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Several coastal regions in Korea have suffered from hypoxia since the 1970s. We present
the first review of Korean coastal hypoxia, focusing on its spatiotemporal variation,
controlling factors, and effects on marine ecosystems. The review considers the two
hotspots of the natural Jinhae Bay (JB) and artificial Shihwa Bay (SB), which are referred
to as “Korean dead zones.” The hypoxia in the JB is attributed to eutrophication due to
domestic and land-used waste input and thermal stratification based on the naturally
sluggish water circulation, whereas the hypoxia in the SB is due to eutrophication
resulting from domestic, land-used, and industrial waste input and haline stratification
as a consequence of the artificially created water stagnation. The bottom-water hypoxia
and stratification has led to an imbalance in nitrogen:phosphorus ratio between surface
and bottom waters. Hypoxia has also created undesirable benthic community changes
in the both bays: (1) mass mortality of large species and recolonization with elevated
abundances of opportunists in JB, and (2) decrease of the number of species,
abundance, and diversity of benthic communities in SB. Therefore, it behooves us to
pay attention to these environmental changes. This review will be helpful in determining
the direction of future studies of Korean coastal hypoxia.

Keywords: coastal hypoxia, eutrophication, Korean coast, Jinhae Bay, Shihwa Bay

INTRODUCTION

The intensification of anthropogenic activities (e.g., industrialization, urbanization, and
agriculture) during the Anthropocene (since the pre-industrial era) has caused a number of serious
problems in marine environments, such as acidification and hypoxia, which have become urgent
socioeconomic and political issues (IPCC, 2013). Oxygen is a prerequisite for all life on Earth,
but “deoxygenation,” a term used to express dissolved oxygen (DO) loss, has been dramatically
extended and/or enhanced in marine environments (Keeling et al., 2010). The areal extent of
coastal hypoxia (DO < 2mg L' or ~63 wmol L™!) has increased remarkably in recent decades
due to the increase in coastal eutrophication (Diaz, 2001; Diaz and Rosenberg, 2008; Conley et al.,
2009a; Rabalais et al., 2010), leading to significant changes in biogeochemical cycling and marine
ecosystem structure (Diaz and Rosenberg, 1995, 2008; Conley et al., 2009b).
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The northern Gulf of Mexico and Chesapeake Bay which
receive massive nutrient loadings through river runoff, are
frequently referred to as hypoxic coastal regions (Hagy et al,
2004; Dagg et al., 2007; Conley et al., 2009a). In these regions,
seasonally chronic hypoxia generally develops through the
combination of biogeochemical (i.e., enhanced remineralization)
and physical (ie., strong stratification) effects in the bottom
waters, although spatial and temporal variability exists.

In recent decades, to enable the receipt of agricultural and
industrial waters, many artificial structures, such as dams and
dykes, have been constructed in estuarine systems in East Asia
as interfaces between seawater and freshwater (Kim et al,
2001; Tockner and Stanford, 2002; Byun et al, 2004; Cao
and Wong, 2007; Acharyya et al, 2012; Lee and Lee, 2012).
These artificial structures have unintentionally contributed to the
development of coastal hypoxia by restricting water circulation
and accumulating organic matter in the water columns and
sediments (Portnoy and Giblin, 1997; Byun et al., 2004; Kim T. L.
etal., 2006; Lee et al., 2012). A strong cause and effect relationship
likely exists between the presence of these artificial structures
and the development of coastal hypoxia (Lim et al, 2006;
Tsutsumi, 2006). However, few studies have focused directly on
this relationship.

Several coastal regions in South Korea have suffered from
coastal hypoxia caused by eutrophication, in addition to the
effects of the artificial structures (Bashkin et al., 2002; Lim
et al., 2006). In the southern coast, bottom-water hypoxia in
semi-enclosed Jinhae Bay (JB) and Gamak Bay lasts for several
months during the summer. The spatial extent of hypoxia in
JB has increased with anthropogenic eutrophication over last
four decades threatening benthic ecosystem and aquaculture
production (NIES, 2009). Lim et al. (2006) reported that summer
hypoxia cover about 54% of the total area and has a fatal effect
on the benthic ecosystem by creating dead zone in JB (Lim et al.,
2006). On the other hand, bottom-water hypoxia in western coast
did not occur due to tidal mixing (3-10 m), which provides well-
flushed condition in the coastal area until the dyke construction.
Hypoxic bottom waters were first reported in areas adjacent
to the river mouth blocked by dykes in the Shihwa Bay (SB),
Cheonsu Bay, and Yeongsan Bay (Hong et al., 1997; Lim et al.,
2006; Figure 1). Until now, hypoxia has developed in summer
months in these bays due to blockage of tidal mixing and water
circulation by dyke and results in significant changes in the
biogeochemistry and ecosystem structures.

As aresult, coastal eutrophication and the presence of artificial
structures have caused severe deoxygenation in some Korean
coastal regions (Lim et al., 2006). Given that the Korean coastal
hypoxia is likely to be unique among hypoxic regions in terms
of its causes (i.e., eutrophication and the presence of artificial
structures), a review of previous studies of this phenomenon
is needed to obtain a comprehensive overview. In addition,
coastal hypoxia is regarded as a serious environmental and social
problem that urgently needs to be resolved.

The main purposes of this study were: (1) to summarize the
key findings of previous studies of Korean coastal hypoxia with a
focus on the naturally formed JB and artificially formed SB, which
are representatively referred to as “Korean dead zones,’; (2) to

provide information regarding its mechanisms, spatiotemporal
variation, and biogeochemical and ecological responses; and (3)
to identify and address unresolved scientific issues regarding
factors controlling the extent of hypoxia and consequences of
Korean coastal hypoxia for consideration in future studies.

A BRIEF OVERVIEW OF HYPOXIA IN
KOREAN COASTAL WATERS

Since hypoxia was first reported in JB in September 1974 (Kim
et al., 1976), this phenomenon has been considered to be more
than just a scientific issue, with catastrophic mass mortality
events occurring in the oyster farms of JB due to severe hypoxia
in August 1978 (Cho, 1979). Hypoxia has been reported to occur
every summer in JB (Cho, 1991; Hong et al., 1991; Lim et al,,
2006; Kim Y.-S. et al., 2015; Lee et al., 2017). Since the publication
of these reports documenting the hypoxia in JB, coastal hypoxia
phenomena have been recorded in other coastal regions (e.g.,
Cheonsu Bay, Gamak Bay, SB, and Yeongsan Bay; Han and Park,
1999; Kim J. B. et al., 2006, 2015; Lim et al., 2006; Seo et al., 2012;
Shin et al., 2013; Jung et al., 2015; Lee et al., 2017). These coastal
regions all experience high levels of anthropogenic activity (i.e.,
rapid industrialization/urbanization and intensive aquaculture
systems; Figure 1), resulting in “coastal eutrophication” (Choi
etal., 1997; Kim et al., 2005; Kim J. B. et al., 2015; Kim T. L. et al.,
2006; Lee and Kim, 2008; Jang J. I. et al., 2011; Lim et al., 2012; Sin
et al., 2013). In addition, artificial structures, such as dams and
dykes, have been constructed in Cheonsu Bay, SB, and Yeongsan
Bay to secure industrial and agricultural waters, leading to very
sluggish water circulation (Han and Park, 1999; Lim et al., 2006;
Jung et al., 2015).

Eutrophication is regarded as the major cause of the
worldwide increase in the number of hypoxic coastal zones since
the 1960s (Diaz and Rosenberg, 2008). Hypoxia in Korean coastal
waters is caused mainly by eutrophication, due to anthropogenic
activities in watersheds over the last 50 years (Lim et al,
2012). These undesirable conditions have resulted in a steep
increase in nutrient loading to the coastal waters. Korean coastal
regions are currently characterized as severely eutrophic areas
and receive the largest terrestrial nitrogen (N) fluxes in the
world (Bashkin et al., 2002; Howarth, 2008). Consequently,
the frequency of massive algal blooms, such as “red tides,
has increased remarkably in Korean coastal regions, and is
concentrated mostly along the southern coast, including JB and
Gamak Bay (Lee and Min, 1990; Kim, 1997; Lee and Kim, 2008;
Lee et al, 2013). These blooms make major contributions to
the development of hypoxia in Korean coastal regions (Lee and
Kim, 2008), leading to substantially enhanced biological oxygen
consumption in water columns and sediments (Diaz, 2001).

The distribution of the minimum DO values recorded during
the period of 2009-2016 in Korean coastal regions is shown in
Figure 1. Low DO values (red dots, DO < 2mg L™; pink dots, 2
< DO < 4mg L™!) are distributed mostly in five regions; two
along the southern coast (i.e., the red dots in JB and Gamak
Bay) and three along the western coast (i.e., the red dot in SB
and pink dots in Cheonsu Bay and Yeongsan Bay). Although
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FIGURE 1 | A map showing the minimum values of bottom-water dissolved oxygen (DO) recorded in Koran coastal waters. Five representative hypoxic
regions — Shihwa Bay (SB), Cheonsu Bay (CB), Yeongsan Bay (YB), Gamak Bay (GB), and Jinhae Bay (JB)—are highlighted on the map. Most DO data used in the
construction of this figure was obtained from the Fishing Ground Environment Monitoring program conducted during 2009-2016 by the National Institute of Fisheries
Science (http://www.nifs.go.kr/femo/), but the SB DO data were obtained from the Ministry of Oceans and Fisheries (MOF) reports (MOF, 2005, 2006, 2007, 2008,
2009, 2010, 2011). The inset indicates the total nitrogen (N) loading (yellow bars) and contributions (pie charts) of the four major N sources (livestock waste, yellow;
industrial effluent, brown; land-used waste, green; domestic sewage, orange) discharged to the watershed in each bay (data source, MOF, 2013). The solid gray line
indicates the mean value of the total N loading in the Korean coastal region. The dots represent the bottom-water DO concentrations (red dots, < 2mg L pink
dots, 2-4mg L~"; light-blue dots, 4-6mg L~="; blue dots, > 6mg L~1).

hypoxic conditions (DO < 2 mg L~ red dots) were not apparent
in Cheonsu Bay (minimum DO, 2.5mg L~!) and Yeongsan Bay
(minimum DO, 3.0mg L™!), these two bays have also been
referred to as hypoxic regions in previous studies (Lim et al.,
2006; Jung et al., 2015). These five hypoxic regions are all located
near major population centers, which deliver large amounts
of nutrients into the coastal waters. For example, N loading

in these hypoxic regions (0.9-1.4 x 10* kg day~!), except in
Gamak Bay, is much greater than the mean value for all coastal
regions (0.7 x 10* kg day~!; shown on the bar graph inset into
Figure 1). Thus, excessive nutrient inputs are generally favorable
for hypoxia development in coastal regions (Lim et al., 2012). The
main N sources are livestock waste, industrial effluents, land-used
waste, and domestic sewage. Livestock and land-used waste are

Frontiers in Marine Science | www.frontiersin.org

March 2018 | Volume 5 | Article 70


http://www.nifs.go.kr/femo/
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/marine-science#articles

Leeetal.

Hypoxia in Korean Coastal Waters

the dominant N sources in Cheonsu Bay and Yeongsan Bay,
whereas domestic sewage, land-used waste, and industrial waters
are the dominant N sources in Gamak Bay, JB, and SB (MOF,
2013).

In addition to coastal eutrophication (a biogeochemical
factor), seasonal stratification (a physical factor) blocks the
vertical exchange between surface and bottom waters, and is an
important factor in the establishment of hypoxia (Rabalais et al.,
2001). Strong stratification has developed in five of the hypoxic
regions due to thermal and/or haline effects. This physical
isolation has resulted in weak or absent vertical and horizontal
water circulation (Han and Park, 1999; Jung et al., 2015; Lee
et al,, 2017). The extremely sluggish water circulation in JB and
Gamak Bay is a natural phenomenon associated with the regional
geomorphology and hydrology, whereas it is driven by artificial
structures in Cheonsu Bay, SB, and Yeongsan Bay (Figure 1).
Therefore, Korean coastal hypoxic regions can be categorized
systematically as a natural or artificial bay system.

In the following section, we describe Korean coastal hypoxia
in terms of its spatial and temporal variation, main controlling
factors, and effects on marine ecosystems through an analysis
of the two significant systems. We first consider JB, as a
representative natural system, and then consider SB, as an
artificial system.

HYPOXIA IN THE NATURAL SYSTEM OF JB

General Characteristics

JB is located on the southeastern Korean coast (Figure 1),
and is a shallow (mean depth, ~20 m) semi-enclosed bay with
many islands. Geomorphologically, it consists of seven sub-bay
systems: Masan Bay, Jindong Bay, Danghang Bay, Dangdong
Bay, Wonmun Bay, Gohyeon Bay, and Haengam Bay (Figure 2).
Gadeok Channel is the primary pathway for the exchange of
seawater between JB and the South Sea (Figure 2). Geographic
complexity and isolation have led to the natural development of
extremely sluggish water circulation (mean rates of bottom-water
flow: 8 (neap tide)—10 (spring tide) cm s~ in JB (Hong, 2016;
Kim et al., 2016). During the summer, low-salinity water, formed
mainly by freshwater discharge from a number of small streams
and heavy precipitation from the Asian monsoon, occupies the
surface layer of JB, partially contributing to the development of
stratification (Cho et al., 2002; Kim S.-Y. et al., 2012).

JB was the most important spawning and nursing ground
for fish and shellfish in the Korean coastal water until the
1970s (Cho, 1991). Since then, anthropogenic activities, such as
rapid industrialization/urbanization and intensive aquaculture
development, have resulted in massive nutrient loading. As
shown in Figure 1, the discharge of domestic sewage (orange)
and land-used waste (green) is estimated to be 3,800 and 3,600 kg
day™!, respectively, representing the dominant N sources. The
massive nutrient loading has resulted in the deterioration of
water quality in JB; it has become the most eutrophic bay along
the Korean coast (Kim D. et al., 2012; Kwon et al., 2014). As a
result, JB has suffered from chronic anthropogenically derived
environmental problems, such as seasonal hypoxia, water quality
deterioration, and harmful algal blooms (Lim et al., 2006; Lee

and Kim, 2008; Kim et al., 2014). To resolve or relieve these
problems, various conservation and management policies have
been introduced by national and regional governments over
the last few decades. These policies have included dredging,
wastewater treatment, and regulation of total pollutant loading,
but these actions have proven to be ineffective (Chang et al,
2012). Therefore, JB has experienced serious environmental
problems for along time; in particular, it has suffered from severe
coastal hypoxia since the 1970s (NIES, 2009).

Temporal and Spatial Distribution of
Hypoxia

In JB, severe hypoxia usually occurs in the bottom waters from
May to September, although some interannual variation exists
(Kim et al., 2002; Lim et al., 2006; Kim J. B. et al., 2015; Lee et al.,
2017). Figure 3 shows that bottom-water DO concentrations are
10mg L~! in winter (January-February) due to active vertical
mixing. Bottom-water DO concentrations then decrease sharply
from 10 to 2mg L™! in spring (March-May) due to the great
accumulation of organic matter from eutrophication, leading to
hypoxia. In addition, the temperature difference between the
surface and bottom waters begins to increase (i.e., AT = Ty face-
Thottom > 0°C), stabilizing the water-column structure. Hypoxic
bottom waters persist during summer (June-August; DO < 2 mg
L, along with strong thermal stratification (mean AT = 6°C).
Bottom-water DO concentrations increase from 2 to 6 mg L™
in fall (September-October/November) due to thermal cooling
and/or wind forcing (NIFS, 2009; Kim Y.-S. et al, 2015; Ye,
2015; Lee et al., 2017), leading to weak stratification and in turn
providing ventilation between surface and bottom waters (i.e.,
AT toward 0°C). The seasonal variation in bottom-water DO can
be categorized into three phases: the decrease in bottom-water
DO leading to the development of hypoxia in spring is phase I,
the development and maintenance of bottom-water hypoxia in
summer is phase II, and the decrease in bottom-water hypoxia in
fall is phase III (Figure 3).

The areas of the world’s oceans affected by deoxygenation have
been expanding significantly (Keeling et al., 2010), leading to
various effects on marine biogeochemical cycling and ecosystems
(Diaz and Rosenberg, 2008; Rabalais et al., 2010). In the global
context, the areal extent of the JB summer hypoxia has increased
remarkably (Figure 4), with reported values of 197 km? in 1989
(Lim et al., 2006), 209 km? in 1993 (Kim and Lee, 1994), and 272
km? in 2010 (Kim S.-Y. et al., 2012). Until the 1980s, bottom-
water hypoxia was observed only in the southwestern regions of
JB (i.e., Dangdong Bay, Wonmun Bay, and Gohyeon Bay) and
in the inner Masan Bay (Hong, 1987; Lim and Hong, 1994; Lim
et al., 2006; NIFS, 2009).

The hypoxia in JB during summer has been studied intensively
to characterize its interannual spatial variability (NIFS, 2009; Ye,
2015). A spatial distribution map showing the counted numbers
of JB summer hypoxia occurrence (HO) from the total of 16
surveys for the period of August 1990-2016 is given in Figure 2.
High numbers of HO (> 13, shown in red in Figure 2) were
observed in the western regions (Jindong Bay, Dangdong Bay,
Gohyeon Bay, and around Gajo Island) and the northeastern
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FIGURE 2 | Spatial distribution of the counted numbers of hypoxia occurrence (HO) from a total of 16 surveys conducted during the month of August 1990-2016 in
the Jinhae Bay. The data sources are Kim and Lee (1994), Kim S.-Y. et al. (2012), and annual National Institute of Fisheries Science (NIFS) reports (http://www.nifs.go.
kr/bbs?id=seastate). Plus signs (+) represent the locations of benthic community sample collection (see Figure 5). Note that here HO was determined with the
criterion of dissolved oxygen < 3mg L~ "in Figure 2 as the compiled maps showing hypoxia distributions in the Jinhae Bay from the previous studies were mostly
based on the criterion of dissolved oxygen < 3mg L.

region (Masan Bay), which have greater nutrient loading and
more shellfish farms than do other regions (Lim and Hong, 1994;
Lim et al., 2006; Lee et al.,, 2008; Bae et al., 2010; Ye, 2015).
Moderate numbers of HO (7 < HO < 12, shown in yellow in
Figure 2) were observed in the center of JB, and low numbers of
HO (1 < HO < 6, shown in blue in Figure 2) were observed near
the Haengam Bay. The area near the Gadeok Channel showed no
hypoxia (HO = 0, shown in light blue in Figure 2), resulting from
the active water exchange.

Factors Controlling the Three Phases of
Hypoxia: Development, Persistence, and

Termination

JB system has low physical energy due to enclosed
geomorphology and limited water circulation, leading to
strong seasonal stratification. During phase I, which is the
period from March to May when hypoxic conditions form and
the bottom-water DO level decreases rapidly toward hypoxia,
thermal stratification is developed gradually due to solar heating.
As shown in Figure 3, this relationship is supported by the

strong negative correlation between the bottom-water DO
concentration and AT in JB (Kim et al., 2010; Kim Y.-S. et al.,
2015; Ye, 2015; Lee et al., 2017).

Bottom-water hypoxia persists across a wide region of
JB during phase II (i.e., constant DO concentrations of
< 2mg L7! during summer), resulting from a balance
between source and sink processes that influence bottom-
water DO concentrations (Figures2, 3). During summer,
the water-column stability is intensified greatly by thermal
(i.e., solar heating) stratification, while haline (i.e., freshwater
discharge) stratification intermittently strengthens the water-
column stability (Figure 3) (NIFS, 2009; Kim S.-Y. et al., 2012;
Ye, 2015), isolating the bottom-water much more than in the
other seasons. A similar feature has also been reported in the
western area of Long Island Sound, USA (Welsh and Eller, 1991)
and in Seto Inland Sea, Japan (Kasai et al., 2007), where the
influence of freshwater is small. Generally, spring freshwater
discharge, which leads to haline stratification and enriches the
organic matter content due to enhanced primary production,
is considered to be the primary factor for the development of
hypoxia in other hypoxic coastal regions (e.g., the northern
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FIGURE 3 | Seasonal variation in bottom-water dissolved oxygen (DO; mg L=, AT (i.e., difference between surface and bottom temperatures; °C), bottom-water
oxygen demand (mmol m~3 d=1), and sediment oxygen demand (mmol m—2 d*1) observed in 2015 in Jinhae Bay. Phases |, I, and lll encompass hypoxia
development, persistence, and termination, respectively. The gray shading represents the Chan-Hom typhoon, which passed in July 2015. Source: Adapted from Lee
et al. (2017). Reproduced with permission of the Coastal Education and Research Foundation, Inc.

Gulf of Mexico, Chesapeake Bay, and the Baltic Sea; Diaz,
2001; Rabalais et al., 2001; Hagy et al, 2004; Conley et al.,
2009a). However, because a large amount of freshwater discharge
usually occurs in the summer due to the heavy precipitation
that develops from the Asian monsoon, the effect of freshwater
discharge on the development of hypoxic conditions in JB during
phase I is less important. This relationship is supported by the
weak correlation between bottom-water DO concentrations and
difference between surface and bottom salinity (i.e., AS) in JB
(Lee et al., 2017).

When JB is under the influence of typhoons during phase II,
bottom waters are reoxygenated temporarily. For example, the
Chan-Hom typhoon passed over JB on July 14, 2015, with wind
speeds of 12.4m s~ ! (see solid gray line in Figure 3), resulting in
“de-stratification.” However, strong water-column stratification
occurred again within ~1 week after the typhoon event and, in
turn, bottom-water hypoxia reappeared in the JB as usual (Lee
etal., 2017).

The termination of JB bottom-water hypoxia occurs during
phase III (i.e., recovery of oxygen-depleted conditions in the
bottom-water to form oxygen-replete conditions), and generally

results from the destruction of stratification due to thermal
cooling and/or elevated wind forcing (NIFS, 2009; Ye, 2015;
Lee et al., 2017). The rapid and sharply decreasing AT from
late August to early September is a consequence of weak water-
column stratification (Figure 3), leading to active vertical mixing
between surface and bottom waters.

The physical factors determines where hypoxia can occur,
while the biogeochemical factors lead to depletion of oxygen
due to elevated supply of organic matter (Rabalais et al., 1999).
The delivery of excess organic matter to the JB hypoxic region
generally results from enhancement of algal production by high
nutrient input, especially during the summer (i.e., phase II),
from adjacent land (Lim et al., 2007, 2012; Jang P. G. et al,
2011; Kim et al.,, 2013a). Surface concentrations of dissolved
inorganic nitrogen (DIN) and dissolved inorganic phosphorus
(DIP) ranged to 0.3-22.0puM and 0.1-0.9 M, respectively,
though spatially inhomogeneous distribution (Kim S.-Y. et al,,
2012). Chlorophyll-a concentrations in the surface water are
somewhat higher (~2.5-25 g L™!) in the summer compared to
the other seasons (~1.0-12 pug L™1) (Kim et al., 2013a). Monthly
primary productivity measured at 13 stations in 2008 ranged to
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238-1142mg C m~2 d~!, with the highest in June (NIFS, 2012).
The measurements near the Gajo Island in 2015 showed similar
range (51-929 mg C m~2 d~!) and pattern peaked in June as well
(Park, 2016). Values of stable carbon (C) isotope (3'3C) measured
in the water-column particulate organic matter (POM) in the
Masan Bay during the period of 1991-1993 ranged from —15.4
to —21.4%o (mean: —17.8%o), suggesting that marine sources
(i.e., autochthonous characteristic) were dominant relative to
terrestrial sources (i.e., allochthonous characteristic; Kim et al.,
1994). Bae et al. (2017) also reported that total organic carbon
contents having a C/N ratios of between 6 and 8 were enriched
(ca. 2.0-2.5%) in the JB sediments, indicating delivery of surface
organic matters formed by algal production to the sediments.
In addition, the autochthonous POMs (C/N ratio: 8 and §'3C:
—18.8%o) in the upper most core sediments collected near the
Gajo Island were dominant (Lim et al., 2012). However, there still
remains further qualitative and quantitative investigation about
the contribution of allochthonous and autochthonous POMs to
hypoxia dynamics in the JB.

The JB oxygen consumption rates in bottom-water and
sediment during Phase I and II ranged to 8-21 mmol O, m~>
d~! and 2-30 mmol O, m~2 d™!, respectively (Figure 3), which
are comparable to those in the northern Gulf of Mexico (bottom-
water: 4-11 mmol O, m~2 d~! and sediment: 4-20 mmol O,
m~2 d~! from Murrell and Lehrter, 2011). The rate of bottom-
water oxygen consumption was much higher in July (21 mmol
0, m~3d™!) thanin April (8 mmol O, m—3d!)and positively
correlated with bottom-water temperature (r> = 0.95; based on
the observations during April-September 2015; Lee et al., 2017),
suggesting that increasing temperature may have stimulated
microbial activity in the bottom waters. However, the rate of
sediment oxygen consumption was much lower in summer (2
mmol O, m™? d7!) than in spring (22 mmol O, m~2 d71)
and showed strong dependence on oxygen availability (r* =
0.70), indicating that sediment oxygen consumption may have
inhibited by low oxygen availability due to hypoxia formation
(Lee et al., 2017) as reported in other hypoxic zones (Kemp et al.,
1992; Rowe et al., 2002; Murrell and Lehrter, 2011). These results
suggest that both of bottom-water and sediment oxygen demands
play important role in hypoxia development during phase I,
accounting for each 50% of total oxygen consumption (ie.,
bottom-water + sediment oxygen demands). In the meantime,
bottom-water oxygen demands (i.e., accounting for 90% of total
oxygen consumption) are more important for the persistence
of hypoxia during phase II (Lee et al., 2017). These findings
were derived from incubated-experiment results. Therefore, a
further research, based on in-situ experiment (such as chamber
incubation), is needed to fully understand dynamics of oxygen
demands in the bottom water and sediment.

Biogeochemical and Ecological Responses
A significant undesirable consequence of coastal hypoxia is the
disturbance of the marine biogeochemical cycles that control
nutrient composition and carbonate chemistry in the marine
ecosystem (Conley et al,, 2002; Middelburg and Levin, 2009;
Cai et al., 2011). The ratio of DIN to DIP in the JB bottom
waters in the summer was estimated to be < ~10 in 2016

(NIFS, 2017), indirectly indicating influence of N sink and/or
P source processes. Hypoxic conditions are potentially favorable
for N removal processes, such as denitrification (i.e., NO; —
NO, — N;O/N3) and anaerobic ammonium oxidation (i.e.,
NHI + NO, — N3), in marine environments (Christensen
et al., 1990; Seitzinger and Giblin, 1996). Of N sink processes,
denitrification is responsible mainly for the loss of reactive N in
coastal benthic systems (Dalsgaard et al., 2005), leading to N-
limited conditions. The potential benthic denitrification rate in
JB was measured directly using a '°N isotope technique, and was
found to range from 1 to 31 pmol N m~2 h~! (MOF, 2016),
which is comparable to values obtained in other hypoxic coastal
regions, including the Baltic Sea, Chesapeake Bay, and Adriatic
Sea, which ranged from 6 to 37 jtmol N m~2 h~! (Tuominen
et al,, 1998; Voss et al., 2005; Gustafsson and Stigebrandt, 2007),
1 to 26 umol N m—2 h~! (Kemp et al., 1990), and 1 to 48 wmol
N m~—2 h™! (Degobbis et al., 1986), respectively. Under hypoxic
conditions, substantial amounts of DIP can be released from
sediments via desorption of iron-bound P (Jensen et al., 1995;
Conley et al., 2002; Howarth et al., 2011). Kim S.-Y. et al. (2012)
reported that bottom-water DO concentrations are correlated
significantly with DIP concentrations during the hypoxic season
in the JB (r = —0.67, p < 0.001), resulting from the combination
of an increased DIP flux from sediment and accumulation in the
bottom layer due to strong stratification. As a result, an additional
DIP source may contribute to the lowering of the DIN:DIP ratio
in the bottom waters of JB (Jang P. G. et al,, 2011; Kim S.-Y.
etal.,, 2012; Kim et al., 2013a). However, there is little information
about whether the low DIN:DIP ratio in the JB bottom-water
is mainly derived by N sink or P source processes, so further
research is needed.

An extremely high DIN:DIP ratio (110) is maintained in
the JB surface water during summer due to N-dominated
eutrophication (Kim et al, 2013a; Kim Y.-S. et al, 2015),
indicating that P may be a limiting element for phytoplankton
growth. In general, surface DIP is extremely scarce during
summer due to strong stratification, and accumulated bottom-
water DIP is the major source (Kim Y.-S. et al, 2015). As
a result, the bottom-water DIP has been found to make an
important contribution to surface primary production in JB
when stratification becomes weak (Kim Y.-S. et al., 2015). For
example, in phase III (September-October), when active vertical
mixing begins to occur, the surface DIN:DIP ratio is reduced to
16 and the chlorophyll-a concentration is 14 ug L™, i.e., higher
than in phase II (9 ng L™Y) (Kim Y.-S. et al., 2015). The bottom-
water hypoxia has resulted in a severe imbalance in the DIN:DIP
ratio between surface (i.e., P-limited condition) and bottom (i.e.,
N-limited condition) waters in the JB.

Low oxygen conditions are also accompanied by a decrease in
pH, which results from CO, production via the decomposition
of organic matters by microbial respiration (Cai et al., 2011;
Melzner et al,, 2013). During phase II, the bottom-water pH
values measured in summer 2010 ranged from 6.6 to 8.2 (mean,
7.6 £ 0.2), and the bottom-water pH was correlated significantly
with the bottom-water DO (r = 0.9, p < 0.001) in the JB (Kim
S.-Y. et al,, 2012). In addition, the level of aragonite saturation
(824ra) in the bottom waters was much lower in summer (§2,r4
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= 1.2) than the other seasons (£2,, = 2.2-2.5; Kim et al.,
2013b). These findings suggest that bottom-water hypoxia in
JB is linked to the problem of coastal acidification (Kim S.-
Y. et al, 2012; Kim et al., 2013b), which potentially damages
calcareous organisms due to the dissolution of calcium carbonate
by the reduction of carbonate saturation (Gazeau et al., 2007; Cai
et al,, 2011). As shown in Figure 4, the rapid expansion of the
hypoxic area in JB in summer may have a negative impact on
the growth of calcareous-shelled organisms, such as edible mussel
(Mytilus edulis) and Pacific oyster (Crassostrea gigas), which
are economically important organisms in the JB aquaculture
industry (Kim et al., 2013b). However, no study has examined
the direct effect of the relationship among bottom-water hypoxia,
acidification, and calcification on the JB ecosystem in detail; such
research is urgently needed.

Because many benthic organisms are sessile, benthic
communities are especially susceptible to bottom-water hypoxia
(Vaquer-Sunyer and Duarte, 2008; Levin et al,, 2009). Lim
et al. (2006) investigated the seasonal variation in benthic
community structure along a section extending from Masan
Bay to the Gadeok Channel (Sts. 1-4 in Figures 2, 5). Because
bottom-water hypoxia developed and persisted during summer
at Sts. 1 and 2, which lie in an area that experiences chronic
bottom-water hypoxia (numbers of HO > 13; Figure 2), the
number of species, abundance, and diversity (Shannon diversity
index) were found to be almost null, indicating massive mortality
of benthic fauna during summer. The damage to the benthic
community persisted until October, despite the disappearance
of bottom-water hypoxia. The benthic community recovered
slowly, with lag times of 1-4 months (Figure5). The first
recruitment in JB generally began from opportunistic species,
such as the polychaete Paraprionospio pinnata and the bivalve
Terestrombus fragilis (Lim et al., 2006), which are known to be
relatively resistant to low oxygen levels (Boesch and Rabalais,
1991; Tamai, 1993). During fall and winter, the number of
species, abundance, and diversity increased to ~30 species
0.5m~2, ~800 individuals m~2, and ~3, respectively, and the
recovery of the benthic community was sustained until the
following spring (Figure 5). Therefore, severe hypoxia during
summer clearly caused a high degree of mass mortality and the
slow recolonization of benthic fauna in the JB ecosystem.

HYPOXIA IN THE ARTIFICIAL SYSTEM OF
SB

General Characteristics

SB is located on the western coast of South Korea, and is an
artificial bay isolated by a dyke, with an area of 56.5 km? and a
mean depth of 3.2m. As part of a government land reclamation
project conducted during the 1980s and 1990s, Shihwa Dyke
(12.7 km long, with a 100-m sluice gate) was built in the mouth
of the Shihwa Estuary in 1994, creating a large artificial lake
(called “Lake Shihwa”) to supply water for agricultural and
industrial purpose, and to extend the area of agricultural land
(173 km? reclaimed land; Bae et al,, 2010; Lee et al, 2014).
However, the artificial dyke was built without consideration of

the surrounding environmental conditions, including the lack of
wastewater treatment facilities and massive nutrient loading from
neighboring industrial complexes and large cities (e.g., Ansan,
Shiheung, and Hwaseong), and the restricted water circulation
resulted in a rapid deterioration of water quality (Park et al., 1997,
2003). For example, the chemical oxygen demand (COD), an
index used to assess the magnitude of organic pollution, exceeded
~17mg L~! in the water-column in 1997 (after construction of
the dyke), which was approximately six times higher than before
the dyke was built (~3mg L™! in 1993; Lee et al., 2014). Since
the isolation, reports have also documented black coloration
and unpleasant odor of the seawater, and massive fish kills have
occurred in the eutrophic lake (Cho, 2005).

To improve the water quality, the government revised the
original plan, which involved desalination of the bay water by
preventing mixing with seawater, to partial exchange via a small
gate. Since July 1997, the bay water has again been allowed to mix
with seawater entering via the sluice gates, and this exchange has
been allowed to occur regularly since March 1999. In addition,
the government has taken various other measures, such as the
enhancement of sewage treatment systems and installation of
a total pollution load management system (Bae et al.,, 2010).
As a result, water quality has improved; for example, the COD
decreased from ~17mg L™! in 1997 to ~4.5mg L~! in 2001
(Lee et al., 2014). Nevertheless, large amounts of anthropogenic
N are still discharged, mainly through a number of stream
runoffs, into the sluggish SB, with the main sources being
domestic sewage (5,400kg day~!), land-used waste (3,000kg
day™!), and industrial effluents (2,700kg day~!). The SB still
suffers from chronic environmental problems, including red tides
and bottom-water hypoxia and anoxia, more than two decades
later (Park et al., 1997; Hwang, 2008; Yoo, 2010; Kang N. S. et al,,
2013a).

Temporal and Spatial Distribution of
Hypoxia

The bottom-water hypoxia in SB is currently a seasonal
phenomenon, occurring during summer (mostly June-
September; Figures 6, 7; Hwang, 2008; Yoo, 2010). The
seasonal variation in bottom-water oxygen is associated
closely with stream runoff, and is determined by physical
and biogeochemical factors (MOF, 2009; Yoo, 2010). Until
April, bottom-water DO concentrations are in the range of
8-14mg L™, indicating a sufficient oxygen supply. Lower
concentrations of bottom-water DO (5mg L) are observed
with increasing AT (up to 5°C) in May, but the variation
in AS is small (0-2) due to the low freshwater discharge,
indicating the enhancement of thermal stratification. The
bottom-water hypoxic conditions in SB generally appear in
June and persist until September, accompanied by high AS
(5-15) and chlorophyll-a concentrations (20-90 pg L™1). The
hypoxic conditions are usually terminated in October, when
the water-column thermal and/or haline stratification begins
to weaken, which permits the exchange of oxygen-rich surface
water with hypoxic bottom-water.
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FIGURE 4 | Decadal variation in the areal extent of summer (August) hypoxia in Jinhae Bay (shown for 1989, 1993, and 2010). Sources: Modified from Kim and Lee
(1994). Reproduced with permission of the Korean Society of Fisheries and Aquatic Science, Modified from Lim et al. (2006), and Modified from Kim S.-Y. et al. (2012).

Reproduced with permission of the Korean Society of Nature Conservation.
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The spatial distribution of hypoxic bottom-water is also
subject to seasonal variation. Hypoxic (i.e., equivalent to O,
saturation < 30%) bottom-water appears in June in the area off
the Shihwa-Banwol industrial complex (Figure 7), where water
is extremely stagnant, and then extends to a large area of the SB
until August. Most bottom-water in SB becomes hypoxic during
summer, and even suboxic (O, saturation < ~10%) water has
been found in the central region of SB, which has a relatively
higher content of total organic carbon in its sediment (1.6%)
compared to the mean value (1.3%) averaged from the entire area
(MOF, 2009).

SB has been transformed anthropogenically from an open,
natural bay system (before 1994) to an artificial lake system
(1994-1997; “desalination era”), and finally to an enclosed
artificial bay system (after 1997; Figure 8). The bottom-water
DO has been influenced directly by artificial modifications over
the last two decades (Figure 8A). For example, observational
data collected from March to November 1993 showed that
the bottom-water DO concentration ranged from 5.9 to
8.8mg L~!, indicating active vertical mixing, before the
construction of the dyke (Hwang, 2008). After the dyke had
been completed, the bottom-water rapidly became hypoxic
or suboxic during the desalination era. The mean bottom-
water DO concentration was 7.7mg L™! (range, 6.5-8.8 mg
L™!) in the first year of dyke construction (1994). In the

second year, it was 3.0mg L~! (range, 0.5-4.7mg L~!), and
hypoxia appeared in August 1995 for the first time. In the
third year, the mean bottom-water DO concentration was
0.9mg L™! (range, 0.2-3.8mg L™!), with suboxic conditions
reached in August 1996 (Figure 8A). The period of hypoxia
increased two-fold, ie., from 4 months (August-November)
in 1995 to 8 months (April-December) in 1996 (Choi,
2001).

Since July 1997, seawater has been allowed to enter SB via
the sluice gate, enabling recirculation of SB water. The amount
of seawater exchange increased gradually after 1999; the mean
bottom-water DO concentration in spring and fall in 2000
increased to 8.7 mg L ™!, compared with 0.5 mg L~! for the same
period in 1996 (Figure 8A). However, regardless of the seawater
exchange rate, the bottom-water DO concentration declined to
hypoxic levels in summer from 1997 to the late 2000s (Figures 6-
8; Park et al., 1997, 2003; MOF, 2009, 2010; NIFS, 2009).

A tidal power plant (TPP) was built on the Shihwa Dyke and
has been operational since 2012. The rate of seawater inflow after
the plant had been completed has increased 5.6-fold compared
with the period before its construction (i.e., from 250 to 1570
million tons day‘l; Lee, 2017). Ra et al. (2013) reported that
the mean bottom-water DO saturation value during July and
August increased as a consequence from 52% (range, 3-154%)
in 2011 to 96% (range, 55-150%) in 2012. However, whether the
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FIGURE 5 | Seasonal variation in (A) bottom-water dissolved oxygen (DO; mg
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Samples were collected at the four stations marked (by plus signs) in
Figure 2. Source: Modified from Lim et al. (2006).

bottom-water hypoxia in SB has persisted or disappeared is not
known because detailed monitoring surveys were halted in 2012.

Factors Controlling Bottom-Water Hypoxia
Artificial coastal structures, such as dykes and dams, alter
water circulation and biogeochemical cycling in coastal regions

by interrupting the natural exchange between seawater and
freshwater (Gedan et al., 2009). A lack of circulation results
in high degrees of accumulation of organic matter in water
and sediment, and strong water-column stratification (Portnoy,
1991), which favor the development of hypoxia.

Before the dyke was completed, the tidal range on the
Shihwa coast was more than ~10m, which was one of the
largest tidal ranges in the world’s oceans (Frey et al., 1989;
Cho, 2005), indicating strong tidal mixing. Large amounts
of anthropogenic pollutants (e.g., nutrients, heavy metals,
and organic contaminants) from adjacent streams have been
discharged into the Shihwa coastal region due to inadequate
sewage treatment systems, but their accumulations were small
due to strong tidal mixing. As a result, the bottom-water
contained sufficient DO in summer and the Shihwa was not
considered to be a hypoxic coastal region (Han and Park, 1999;
Hwang, 2008).

During 1994-1997 (i.e., the desalination era), SB was created
by the construction of a dyke on the coast. This construction
resulted in a relatively small enclosed coastal area of 47.7 km?
and a total volume of 330 million tons, with a freshwater
discharge of ~340 million tons year_1 (Lee et al.,, 2014). It
has caused a substantial increase in the residence time of
water and contaminants, leading to severe eutrophication and
occurrence of bottom-water hypoxia in SB (Han and Park,
1999). For example, water-column total N measured in 1995
(~320 M) was five times higher than that measured during
1991-1993 (~60-80 wM) (Cho, 2005). In addition, the annual
mean chlorophyll-a concentration and primary productivity
were estimated to be 169 pg L™! and 3,972mg C m™2 day ™!,
respectively, in 1995, ~90 times higher than the corresponding
values in 1993 (during the dyke construction; Choi et al., 1997).
The surface- and bottom-water COD values also increased
remarkably from 3.9 and 1.7 mg L™}, respectively, in 1994 to 9.8
and 12.5 mg L™, respectively, in 1996 (Figures 8D,E), indicating
an increase in the organic matter content in the water-column.
Moreover, water-column stratification became much stronger
during the desalination era, with increases in the mean AT and
AS during the spring to fall seasons (i.e., March-November) from
0.3°Cand 0.1, respectively, in 1994 to 7.2°C and 4.7, respectively,
in 1996. The maximum AS reached 17.6 in fall 1995 due to large
freshwater input (Figure 8B).

After summer 1997, water in SB was partially recirculated
via a sluice gate, which enabled seawater exchange. As haline
stratification and COD declined, the water quality gradually
improved (Figures 8B,D). However, seawater exchange (plus
additional efforts such as the expansion of public treatment
facilities) was insufficient to dissipate the hypoxiain SB (Lee et al.,
2014). In Figure 6, peak of AS coincides with the period of lowest
value of DO in every summer (yellow shaded area). In addition,
Yoo (2010) reported negative correlation between salinity and
chlorophyll-a concentration (r = —0.6, p < 0.01) and particulate
organic carbon (POC) (r = —0.6, p < 0.01) as well as positive
correlation between chlorophyll-a concentration and POC (r?
= 0.8, p < 0.01), indicating enhancement of phytoplankton-
derived organic matter by high nutrient inputs from freshwater
discharge. These findings indicate that strong haline stratification
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and high levels of autochthonous production due to freshwater
discharge contribute to the onset and persistence of hypoxia
in SB until the late 2000s (MOF, 2010; Yoo, 2010), as seen in
Chesapeake Bay and the Gulf of Mexico (Kemp etal., 1992; Rivera
et al., 2010). Since March 2012, the operation of the Shihwa TPP
has increased the seawater exchange rate, resulting in a slight
recovery from bottom-water hypoxic conditions (Kang Y. S. et al.,
2013b; Ra et al.,, 2013). Therefore, we need to investigate how the
bottom-water hypoxia in SB has been changed since 2012.

Biogeochemical and Ecological Responses
The presence of the dyke has significantly altered the SB
ecosystem in terms of its biogeochemical properties and benthic
community composition, due to the effects of anthropogenic
isolation. Han and Park (1999) reported extremely high
concentrations of ammonium (~450 wM), with rapid oxygen
consumption in the halocline (~6-8 m depth), measured during
a hydrographic survey conducted in March 1996 (during
the desalination era of 1994-1997); these findings indicate
excessive accumulation of reduced N in the bottom-water.

Bottom-water hypoxia was distributed widely during summer
1997 (Figure 8), together with high ammonium (27.2-628.5 pM)
and low nitrate (1.5-2.7 wWM) concentrations (Park et al., 2003).
Accumulation of ammonium and deficiency of nitrate indirectly
indicate inhibition of the coupled nitrification (i.e., NHI —

NO, — NOj)-denitrification (ie., NO; — NO; —

N,O/N,) processes under hypoxic condition in the SB, which
is contradictory to the JB (refer section Biogeochemical and
Ecological Responses). Denitrification is largely dependent on
nitrate availability, so hypoxic condition may show different
features (Kemp et al, 1990; Childs et al., 2002; Conley
et al., 2009b). However, there is little information about direct
denitrification activity in the SB, so a research on this topic is
needed. In addition, excessive accumulation of phosphate (3.4-
50.9 M) (Han and Park, 1999; Park et al, 2003), resulting
from the substantial release of iron-bound P from sediment
(Géchter and Meyer, 1993), was found in the hypoxic bottom-
water. In March 1996, significantly elevated H,S (~45uM) (Han
and Park, 1999), which is toxic to benthic organisms (Diaz and
Rosenberg, 1995; Gamenick et al., 1996), was observed in the
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FIGURE 7 | Seasonal spatial distribution of bottom-water dissolved oxygen saturation (%) observed in 2009 in Shihwa Bay. Red areas represent hypoxic water
(oxygen saturation < 30%). Black dots indicate sampling stations. The data source is the Ministry of Oceans and Fisheries report (2009).

hypoxic bottom-water in SB (Han and Park, 1999). In the marine
environment, H,S is produced mainly by sulfate reduction, which
is a type of anaerobic respiration (Canfield et al, 1993). In
addition, a low pH value (~6.8), indicating “coastal acidification”
that may threaten CaCOj-shelled benthic organisms (Cai et al.,
2011), was recorded in the hypoxic bottom-water (Han and Park,
1999). Therefore, bottom-water hypoxia during the desalination
era contributed to acidification in the SB ecosystem (Han et al,,
1997; Park et al., 1997, 2003; Han and Park, 1999).

Benthic communities in SB have been altered significantly
by multiple factors (i.e., development of bottom-water as well
as changes in circulation, salinity, eutrophication, and isolation)
(Figure 9) (Hwang, 2008; Jung et al., 2012; Lee et al, 2014).
Lee et al. (2003) investigated the total numbers of benthic
faunal species in SB in three periods: before the dyke was built
(1980), the early desalination period (1994-1995), and the late
desalination period (1995-1996). The results revealed significant
reduction in the total number of benthic faunal species over the
three periods, from ~110 species 0.3 m~2 to ~90 species 0.3
m~2 to ~40 species 0.3 m~2. Furthermore, dominant benthic
species, such as Notomastus species were no longer present in
SB after the construction of the dyke (Lee and Khim, 2017);
they were replaced by opportunistic species (Hong et al., 1997;
Hwang, 2008), particularly polychaetes such as Pseudopolydora
kempi and Polydora cornuta, which are known to live exclusively
under eutrophic conditions (Pearson and Rosenberg, 1978). As
aresult, the species diversity index (i.e., Shannon index) declined

rapidly from 1.9 during dyke construction (1993) to 0.7 after dyke
construction (1994-1996) (Figure 9D). These ecosystem changes
were attributed to the evolution of SB bottom-water hypoxia,
from its appearance to settlement (Figures 8, 9; Hong et al., 1997;
Ryu et al., 1997; Lee et al., 2003, 2014; Lee and Khim, 2017).

After the partial opening of the sluice gate (in 1997), which
reintroduced water recirculation in SB, the water exchange
rates increased from ~1,200 million tons per year during
1997 to ~9,000 million tons per year after 1998 (Choi et al,
2008). Benthic community indexes, i.e., the number of species,
abundance, and diversity increased gradually, particularly near
the sluice gate (blue area in Figure 9A). Based on published
data for a 20-year period, Lee and Khim (2017) reported that
the abundance of some opportunistic species (e.g., Prionospio
japonicus) in SB diminished after the partial gate opening,
although some species (e.g., P. kempi and P. cornuta) remained
dominant. These results indicate that the SB benthic community
has recovered partially since 1997. However, the bottom-water
hypoxia occurring in summer due to insufficient water exchange
and the input of large amounts of pollutants from inland still
impacts the benthic community in SB (Hwang, 2008; Jung
et al., 2012). For example, decreases in the number of species,
abundance, and diversity of benthic fauna were observed in
June and September in the inner area (Figures 9E-G). Therefore,
a continuous long-term monitoring program is essential for
accurate assessment of the effects of artificial structures on
ecosystem changes in the bay.
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COMPARISON OF THE NATURAL JB AND
ARTIFICIAL SB SYSTEMS: SOURCES OF
EUTROPHICATION AND STRATIFICATION

In both bay systems, bottom-water hypoxia develops due to the
combined effects of eutrophication and stratification. However,
the sources of eutrophication and stratification that contribute to
bottom-water hypoxia development differ between the bays.

First, both bays have undergone a large amount of
anthropogenic N loading from the surrounding land over the
past two decades. The main N sources in JB are land-used waste
(45%) and domestic sewage (45%), whereas those in SB are
domestic sewage (40%), land-used waste (25%), and industrial
effluents (20%).

Second, the restricted water circulation, leading to longer
water residence times, has stimulated the development and
persistence of bottom-water hypoxia in both bays. However, the
basic mechanisms of development were totally different. The
isolated geomorphology of JB has naturally interrupted exchange
between the inshore and offshore waters, which occurs primarily
through the narrow Gadeok Channel (Figure 2). In contrast, the
construction of an artificial dyke was the main cause in SB.

Third, strong stratification is a key factor in the development
of bottom-water hypoxia in both bays; however, the main sources
of stratification differed. Thermal stratification (i.e., the vertical
temperature gradient) was a more dominant factor in JB, whereas
haline stratification (i.e., vertical salinity gradient) was a more
significant factor in SB.

In summary, the bottom-water hypoxia in JB can be
attributed to anthropogenically derived eutrophication (two
main components: land-used waste > domestic sewage) and
thermal stratification based on the naturally sluggish water
circulation, whereas that in SB is caused by anthropogenically
derived eutrophication (three main components: land-used
waste > domestic sewage > industrial effluents) and haline
stratification based on artificially restricted water circulation.

ADDRESSING UNRESOLVED SCIENTIFIC
QUESTIONS FOR FUTURE STUDIES OF
KOREAN COASTAL HYPOXIA

In the previous sections, we reviewed hypoxia in JB and SB in
terms of its characteristics, spatiotemporal variation, controlling
factors, and significant effects on marine ecosystems. Here, we
call attention to some issues that should be urgently resolved
in the near future in the JB and SB systems, to enable better
understating of coastal hypoxia in the region and help address the
growing global concern over this matter (Breitburg et al., 2018).

(1) Bottom-water hypoxia has altered nutrient cycling, reducing
the DIN:DIP ratio in the JB. N-limitation in the bottom-
water of JB seems to be associated with denitrification and/or
excessive P efflux in sediment. On the contrary, N removal
through denitrification seems to be suppressed in SB due to
low nitrate availability during desalination era. However, no

direct evidence was found to support these arguments. P-
limitation, driven by N-dominated eutrophication, was also
found in the surface waters of JB. Future research should
investigate the influence of nutrient limitations on primary
production and whether the unbalanced nutrient cycling
structure will change rapidly or be strongly sustained due to
rapid anthropogenic modifications.

(2) Algal production (i.e., autochthonous characteristic) is
an important source of organic matter for hypoxia
formation in both areas. However, supply of terrestrial
substances (i.e., allochthonous characteristic) cannot be
ignored because both areas are receiving large and different
anthropogenic PON loadings. Therefore, further qualitative
and quantitative investigation about the contribution
of allochthonous and autochthonous POMs to hypoxia
dynamics in both areas is necessary.

(3) Coastal hypoxic regions are important contributors to
greenhouse gases (e.g., CO,, CHy, and N,0O). Production
of greenhouse gases is enhanced substantially in hypoxic
waters. Given that the JB hypoxic zones have been expanding
significantly, they may be form a significant coastal source
region for atmospheric emissions of greenhouse gases.
However, coastal greenhouse gases production has not yet
been measured in this area.

(4) Significant relationships between bottom-water hypoxia and
pH have been found in the JB and SB systems, implying that
hypoxia is associated with “coastal acidification.” However,
we do not have sufficiently accurate long-term pH data to
confirm this relationship. To assess the impacts of reduced
pH conditions on marine organisms in both bays, we
urgently need to conduct long-term pH monitoring.

(5) In SB, the operation of a TPP has increased seawater
exchange rates (5.6-fold) since 2012. However, little
information on how the bottom-water conditions have
changed is available because detailed surveys in this area
have been halted. Therefore, we have no information on
whether bottom-water hypoxia in SB is persisting or has
disappeared, or on whether the benthic ecosystem in SB is
recovering.

This review provides further insight into Korean coastal hypoxia
problems, with a focus on the JB and SB systems. We conducted
the first review of the Korean coastal hypoxia problem, and
believe that it will be helpful in determining the direction of
future studies of Korean coastal hypoxia.
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