In the Korean waters, the number of algal blooms levelled off after 2000
but in the Chinese waters, it increased until 2009 (Figure R20-18). In both the Korean and
Chinese coasts of the Yellow Sea, the number of algal blooms decreased after 2010 (Figure
R20-18).

In the western coast of Korea, major red tide species were Noctiluca scintillans, Mesodinium
rubrum, Skeletonema costatum, and Stephanopyxis palmeriana. Algal blooms have been
decreasing since 2010 and there has been no bloom after 2013 (Figure R20-18). The
proportion of major HAB species was Chattonella sp. (30%), C. polykrikoides (17%), H.
akashiwo (13%), S. costatum (13%), and 6 species including M. rubrum were present in less
than 7% during 2009-2015 (Table R20-1).

17
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Figure R20-18. Frequency of algal blooms along the Chinese and Korean coasts in the
Yellow Sea during 1999-2015.

Table R20-1. Dominant species of harmful algal blooms in the western coast of Korea
during 2009-2015.

Number of Relative
Species of HABs Appearance Rate
events
(*0)

Dinoflagellates  Chattonella sp. 9 30

Cochlodinium

polykrikoides S 17

Heter95|gma 4 13

akashiwo

Katodinium glaucum 1 3

Mesodinium rubrum 2 7

Noctiluca scintillans 1 3

Prorocentrum sp. 2 7
Diatom Skeletonema 4 13

costatum

Stephanopyxis 1 3

palmeriana

Heterocapsa triquetra 1 3

18
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On the Chinese coast of the Yellow Sea, the number and area of algal blooms did not
obviously differ between 1999-2007 and 2008-2016 (Figure R20-19). From 1999 to 2007,
the major species were Noctiluca scintillans (25%), Gymnodinium catenatum (14%),
Skeletonema costatum (11%), Akashiwo sanguinea (11%), Mesodinium rubrum (11%),
Thalassiosira spp. (8%), Heterosigma akashiwo (8%), Eucampia spp. (6%). From 2008 to
2016, the major species were Noctiluca scintillans (43%), Skeletonema costatum (18%),
Chattonella marina (12%), Heterosigma akashiwo (10%), Akashiwo sanguinea (6%). While
Gymnodinium catenatum and Mesodinium rubrum decreased, Noctiluca scintillans,
Skeletonema costatum and Chattonella marina increased. From 1972 to 2016, May-
September was the peak season of algal blooms in the Chinese coastal waters (Figure R20-
20). The number of algal blooms was higher in May, August and September, and the
cumulative area was the largest in May. The number and area of algal blooms in these five
months were accounted for 85.3% and 95.1% of the total algal blooms in the whole year,
respectively. From October to April of the following year, algal blooms rarely occurred in the
Yellow Sea.

Figure R20-19. Trends of algal blooms in Yellow Sea of China from 1972-2016.
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Figure R20-20. Trends of algal blooms in Yellow Sea of China in different months
from 1972-2016.

5.2.3 Green tides

The increase in the frequency of occurrence, intensity and geographical range of ephemeral
macro-algal blooms is a widespread symptom of chronic eutrophication in coastal areas
(Schramm 1999; Jones and Pinn 2006; Zhou et al. 2015). In the last decade, the Chinese
coastal waters in the Yellow Sea of has experienced the world’s largest green tide (Liu et al.
2013; Wang et al. 2015; Xing et al. 2015). In 2007, a green tide was observed for the first
time on a small scale in the center of the Yellow Sea (Sun et al. 2008). The green tide began
to attract much attention in 2008 by invading the Olympic Sailing Course in Qingdao. Since
then, the green tides showed up every year in the western coast of the Yellow Sea during the
spring-summer period. The annual (May-August) mean area of green tides shows dramatic
changes between 2007 and 2015 in both the algal distribution and coverage (Qi et al. 2016).
In recent years, the maximum area shows an increasing trend (Figure R20-21).

According to the previous studies, these opportunistic macroalgal blooms have various direct
and indirect effects on ecosystem structure and function, as they can alter physical and
biological variables by forming mats with their abundant and dense canopies (Hauxwell et al.
2001; Jones and Pinn 2006; Le Luherne et al. 2016). Generally, macroalgal mats cause the
underlying sediments to become more reducing, often leading to anoxia and accumulation of
toxic hydrogen sulphide, consequently posing a potential threat to the structure and function
of the coastal ecosystem (Cabral et al. 1999; Bolam et al. 2000; Garcia-Robledo et al. 2012).

It is still not clear what the long-term ecological impact of the annual large-scale green tides
is (Wang et al. 2015), though significant social and economic losses had emerged due to the
large piling up of algal biomass on beaches and coastal waters of both Shangdong and
Jiangsu provinces (Ye et al. 2011). It cost nearly 100 million USD for cleaning of algae
offshore of Qingdao in summer 2008 to achieve Olympic Games standards (Wang et al.
2009b). Meanwhile, it has caused direct aquaculture losses of 116 million USD along the
green-tide-affected coastlines (Ye et al. 2011).
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It should be noted that the blooms of macroalgae tend to last much longer than short-lived
blooms of dinoflagellates or other microalgae (Valiela et al. 1997). Thus, further research is
needed to assess the ecological significance of these opportunistic macroalgal blooms in the
Yellow Sea ecosystem.

Figure R20-21. Maximum distribution area and coverage area of green tides in the Yellow
Sea during 2008-2016 (data from the State Oceanic Administration, People’s Republic of
China, http://www.soa.gov.cn).

6 Zooplankton

6.1 Mesozooplankton

In the Yellow Sea, copepods account for 70-90% of the zooplankton abundance but there
were seasonal and areal variations (Kang and Lee 1991; Rebstock and Kang 2003). Among
the copepods, Calanus sinicus, Paracalanus sp., Oithona atlantica, and Corycaeus affinis
were dominant through all seasons and occurred in most areas, comprising 75.6% of the
total copepod biomass. Apart from copepods, Sagitta crassa, Euphausia pacifica were also
dominant (Tang 1989). Oceanic, warm water species were rare but found episodically in the
Yellow Sea.

In the Korean waters including the eastern Yellow Sea, a small seasonal peak in the
zooplankton biomass occurred in autumn (Kang and Ohman 2014). Seasonal variation of
zooplankton biomass was generally low in winter (February and December) and high in late
spring-autumn (June-October). Kang (2008) reported that zooplankton biomass showed
seasonal peaks in the June and October in the eastern Yellow Sea. Bimonthly mean
abundance of four zooplankton groups, copepods, euphausiids, amphipods and
chaetognaths showed seasonal variations. Abundance of copepods, euphausiids and
amphipods were highest in June, while chaetognaths abundance was highest in August.
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There is some evidence of decadal long-term changes in the eastern Yellow Sea.
Zooplankton biomass showed a gradual increase with some fluctuations (Figure R20-22a).
Biomass remarkably increased from the mid-1980s to the early 1990s. After the early 2000s,
biomass increased continuously until 2010. The increasing zooplankton biomass was closely
associated with increases of all four major zooplankton groups (copepods, chaetognaths,
euphausiids, and amphipods) (Kang and Ohman 2014). Annual mean abundance of four
zooplankton groups (copepods, chaetognaths, amphipods and euphausiids) in the eastern
Yellow Sea showed a similar trend among copepods and chaetognaths after the mid-1990s,
while amphipods and euphausiids showed no typical trends (Figure R20-23).

The patterns in the annual anomalies of copepods and chaetognaths were out of phase
before the mid-1990s but shifted in phase after the mid-1990s (Figure R20-24). They
showed the positive values continuously after the mid-2000s. Amphipods also showed
positive values after the mid-2000s except for 2014. In contrast to copepods, chaetognaths
and amphipods, the anomalies of euphausiid abundance showed positive values in the late
1970s and the early 1980s and shifted to negative values.

Figure R20-22. Time series of annual mean of zooplankton biomass (logio-transformed)
(a) and their anomalies (b) in the eastern Yellow Sea.
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Figure R20-23. Time series of annual mean of zooplankton biomass (logio-transformed)
in the eastern Yellow Sea.

Figure R20-24. Anomalies of annual mean of zooplankton biomass (logioe-transformed) in the
eastern Yellow Sea.

In contrast to the increasing trend in the eastern Yellow Sea, a decreasing trend in the total
zooplankton abundance was observed at a coastal station (near the Jiaozhou Bay:
35°59'00"N, 120°25'30"E) in the western Yellow Sea. Four season data for mesozooplankton
from 2003 to 2013 were obtained as a part of a long-term research program. During the 11-
year sampling, total zooplankton abundance showed a decreasing trend with its peak value
in August 2005 (Figure R20-25). According to the time series change of zooplankton
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abundance in different seasons, the overall decrease in zooplankton abundance can be
attributed to the decline in spring, summer and autumn (Figure R20-26). Seasonal variation
of zooplankton abundance was generally lowest in autumn (November) and highest in late
spring/summer (May-August).

Figure R20-25. Time series of quarterly zooplankton abundance (ind. m=3) in the western
Yellow Sea during 2003-2013.

Figure R20-26. Time series of zooplankton abundance (ind. m3) in different seasons in the
western Yellow Sea during 2003-2013.
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6.2 Gelatinous zooplankton

A conspicuous feature of the zooplankton community in the region in recent years is the
blooms of the large scyphomedusa, Nemopilema nomurai (giant jellyfish) (Anonymous
2004). An unusual bloom was first observed in 2000 with large blooms occurring in 2003.
Ocean currents carried the jellyfish blooms northward into the adjacent seas causing serious
problems for fishermen (and beach bathers). The jellyfish observed in Korean waters
includes the giant Nemopilema nomurai, medium-sized Aurelia aurita, big and venomous
Cyanea capillata and Dactylometra quinquecirrha (Chrysaora quinquecirrha). Highly
venomous Physalia physalis and Carybdea rastonii are also reported occasionally. N.
nomurai is the biggest jellyfish occurring in Korean waters with a bell size of about 2 m and
weight of 150 kg. Outbreaks of these were reported by Japanese fishermen in 1920, 1958,
1995, and 2002. The causes of the blooms and their interannual fluctuation are unknown.
Several factors such as increasing sea temperature, overfishing, and marine pollution have
been suggested as causal factors or at least mediators.

The giant jellyfish have occurred in the region in large numbers since 2003. From the
monitoring surveys at 52 stations every August in the Yellow Sea (Figure R20-27), the
abundance of N. nomurai was highest in 2005 (103.03 indiv. ha?), followed by 2006 and
2007 (Figure R20-27). Since 2008, it has been extremely low and in 2017, no individual was
detected.

Figure R20-27. Jellyfish monitoring sites in Yellow Sea on Korean Series of Oceanographic
Monitoring Program (Left). Interannual variation of the abundance of Nemopilema nomurai
in Yellow Sea in 2005-2017 (right).

A different trend was observed at a coastal station (near the Jiaozhou Bay: 35°59'00"N,
120°25'30"E) in the western Yellow Sea. During the 11-year sampling, medusae abundance
showed a drastic fluctuation with its peak value in May 2009 (Figure R20-28). According to
the time series change of medusae abundance in different seasons, the abundance of
medusae presented an increasing trend in spring (Figure R20-29). There were three
conspicuous maxima in May of 2007, 2009 and 2012. Seasonal variation of medusa
abundance was generally lowest in autumn (November) and highest in late spring/summer
(May-August).
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The increasing trend of small jellyfish has also been recorded in the recent decade in
Jiaozhou Bay, which was a eutrophic semi-enclosed bay in the western part of the Yellow
Sea, China (Sun et al. 2012). In addition, the biodiversity of jellyfish has also increased
significantly in recent years with a change in dominant species. The changes in small
jellyfish abundance and species composition seemed related to both climate change (e.g.
warming) and human activities (e.g. eutrophication, aquaculture and coastal construction
activities around the bay).

Figure R20-28. Time series of quarterly medusae abundance (ind. m=) in the western Yellow
Sea during 2003-2013.

Figure R20-29. Time series of medusae abundance (ind. m=3) in different seasons in the
western Yellow Sea during 2003-2013.
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7 Fishes and Invertebrates

7.1 Species Composition/Diversity

A total of 339 fish species belonging to 219 genera and 109 families were reported and compiled on
the Korean side of the Yellow Sea (Lee 2004). While the winter bottom trawl surveys (mesh size = 24
mm) conducted by the Yellow Sea Fisheries Research Institute in the Chinese waters of the Yellow
Sea from 2003 to 2015 listed 42 species (Chen et al. 2017), the summer surveys (mesh size = 20 mm)
conducted by the National Institute of Fisheries Science of Korea in the deep, middle part of the
Yellow Sea from 2008 to 2014 reported to have sampled 72 demersal fish species (Koh et al. 2016).
The diversity indices and the size spectra of fish assemblages generally did not reveal any clear trend
from 2003 to 2015, but the dominance of the relatively small species, anchovy, tended to have
decreased (Chen et al. 2017). The 5 most dominant fish species in biomass in the Chinese winter
bottom trawl surveys were anchovy (Engraulis japonicus), angler fish (Lophius litulon), small yellow
croaker (Larimichthys polyactis), silver pomfret (Pampus argenteus) and Tanaka’s snailfish (Liparis
tanakae); whereas they were Tanaka’s snailfish, small yellow croaker, angler fish, anchovy and
Pacific cod (Gadus microcephalus) in the Korean summer surveys.

Among 84 fish and invertebrate species reported with species names in the Yellow Sea from
1950 to 2014, the dominant species in catch biomass were largehead hairtail (Trichiurus
lepturus), chub mackerel (Scomber japonicus), and anchovy, followed by Pacific saury
(Cololabis saira), akiami paste shrimp (Acetes japonicas), small yellow croaker, blue crab
(Portunus trituberculatus), Pacific sardine (Sardinops sagax), yellow striped flounder
(Pseudopleuronectes herzensteini), Pacific herring (Clupea pallasii pallasii) and southern
rough shrimp (Trachysalambria curvirostris) (Figure R20-30).

Figure R20-30. Annual commercial catch by species in the Yellow Sea from 1950 to 2014.

Correspondence analysis on species composition of annual commercial catch suggested
that the fish community structure has changed gradually, and the entire period can be
divided into the following 4 distinct regimes: 1) 1950-1976, 2) 1977-1989, 3) 1990-1998, and
4) 1999-2014 (Figure R20-31). These 4 regimes generally match with the reported regime
shifts in the North Pacific by past studies (Hare and Mantua 2000; Zhang et al. 2000; Zhang
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et al. 2004; Katoh et al. 2006; Tian et al. 2008; Hwang and Jung 2012; Jung 2014). The
species whose biomass composition was relatively dominant in the first regime (1950-1976)
compared with the other periods include slender rainbow sardine (Dussumieria elopsoides),
imposter trevally (Carangoides talamparoides), sandfish (Arctoscopus japonicus), olive
flounder (Paralichthys olivaceus), Pacific red gurnard (Chelidonichthys kumu) and small
yellow croaker. Those species in the second regime (1977-1989) are represented by giant
tiger prawn (Penaeus monodon), blackmouth croaker (Atrobucca nibe), yellowfin tuna
(Thunnus albacares), silver pomfret (Pampus argenteus) and black pompfret
(Parastromateus niger). During the third regime (1990-1998), the species composition had
gradually shifted from the first to the fourth regime, and the characteristic species were
Sardinella zunasi, sardine (Sardinops sagax), bigeye tuna (Thunnus obesus) and atka
mackerel (Pleurogrammus azonus). Finally, the fourth regime (1990-2014) was featured by
flower crab (Portunus pelagicus), blue crab (Portunus trituberculatus), daggertooth pike
conger (Muraenesox cinereus), flathead grey mullet (Mugil cephalus), Trachysalambria
curvirostris, red seabream (Pagrus major), and slender shad (llisha elongate).

Figure R20-31. Correspondence analysis of species composition in commercial catch in the
Yellow Sea from 1950 to 2014. The catch data were based on the official national reports
compiled by Food and Agricultural Organization of the United Nations and adjusted for the
unreported catch by Sea Around Us (Sea Around Us 2017).
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7.2 Catch and Biomass

A total of 186 taxonomic groups including a total of 84 fish and invertebrate species have
been reported as exploited from 1950 to 2014 (Sea Around Us 2017). Annual commercial
catch has steadily increased from ca. 0.8 x 10° tons in 1950 to ca. 4.0 x 10° tons in 2014
(Sea Around Us 2017) (Figure R20-30). By nation, during the period of 2008-2014, China
accounted for most of the annual catch (ca. 80%), followed by South Korea (14%), Hong
Kong (4%), and North Korea (2%). The dominant taxonomic groups during this period were
Scyphozoa, largehead hairtail, anchovy, saury, chub mackerel, akiami paste shrimp, blue
crab, small yellow croaker and Pampus (Figure R20-32). Possibly due to overexploitation,
the mean individual weight and the catch-per-unit-effort of an individual species were twice
more likely to show a decreasing trend than to show an increasing trend (Chen et al. 2017).

Figure R20-32. The dominant taxonomic groups in the recent commercial fisheries catches
in the Yellow Sea from 2008 to 2014.

7.3 Distribution

Among the 9 major commercial fish species exploited by Korean fishers, 5 species (horse
mackerel, Pacific sardine, common squid, Spanish mackerel and yellowtail) showed
significant northward shifts in catch distribution, but one species (anchovy) showed a
southward shift in relation with seawater warming (Jung et al. 2014). The estimated distance
of northward shift in the mean latitude of catch was especially greater for Spanish mackerel
and yellowtail. Despite no significant correlation with depth-specific water temperatures, the
two dominant species of the Yellow Sea, largehead hairtail and yellow croaker, did show a
long-term (1985-2010) northward shift in their catch distribution (Jung et al. 2014).
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7.4 Recruitment

The stock size of anchovy was estimated to have declined by overfishing since 1996 (Zhao
et al. 2003), and tentatively projected to may decline due to global warming and the
subsequent confinement of cold water masses within the Yellow Sea (Jung et al. 2016). The
average body size and age of small yellow croaker (Larimichthys polyactis) had decreased
from 1985 to 2008, which was attributed mainly to the increased fishing activity (Shan et al.
2017).

8 Macrozoobenthos in the Yellow Sea

8.1 Assemblages

A comprehensive review by Liu (2013) indicated a total of 22,629 marine species have been
recorded in the China seas since 1950s, indicating one of global hotspots for marine
biodiversity in the world. In the macrozoobenthos, 1,987 species were found in the Bohai
and Yellow seas. Species composition in Bohai and Yellow seas indicated the greatest
proportion of the phylum Mollusca (n=981; 49%) followed by Arthropoda (n=409; 21%),
Annelida (n=367; 18%), Bryozoa (n=116; 6%), Echinodermata (n=54; 3%), Cnidaria (h=50;
2.5%), and Porifera (n=10; 0.5%) (Figure R20-33). In general, mollusk and arthropod
species prevailed.

A recent review by Park et al. (2014) updated the list of macrozoobenthos in Korean coastal
areas, targeting intertidal and subtidal zones in the eastern Yellow Sea. This study compiled
a total of 72 peer-reviewed articles relating to the taxonomy and ecology of macrozoobenthos
reported since 1970s and listed a total of 624 species belonging to 10 phyla. Species
composition indicated the dominance of the phylum Annelida (n=248, 40%) followed by
Mollusca (n=196, 31%), Arthropoda (n=135, 22%), Echinodermata (n=16; 2.6%), Cnidaria
(n=14; 2.4%), and others (n=14, 2.2%) (Figure R20-33). While annelids species prevailed in
the subtidal zone, mollusk and arthropod species did in the intertidal area. An apparent
difference on phylum and species compositions between China and Korea could be
expected from the discrepancy in meta-data set (hamely, coverage areas), i.e., the
macrozoobenthos meta-data for the Korean coastal areas did not cover the open sea area of
the Yellow Sea at this time. Nevertheless, the 624 species of macrozoobenthos found in the
Korean tidal flats indicates a significantly high species diversity in the given area, ~2500 km?
of tidal flats (Koh and Khim 2014).
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Figure R20-33. Macrozoobenthos recorded in the Bohai and Yellow seas (left) and in the
west coast of Korea (right), showing the species composition at phylum level; data analyzed
from 2 key review papers for China (Liu 2011) and Korea (Park et al. 2014), where 36 and
72 peer-reviewed articles were compiled, respectively.

8.2 Temporal changes

Due to the lack of systematic ecological monitoring for the marine life in the Yellow Sea both
in China (Liu 2013) and Korea (Koh and Khim 2014), particularly for the macrozoobenthos, it
is quite difficult to adequately address the long-term changes in the species assemblage and
distribution of macrozoobenthos. With limited data, the temporal changes in species
composition, abundance and biomass are examined for the Yellow Sea macrozoobenthos
(Figure R20-34). The macrofaunal species composition at phylum level in the mid-Yellow
Sea did not seem to greatly change during the past 30 years at an inter-decadal scale
(Figure R20-344a), with lesser proportional variations cross the phylum. Not surprisingly, the
phylum Annelida was found to be a dominant taxon in the open sea area of the Yellow Sea,
contributing about half of the total species (mean=46%) since 1990s until present.
Arthropods (mean=23%) and Molluscs (mean=19%) were collectively the next two dominant
taxa, explaining about the remaining half of the macrozoobenthos assemblage.

Meantime, the density and biomass of the macrozoobenthos much varied at inter-decadal
period (Figure R20-34c), for example total density was greatest in 2000s compared to that in
1990s and 2010s, which was explained by a drastic increase of Arthropods abundance. It
was noteworthy that the addition of newly recorded crustacean species reached 452 in the
Yellow Sea during the years of 2002-2006, which might explain such rapid increase of
abundance. The biomass of macrozoobenthos showed an inter-decadal increase, which
paralleled a similar increase of echinoderms species. Finally, the ecological indices, such as
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Shannon-Wiener (H’) and species richness (d) suggest a slight ecological deterioration in
2010s compared to previous periods, but such changes may not be significant considering
the narrow range and/or small variations across the data-sets (Figure R20-34d). Overall, the
macrozoobenthos assemblages and distributions in the Yellow Sea indicate that the
ecosystem has a diverse benthic invertebrate fauna in the world, particularly in terms of
species richness per area (Costello et al. 2010).

Figure R20-34. Long-term changes in macrozoobenthos assemblages in the mid Yellow
Sea, showing (a) species composition at phylum level, (b) species abundance, (c) biomass,
and (d) ecological quality indices; data analyzed from 7 peer-reviewed articles.
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9 Marine birds

The intertidal areas and coastal wetlands of the Yellow Sea support more than 2 million
shorebirds during their northward migration; about 40% of the all migratory shorebirds in the
East Asian-Australasian Flyway (Barter 2002). A number of shorebird species have been
found to occur in internationally important numbers at one or more sites in the Yellow Sea,
representing 60% of the migratory shorebird species occurring in the flyway. Two of the
species are classified as globally threatened, the Nordmann’s greenshank (Tringa guttifer)
and the spoon-billed sandpiper (Calidris pygmaea), whilst two are near-threatened, the
eastern curlew (Numenius madagascariensis) and Asian dowitcher (Limnodromus
semipalmatus). While the South Korean coastline has been well surveyed, only about one-
third of the Chinese coasts have been surveyed and little is known from North Korea.

Over 60 species of seabirds and shorebirds have been recorded in the Korean shores of the
Yellow Sea. A total of 44 species and over 144,962 individuals of shorebirds including 5
endangered species visited in spring and autumn (National Institute of Biological Resources,
here after NIBR, 2015a). The total number of shorebirds in the Yellow Sea was 34,709-
144,962 individuals in 2015 (Figure R20-35). Among them, Nordmann’s greenshank (Tringa
guttifer), red knot (Calidris tenuirostris), far eastern curlew (Numernius madagascariensis)
and black-faced spoonbill (Platalea minor) are listed as endangered species on the [IUCN
Red List. Spoon-billed sandpiper (Calidris pygmaea) which is critically endangered species
on the IUCN Red List was also observed. The Yellow Sea is important to breeding seabirds
as well.

More than 10 species of seabirds breed in remote islands of the Yellow Sea. 90% of world
population of Swinhoe’s storm-petrel (Coceanodroma monorhis) breeds in the five islands.
The breeding population of Swinhoe’s storm-petrels was 9,000-13,000 pairs on the Chilbaldo
Island (Korea National Park Research Institute 2014). It has significantly declined by 39-55%
since 1986 (Lee et al. 2012). The main threat was the entanglement by introduced plants on
the breeding sites. The breeding population of streaked shearwaters (Calonectris
leucomelas) was stable (15,000-16000 pairs) on the Sasudo Island. However, less than half
of their eggs successfully fledged (Nam and Yoo 2017) because of the predation by
introduced rats (Rattus norvegicus) (Nam et al. 2014). Although local people used seabirds
or their eggs as food in the past, many of their breeding colonies are now protected as the
Marine National Parks, Protected Areas or National Monuments under the law. The breeding
population of black-tailed gull (Larus crassirostris) is stable on the Hongdo Island (Figure
R20-36). Crested murrelet (Synthliboramphus wumizusume) and ancient murrelet (S.
antiques) also breed on several islands. Breeding population of these two murrelets was
estimated as 249-2,303 pairs on the Guguldo Island (Park 2013). Every year, seabirds
visited to spend winter in the Yellow Sea. Over 10,000 individuals of Saunder’s gulls
(Saundersilarus saundersi) spent winters in the Korean coasts in the Yellow Sea (NIBR
2008, 2009, 2010b, 2011b, 2012b, 2013b, 2014b, 2015b, 2016). The wintering population of
Saunder’s Gulls tends to increase between 2008 and 2016 (Figure R20-37).

The main threats to seabirds are introduced plants and animals such as rats and feral cats,
habitat loss and bycatch in the Yellow Sea. Climate change impacts such as rising of sea
level and seawater temperature are also potential threats to the seabirds and shorebirds.
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Figure R20-35. Shorebirds survey from 2010 to 2015 (NIBR 2010a, 2011a, 2012a, 2013a,
2014a, 2015a)

Figure R20-36. Breeding population of (a) the Swinhoe’s storm-petrel on Chilbaldo
Island (Kang et al. 2008; Korea National Park Research Institute, 2014 and 2015),
(b) the streaked shearwater on Sasudo Island (Nam and Yoo 2017), and (c) the
black-tailed Gull on Hongdo Island, Gyungnam (Korea National Park Research
Institute 2018).
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Figure R20-37. Wintering population of the Saunders gull (NIBR 2008, 2009, 2010, 2011,
2012, 2013, 2014, 2015, 2016)

10 Marine mammals

10.1 Pinnipeds

Spotted Seals (Phoca largha), the only pinniped that regularly inhabit in the Yellow Sea, are
designated as protected animals in both Korea and China and hunting them has been
banned since early 1980s (Won and Yoo 2004). The population size of spotted seals in the
Yellow Sea was about 8,000 individuals in 1940 (Dong and Shen 1991). Since the 1960s,
populations have been decreasing due to heavy catch and habitat destruction and only small
groups can now be found. They breed in Liaodong Bay, China in winter season. The major
haul-out sites are on the Baengnyeong-do, South Korea, where 200-400 individuals
regularly stay between spring to fall. Abundance of the population in the Liaodong Bay is
assumed around 1,200 individuals (Han 2018). Since 2000, counting surveys of spotted
seals have conducted on the haul-out sites of the Baengnyeong-do. A maximum of 343
individuals was observed in 2002. Recently, the number of spotted seals has decreased
from the early 2000s (Figure R20-38). Whether this indicates a reduction in the population
size is not clear. In 2017, 190 individuals of the seal were counted, whereas 410 individuals
were photo-identified at the same year using unique spot patterns on their chick pelages as
natural marker (Cetacean Research Institute, NIFS, 2018).
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Figure R20-38. Census of spotted seals (Phoca largha) around Baengnyeong-do between
2000 and 2017.

10.2 Cetaceans

A total of 16 cetacean species have been recorded. Amongst them, fin whale (Balaenoptera
physalus), minke whale (B. acutrostrata), killer whale (Orcinus orca), Blainville’s beaked
whale (Mesoplodon densirostris), and finless porpoise (Neophocaena phocaenoides) have
commonly been observed. Catching whales was banned in Korea in 1986 and some of the
whale populations have increased. In the Changjiang River estuary and Yangtze River, two
endangered migratory freshwater cetaceans can be found, baiji (Lipotes vexillifer) and
finless porpoise. The former, listed as a critically endangered species in IUCN Red List, lives
only in China (The Yellow Sea Ecoregion Initiative 2001) In Korean waters, finless porpoises
are typically observed in nearshore areas while minke whales are observed in offshore
areas. Surveys in Korean coastal waters of the Yellow Sea show that the number of minke
whales was reduced from 1,685 in 2001 to 733 in 2008, although this may not be statistically
significant.

Finless porpoise is the most abundant species in the Yellow Sea. However, they
have decreased by approximately 70% between 2004/2005 and 2011 (Park et al.
2015). The abundance estimates of the finless porpoise in the Korean coastal waters
of the Yellow Sea, were reported 36,000 individuals in 2004-2005, and 14,000
individuals in 2011. The cause of rapid decline of finless porpoise is heavy impact of
human activities (Turvey et al. 2007; Wang 2009). The primary impact is thought to
be bycatch. Their main habitats are overlapping with the stow net fisheries which are
the most dominant fisheries in that area. The stow net has accounted for more than
80 percent of finless porpoise bycatch in that area.
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11 Contaminants

11.1 Persistent organic pollutants (POPSs)

Figure R20-39. Historical production, use, export and import amounts of all pesticides in
China (Grung, et al. 2015)

The historical production and use of pesticides in China are shown in Figure R20-39.
Because organochlorine pesticides (OCPs) accounted for 80% of the total pesticides before
1982, the first regulation of OCPs in China in 1982 resulted in a sharp decrease in the
production of total pesticides for five years. After that, the production of total pesticides
(mostly non-OCPs) increased again. Previous researches (Xu et al. 2007; Hu et al. 2009;
Zhao et al. 2010; Lin et al. 2012a, b; Zhou et al. 2014) investigated OCPs focusing on
dichloro-diphenyl-trichloroethanes (DDTs) and hexachlorocyclohexanes (HCHSs). Grung et
al. (2015) assessed the risk levels of DDTs and lindane (HCHSs in biota) using the Norwegian
criteria and concluded that the concentrations in biota from some coastal areas could be
classified as “bad” or “very bad” for DDT, including the Haihe Estuary and Yellow River
Estuary. The risk in biota was much lower for HCH and the majority of the investigated areas
could be classified as class | or Il (background or good).

The existing data indicated that the polychlorinated biphenyls (PCBs). concentrations in the
surface seawater in the Bohai Sea and East China Sea were lower than the EPA guidelines.
Moreover, higher-level PCBs were detected in fish and shellfish samples collected from the
Dalian Bay and Bohai Bay than in other coastal areas. However, in all the study areas, the
residual levels of PCBs in marine organisms were far below the federal tolerance level of
PCBs (2,000 ng/g wet wt.) provided by the USFDA (Xing et al. 2005).

China is one of the largest producer and consumer of polybrominated dipheny! ethers
(PBDEsSs) in the world, and correspondingly the contamination of PBDESs in the marine
environment has attracted a wide attention (Mai et al. 2005). The PBDEs concentrations in
sediments of most coastal areas of China were relatively low compared with other countries
(Table R20-2). The PBDEs residual levels in most coastal areas of China were also relatively
lower than those of other countries. However, the concentrations of PBDES from some
polluted areas were comparable to/or even higher than those of developed regions (Table
R20-2). The perfluorinated compounds (PFCs) concentrations in seawater of most coastal
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areas of China are also relatively low compared with other countries, perfluorooctanesulfonic
acid (PFOS) and perfluorooctanoic acid (PFOA) are the dominant PFCs found in these
seawaters (Figure R20-40). The contamination of PFCs in the Bohai Sea is more serious
than other areas in China because of the presence of large chemical plants and rivers under
high urban wastewater input (Chen et al. 2011). It was reported that the total concentration
of nine PFAS (per- and polyfluoroalkyl substances) in the sediments in the different sampling
areas were in the order of Bohai Sea > East China Sea > Yellow Sea (excluding the Bohai
Sea) based on both the mean and median, with an increasing trend from the lower to the
upper layers (Gao et al. 2014).

Table R20-2. Concentrations in different matrices collected from the coastal areas of

China
Congen
Matrix Research Result er Reference
area
number
Lingding Bay ~YPBDEs(mean): 5.0 ng/L 8 L”goe(;?a"’
Pearl River > PBDEs(dissolved): 31.1-118.7 17 Guan et al.,
Seawate Delta pg/L 2007
r > PBDEs(dissolved): 31.1-118.7
pg/L Wurl et al.,
Hongkong S PBDEs(particulate): 25.7-32.5 8 2006
pg/L
. ) Wang et
Bohai Sea > PBDEs: 2.5 ng/g (dw) 14 al.. 2009
Yangtze River ) Chen et al.,
Delta > PBDEs: 13.6 ng/g (dw) 11 2009
tsed'me” Laizhou Bay ~ YPBDESs: 240 ng/g (dw) 8 J'”Zgég"'
Haihe Estuary ) PBDEs: 60-2100 ng/g (dw) 27 Zhaé%itlal"
Liaohe . Zhao et al.,
Estuary > PBDEs: 130-1980 ng/g (dw) 27 2011
. . Wang et
Bohai Sea > PBDEs: 0.68 ng/g (dw) 14 al.. 2009
Organis . . Jin et al.,
m Laizhou Bay Y PBDEs: 457.2 ng/g (dw) 8 2009
Liaodong Bay ) PBDEs: 1.3-8.8 ng/g (dw) 15 M;g{sl.,
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Figure R20-40. Concentration of perfluorinated compounds in the seawater of the coastal
regions in China

In the Korean coastal waters in the Yellow Sea, POPs, including PCBs, DDTSs, chlordane
(CHL), HCHs, hexachlorobenzene (HCB) and PBDEs . were measured in the blubber of
finless porpoises (n=52) collected in 2003 and in 2010 (Moon et al. 2010). For the blubber of
finless porpoises (n=77) collected in 2010, the total concentrations of PCBs, DDTs, CHLS,
HCHs, HCB and PBDEs were 50.5-3200 ng/g Iw, 240-10100 ng/g Iw, 11.3-300 ng/g Iw,
<LOQ-810 ng/g Iw 1.6-100 ng/g lw and 48.0-1000 ng/g Iw, respectively. The total
concentrations of PCBs, OCPs and PBDEs in finless porpoises showed significant
decreasing trends (p<0.001) between the sampling years of 2003 and 2010 (Figure R20-41).
The reduction rates of these contaminants on average were 53%, 67%, 68%, 87%, 75%,
and 62% for PCBs, DDTs, CHLs, HCHs, HCB and PBDEs, respectively. Of 52 finless
porpoise samples collected in 2003, 27% exceeded the NOAEL (no observed adverse effect
level) of immunosuppression by DDTs of harbor seals (De Swart et al., 1996) and 27%
exceeded the total PCB-risk based toxic effect concentration (i.e. endocrine disruption and
immunotoxicity) of 1300 ng/g Iw (lipid weight) reported for harbor seals (Mos et al., 2010),
implying adverse health effects on this species.
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Figure R20-41. Temporal trends of (a) PCBs , (b) DDTs, (c) CHLs, (d) HCHSs, (e) HCB, and
(f) PBDEs of finless porpoises collected between 2003 and 2010 from Korean coastal
waters. Significant percentage declines are indicated for each chemical groups (*p<0.05;
**p<0.005). The box plot shows 10th, 25th, 50th, and 90th percentiles with error bars. The
circles indicate the 5th percentile (lower) and the 95th percentile (upper). The arithmetic
mean concentrations are given as red bars. The sample numbers for sex and growth groups
were as follows: immature male (n=15), immature female (n=20), mature male (n=7), and
mature female (n=10) collected in 2003 (total numbers=52); immature male (n=20),
immature female (n=28), mature male (n=19), and mature female (n=10) collected in 2010
(total numbers=77).

From the same survey above, the total toxic equivalency (TEQ) levels of polychlorinated
dibenzo-p-dioxins and dibenzofurans (PCDDs and PCDFs), non-ortho PCBs, and mono-
ortho PCBs in the blubber of finless porpoises from both sampling years were lower than the
o-observed-adverse-effect level (NOAEL) (62 pg TEQ/g) and lowest-observed-adverse-
effect level (LOAEL) (209 pg TEQ/g) known to have immunomodulatory effects due to
dioxin-like contaminants in harbor seals (Phoca vitulina; Ross et al. 1995). The total
concentrations of PCDD/Fs and doxin-like PCBs in finless porpoises showed significant
decreasing trends (p<0.001) between 2003 and 2010 (Figure R20-42). Based on the
average concentrations of these contaminants, the reduction rates were 58%, 54%, 69%,
and 60% for PCDDs, PCDFs, non-ortho and mono-ortho PCBs, respectively. In addition, the
congener-specific temporal trends of PCDD/Fs and DL-PCBs also significantly decreased
between the time-gap samples.

The spatial distribution of PCDD/Fs in bivalves showed relatively homogenous pattern
compared to that of sediment contamination (Choi et al. 2010). A significant decreasing trend
of PCDD/Fs was found in sediments from Korean coastal waters from 2010 to 2012 (Figure
R20-43), suggesting the association with a strong regulation on PCDD/Fs in flue gas from
waste incinerators in Korea (Ministry of Environment 2014). However, no significant temporal
trends were found for PCDD/Fs in bivalves from Korean coastal waters. To evaluate
ecotoxicological effects of PCDD/Fs in coastal sediment from Korea, sediment quality
guidelines (SQGSs) such as probable effect level (PEL: the concentration at which a large
percentage of the benthic population shows a toxic response) and threshold effect level

( TEL: the contamination concentration at which a toxic response has started to be observed
in benthic organisms) from Florida State were used. Our evaluation showed that almost half
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of sediment samples (46%) had exceeding values of PCDD/Fs for the TEL (0.85 pg TEQ/g
dry weight), implying ecotoxicological potential risks to marine organisms in Korean coastal
waters.

Figure R20-42. Temporal trends of (a) PCDDs , (b) PCDFs, (c) non-ortho PCBs, and (d)
mono-ortho PCBs in finless porpoises collected between 2003 and 2010 from Korean
coastal waters.

Figure R20-43. Temporal trends of mean concentrations of PCDD/Fs in sediment and
bivalves (mussels and oysters) from 25 locations of Korean coastal waters over the period
2000-2012.

41



Yoo et al.

11.2 Polycyclic Aromatic Hydrocarbons (PAHS)

Overall, the PAHSs levels in the seawater of the Chinese side of the Yellow Sea were
comparable to or slightly lower than those of other coastal areas in the world (Alava et al.
2020). However, the values were highly variable from different surveys. For example, Zhang
et al. (2016) reported that the surface water PAH levels in the Bohai Sea were higher than in
many other locations in the world (Zhang et al. 2016). The levels of PAHs in the Yellow Sea
were much lower (less than 20 ng I'*)(Jang et al. 2021). The concentrations of PAHs in
sediments from the continental shelf off China were 27-224 ng/g (dw), with a median value
of 57 ng/g. The sediments of the central Yellow Sea (53-224 ng/g, with a median of 129
ng/g) contained higher levels than those of the northern Yellow Sea (27-110 ng/g, with a
median of 51 ng/g). Alava et al. (2020) argued that the PAHs in the North Chinese coastal
sediment was relatively low compared with published data in other coastal regions
worldwide. However, Wang et al. (2020) reported that the sediment PAH levels in the Bohai
Sea were higher than those in the North Sea, the Yellow Sea, and the Baltic Sea. Those in
the Yellow Sea were lower than in the Baltic Sea but higher than in the North Sea.

Surface sediments and two kinds of bivalve species including mussels (Mytilus coruscus and
M. edulis) and oysters (Crassostrea gigas) were sampled at 25 locations around the Korean
peninsula (western, southern, and eastern coasts of South Korea) over the period 2000-
2012 (Figure R20-44). The total concentrations of PAHs in 2000-2012 ranged from 1.71 to
3,060 (mean: 216) ng/g dry weight for all of the sediment samples and from 4.36 to 2,653
(mean: 182) pg/g wet weight for all of the bivalve samples. The highest concentrations of
PAHSs in sediments and bivalves were observed in the southeastern part of Korea (Ulsan,
Onsan, Busan, Masan, Jinhae Bays), which are the locations close to the largest industrial
complexes and harbors. This result indicates that intensive industrial and shipping activities
are the major contamination sources of PAHs in Korean coastal waters (Choi et al. 2010;
2011). No significant temporal trend was found for PAHs in sediments and bivalves from
Korean coastal waters, implying the presence of wide ranging active sources of PAHs in
coastal environment of Korea. The total concentrations of PAHs in sediments from Korean
coastal waters did not exceed the effect range low (ERL) and effect range median (ERM)
suggested by the National Oceanic and Atmospheric Administration (NOAA) as screening
values for sediment quality (Long and Morgan 1990).
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Figure R20-44. Temporal trends of mean concentrations of PAHs in sediment and bivalves
(mussels and oysters) from 25 locations of Korean coastal waters during the period of 2000-
2012.

11.3 Mercury

Marine bivalves such as mussels and oysters are often used as bioindicators for
monitoring metal contamination in coastal environments. The Ministry of Oceans and
Fisheries of Republic of Korea (MOF) has investigated the concentrations of trace
metals in soft tissues of mussels (Mytilus edulis, n = 271) and oysters (Crassostrea
gigas, n = 108) collected at 25 stations along the coast of Korea from 2000 to 2015.
Relative to mussels, oysters have low Hg concentrations. Compared to the safety
level (0.5 mg/kg-ww) of Hg for shellfish applied in Korea (MFDS 2015), the Hg
concentrations in mussels and oysters were below the safety level in all samples
except mussel of Onsan coast (in the eastern coast) in 2010. The mean Hg
concentrations in mussel did not show any distinctive temporal trend during the
monitoring periods (Figure R20-45), while the mean Hg concentrations in oyster
were below 0.02 mg/kg-ww and were uniform over time since 2004 (Figure R20-46).
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Figure R20-45. Horizontal distributions of mean Hg concentration in the tissues of mussels

and oyster collected at 25 stations along the Korean coast from 2000 to 2015

Figure R20-46. Annual variations of mean Hg concentration in the tissues of mussels and

oysters collected
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12 Climate Change, Ecosystem Considerations & Emerging Issues

The most salient climatic feature in the western North Pacific region has been the warming
started in the middle of 1980s, which was also evident in the Yellow Sea. The warming has
stopped in early 2000s. While the eastern North Pacific experienced the record-breaking
marine heat wave in 2014-2015 period, there was no sign of any notable change in the sea
temperature and salinity in the Yellow Sea during the focus period.

The Yellow Sea ecosystem, on the other hand, has been under progressing eutrophication,
which can be characterized by continuous increases in the nutrient concentrations,
chlorophyll-a, primary productivity and macroalgal blooms (green tides) until the early 2010s.
At the same time, DO, pH, and the saturation state of aragonite have decreased. However,
no significant changes have been observed in the macrobenthos communities, shorebird
populations, and spotted seals (Phoca larga) and most contaminant (POPs, PAHs, Hg)
levels are safe and stable except for a few hotspots in Chinese and Korean coasts.

Unexpectedly, HABs have been decreasing in both Chinese and Korean coastal waters.
Also, the giant jellyfish blooms that peaked in 2003 did not occur in a significant density after
2007 in the eastern Yellow Sea. All the major factors proposed to explain these blooms, e.g.,
warming, eutrophication, fishing pressure, and man-made substrates, have not changed
much and yet no large blooms were observed for the past 10 years. This conundrum
suggests that our understanding of such processes is still very limited.

The green tides began to appear on a large scale since 2008 and still increase in
distribution. It is still not clear what the long-term ecological impact of the annual recurrence
of large-scale green tides is, although significant social and economic losses have been
incurred due to the large accumulation of algal biomass on beaches and coastal waters.

Another emerging issue is the marine litter. Ever-increasing inputs of various forms of marine
litter pose a significant threat to the marine ecosystem and human society. Nevertheless,
surveys of marine litter are too limited to understand the basin-wide dynamics. Nor are
assessed the impacts of marine litter on the marine ecosystem. Future studies of the
dynamics, transportation, transformation and impacts on biota of the marine litter in the
Yellow Sea basin are urgent.

The Yellow Sea ecosystem is arguably the one ecosystem among North Pacific ecosystems
that is dominantly under the anthropogenic pressures. It serves as a good example of
coastal marine ecosystems under increasing pressures from multiple drivers of human-
induced environmental change.
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