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INTRODUCTION

Coastal hypoxia refers to a state in which oxygen
supply is reduced to a level that becomes detrimental
to marine organisms (Breitburg 2002). Because hy -
poxia is forecasted to increase in severity and extent
as a result of anthropogenic nutrient enrichment
(Diaz & Rosenberg 2008) and global warming (Keel-
ing et al. 2010, Altieri & Gedan 2015), it has become
a focal subject of coastal studies, which have re -
vealed that damage due to hypoxia is more compli-

cated and concerning than previously thought. Diaz
& Rosenberg (1995) classified dissolved oxygen (DO)
concentrations at or near 2 mg l−1 (approximately
30% air saturation) as hypoxic, providing a lethal
threshold level for ecosystem damage. However,
recent evidence has identified hypoxia-related dam-
age to onset at higher DO concentrations than those
of previous classifications (Gray et al. 2002, Vaquer-
Sunyer & Duarte 2008, Steckbauer et al. 2011).

Shellfish are a good animal model for hypoxia stud-
ies because they are sessile organisms. Animal toler-
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ABSTRACT: Depletion in dissolved oxygen (DO) occurred in 2 semi-enclosed shallow bays in
Korea in which Crassostrea gigas were suspended for aquaculture. DO depletion started at the
bottom and expanded rapidly upwards for days until it was blocked by a temperature-driven den-
sity differential. This resulted in the formation of pelagic oxyclines at a depth of 2–4 m in one bay
(Hypoxic Site 1, HS-1) and 2–5 m in the other (Hypoxic Site 2, HS-2). Water above the oxycline
was normoxic (>4 mg l−1), while water below the oxycline was hypoxic (<1 mg l−1). The oxyclines
were accompanied by significant changes in environmental variables and phytoplankton compo-
sition, but these changes were not fatal to the oysters. However, the oxyclines themselves caused
oyster mortality: complete mortality below the oxyclines and depth-dependent mortality within
the oxycline. Interestingly, mortality was observed in a significant number of oysters above the
oxyclines compared with the reference site, and greater mortality was ob served in HS-1 than
HS-2. These findings suggest the existence of toxic compounds that diffuse up from below the
oxycline in shallow waters and exert effects that overshadow those of DO. The higher mortalities
in the HS-1 normoxic layer supported this influence from the bottom layer. In a subsequent exper-
iment, we observed additional mortalities among the surviving oysters in the upper normoxic
waters after the bays had completely reoxygenated during fall turnover. These data provide useful
observations of hypoxia in highly sheltered shallow waters and can be used to guide site selection
for oyster longline aquaculture.
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ance to hypoxic exposure is species-specific, and
even habitat-specific within a given species, and
shellfish are generally more resistant to low DO con-
centrations than are fish (Stickle et al. 1989, Wang &
Widdows 1991, Vaquer-Sunyer & Duarte 2008, Ekau
et al. 2010). Shellfish responses to low DO concentra-
tions are also species-specific (Khan & Ringwood
2016) but highly variable depending on habitat (Can-
cino et al. 2003, Wang et al. 2011, Gobler et al. 2014).
However, much of this knowledge comes from a
compilation of research performed under specific
environmental conditions, which might not provide
accurate representations of the occurrence of hypoxia
in nature.

After China, South Korea leads the global aqua-
culture production of Pacific oysters Crassostrea
gigas. In Korean waters, this species is principally
cultured in longline systems, which are typically
installed in semi-enclosed bays or along sheltered
coasts for protection from extreme water motion
during typhoon season. Oyster longline aquaculture
systems in oxycline-established coastal waters
could provide a natural laboratory with a realistic
experimental design for hypoxia studies, particu-
larly in highly sheltered shallow waters. In longline
systems, suspended lines carrying oyster clutches
stretch from the surface to almost the bottom of
the water column. This system configuration allows
oysters to be exposed to a DO gradient naturally
generated by coastal oxyclines. However, studies
examining such an approach have not been under-
taken to date.

This study examined hypoxia under
en vironmental conditions in highly shel-
tered shallow waters and its damage
potential to oysters. At the beginning of
Au gust 2013, wide-scale DO depletion
occurred from the bottom of the water
column and expanded upwards along
the southeast coast of Korea, resulting in
a unique oxycline in 2 highly sheltered
local bays, Goseong and Buksin, con -
taining traditional commercial C. gigas
longlines. Soon after the oxyclines were
established, we evaluated the nature
of the hypoxia and the damage potential
to growing oysters exposed to the oxy-
cline-associated gradients in DO and other
environmental variables, both during the
hypoxic period and after reoxygenation.
The results of this study can be used to
guide site selection for longline C. gigas
aquaculture.

MATERIALS AND METHODS

Study site and oyster longlines

In August 2013, a large area of hypoxic water
appeared in 2 highly sheltered local bays in Goseong
and Buksin, Korea, where Crassos trea gigas were
farmed in longline aquaculture systems. Study sites
were established in the 2 hypoxic areas (Hypoxic Site
1 [HS-1] in Goseong Bay and Hypoxic Site 2 [HS-2] in
Buksin Bay) and in one nearby area serving as a nor-
moxic reference site (Fig. 1). The local governments
performed monthly monitoring of environmental con-
ditions at the longlines sites. There fore, information
on aquaculture management and ambient conditions
was available by courtesy of the local governments.

Environmental variables

Temperature, DO, pH, and salinity were measured
weekly in situ using a portable instrument (YSI-6000;
YSI) at 1 m intervals to a depth of 8 m, representing
the extension of the suspended lines. Chemical oxy-
gen demand (COD) and levels of nitrogenous com-
pounds (NH4-N, NO2-N, and NO3-N), phosphate
(PO4-P), and dissolved inorganic nitrogen (DIN) were
measured both at the bottom of the water column and
at the surface (1 m). Analytical procedures were per-
formed according to the National Fisheries Research
and Development Institute standards for chemical
analysis (MOLIT 2010), which generally follow inter-
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Fig. 1. Location of the study sites at the southern Korean coast. Two
 hypoxic sites (HS) in highly sheltered bays (HS-1 in Goseong Bay, HS-2 

in Buksin Bay) and 1 normoxic reference site (RS) in a nearby area
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national standard methods for marine environmental
analyses (Strickland & Parsons 1972, Grasshoff et al.
1999). All measurements were taken weekly, in trip-
licate, from the early to late phase of the oxycline.

Phytoplankton and chlorophyll a

Surface water samples (1 l) were collected from
each study site in 5 l Niskin bottles. Both fresh and
fixed water samples were prepared. Fresh water
samples were concentrated to 3 ml by sieving (mesh
size: 10 µm) and analyzed within 2 h of sampling.
Fixed samples containing 2% Lugol’s solution (final
concentration) were allowed to settle for at least 24 h
and were then concentrated to a final volume of
20 ml in graduated tubes. Phytoplankton species
were identified under a light microscope (Eclipse 80i;
Nikon). Chlorophyll a (chl a) was measured following
the standard method (MOLIT 2010).

Oysters and mortality

According to local government data, the oysters
growing at the study sites were cultured from wild
seeds collected in September of the previous year
and hardened for approximately 4 mo prior to sus-
pension. Table 1 summarizes the longline system and
oysters at HS-1, HS-2, and the reference site before
the hypoxia event. For subsequent monitoring in our
study, mortality was recorded in 1 m intervals and
calculated onboard by subtracting cumulative live
counts from the latest live counts measured by the
local government before hypoxia. Detached oysters
and apparently moribund individuals were included

in the mortality count (J. Han et al. 2013). Mortality at
depth n (m) was determined as the sum of dead oys-
ters along the length of the suspended lines at depths
between n and n + 1 (m). At the end of the hypoxic
period, all surviving oysters above the oxycline were
harvested and separated. Of these, 90 oysters were
randomly selected and caged in oyster bags (Vexar
oyster bag, approximately 45 × 90 × 8 cm; OysterGro)
and suspended at depths of 1.0–4.5 m at vertical
intervals of 0.5 m. Survival was then measured for
another month in reoxygenated water.

Statistics

All data are presented as the mean ± standard
deviation (SD). Data were analyzed using the inde-
pendent sample t-test or 1-way analysis of variance
followed by Duncan’s test.

RESULTS AND DISCUSSION

Nature of hypoxia

We began monitoring the oysters and ambient
environmental conditions at each site as soon as pos-
sible after establishing the study sites; hypoxia
appeared to have begun 3–5 d earlier. Therefore,
for the missing data, we relied on local government
datasets obtained from routine monitoring of oysters
and ambient water. Based on these data and our
measurements, the 2 bays initially showed drastic
oxygen depletion from the bottom of the water col-
umn for 4–5 d, after which it shortly stabilized with
the formation of a pelagic oxycline.

The oxyclines were thin but robust,
at depths of 2–4 m at HS-1 and 2–5 m
at HS-2, with respective thicknesses
of 2 and 3 m. This resulted in the for-
mation of 3 oxygen layers: the upper
normoxic layer (DO > 4 mg l−1), mid-
dle oxycline (DO < 1–4 mg l−1), and
bottom anoxic layer (DO < 1 mg l−1)
(Fig. 2). DO gradients at both HS sites
were the most drastic of those ever
measured in or near the study area
(Choi et al. 2009, Kim et al. 2012).
Comparing the ver tical DO profiles,
the HS-1 oxycline was narrower and
shallower than that of HS-2, and the
HS-1 normoxic layer was closer to the
anoxic layer.
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Site Longline system Seed On-growth
L SI CI Type SL NC1 IM SL PS 

(m) (cm) (cm) (mm) (mm) (NC2)

HS-1 7.5−8.0 45 20 HWS 52 23 May 68 69 (15)
HS-2 6.5−7.5 40 20 HWS 51 23 May 66 73 (18)
RS 7.5−8.5 40 20 HWS 48 25 Apr 71 71 (18)

Table 1. Longline system and Crassostrea gigas growth performance before
hypoxia. On-growth data were measured 7 to 10 d before the hypoxia event;
percentage survival (PS) and number of on-growing oysters on the clutch
(NC2) were calculated based on number of seed oysters on the clutch (NC1),
in which oysters detached from the collectors were considered to be dead. L:
suspension line length; SI: suspension line interval on longline; CI: clutch
interval on the suspension line; SL: shell length; IM: installation month; HWS:
hardened wild seed; HS-1: Hypoxic Site 1 in Goseong Bay; HS-2: Hypoxic
Site 2 in Buksin Bay; RS: reference site. Data courtesy of local governments: 

HS-1 from Goseong County, HS-2, and RS from Tongyeong City, Korea
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In general, during the progression of coastal hy -
poxia, bottom eutrophication proceeds as a result of
microbial growth and respiration, producing a high
demand for oxygen which results in the formation of
a pelagic oxycline under a stratified water column
(Diaz & Rosenberg 2008, O’Boyle & Nolan 2010).
In our study, the 2 sites were characterized by high
 levels of COD at the surface and nutrients (NH4-N,
NO2-N, NO3-N, DIN, and PO4-P) from decomposed
matter at the  bottom (Table 2). We interpreted this
environmental configuration to indicate that oxygen-
depleting mi cro bial decomposition might have pro-
gressed upwards to a certain depth where the density
differential was sufficient to form a pelagic oxycline.
This pattern is common in coastal oxyclines (Diaz &
Rosenberg 2008).

Density differentials between 2 water layers fre-
quently arise from differences in salinity, tempera-
ture, or a combination of both (Lin et al. 2006, Kim et
al. 2012). Our study sites exhibited apparent vertical
changes in temperature and salinity, with more sig-
nificant changes in temperature (Fig. 2). There were
differences of 6–7°C over the 8 m depth of the water
column, without any one layer showing a sharp
change indicative of a thermocline. The mechanism
ex plaining the  formation of a pelagic oxycline with-
out an apparent thermocline remained unidentified

in our study. However, in general,
temperature-driven vertical stabil-
ity is likely when the mixing forces
of wind and wave action are mini-
mal, which are realistic conditions
in highly sheltered bodies of water.
Therefore, the density differential
generated by the temperature
change in these highly sheltered
bays appeared to be strong enough
to establish an oxycline, even
though we could not identify it.

Table 3 exhibits phytoplankton
and protozoan composition during
oxycline persistence. The hypoxic
sites had simple phytoplankton
compositions. Three diatoms (Cha -
eto ceros curvicetus, C. didymus,
and C. affinis) and unidentified pro -
tozoans dominated the hypoxic
sites. The sites were also character-
ized by the occurrence of Aka -
shiwo sanguinea (density: 5–20 cells
ml−1; data not shown), a mucus-
producing dinoflagellate used as
an indicator of changes in temper-

ature and salinity (Matsubara et al. 2007, Badylak et
al. 2014) and a representative species of red tides in
Korea (Park et al. 2013). The reference site contained
a greater diversity of species, such as C. curvicetus,
Chaetoceros debilis, and Pseudo-nitzschia spp. Few
unidentified protozoans and A. sanguinea were
observed. The representative shellfish-killing dino-
flagellates in or near Korean waters, Karenia miki-
motoi and Heterocapsa circularisquama (Horiguchi
1995, Basti et al. 2011, Brand et al. 2012), were not
found in our study. The phytoplankton composition
offered insight into the environmental status before
the occurrence of bottom eutrophication at the study
sites.

Damage to farmed oysters

We identified the health status of the farmed oys-
ters before hypoxia; Table 1 summarizes the longline
system and oyster growth performance before hy -
poxia at the study sites. The test oysters were from
wild seeds overwintered in an intertidal zone for
hardening. Lines carrying seeds of approximately
50 mm in shell length were suspended in April or
May. The oysters were approximately 70 mm in shell
length, with 70% survival by the end of July, 7–10 d

464

Fig. 2. Vertical profiles of the major environmental variables examined at the study
sites during oxycline persistence. Solid circle: hypoxic site 1 (HS-1); empty circle:
hypoxic site 2 (HS-2); solid triangle: reference site (RS). Data are means ± SD
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before the hypoxia event began. The culture system
was standard, and the quality of the oysters in the
system was normal or even better than average
(NFRDI 2012), suggesting that the oysters were
healthy enough to provide useful data for the study.

The oxycline lasted almost 1 mo and resulted in
high oyster mortality. Mortality was oxycline-depth
dependent (Table 4). Both oxyclines (at Sites HS-1
and HS-2) started at a depth of 2 m but ended at dif-
ferent depths; 4 m for the former and 5 m for the

 latter. The difference in the end depth resulted in
 different mortality profiles according to depth. For
example, the DO concentration at a depth of 2 m
was similar at both sites (4.68 ± 0.09 mg l−1 for HS-1,
5.17 ± 0.41 mg l−1 for HS-2); however, mortality at
lower depths differed significantly (57.7 ± 6.4% for
HS-1, 37.0 ± 7.2% for HS-2; p < 0.05). This trend con-
tinued at a depth of 3 m (88.9 ± 2.1% for HS-1, 61.7 ±
11.3% for HS-2), where DO was 1.83 ± 0.24 mg l−1 for
HS-1 and 4.00 ± 0.08 mg l−1 for HS-2. Complete mor-
tality was observed at and below 4 m at both sites,
even though the DO level at 4 m in HS-2 was 2.12 ±
0.56 mg l−1. Surprisingly, there was considerable mor -
tality of oysters above the oxycline, where DO was
near or above 5 mg l−1.

Oysters are considered less sensitive to oxygen
deprivation be cause of their minimal physiological
oxygen requirements (Widdows et al. 1989, Wang &
Widdows 1991, Hand & Hardewig 1996, Guppy &
Withers 1999). However, numerous studies provide
evidence contradicting this low oxygen resistance
(Hochachka 1997, Wu 2002, Brouwer et al. 2007, G.
Han et al. 2013, J. Han et al. 2013, Jeppesen et al.
2016). Diaz & Rosenberg (1995) suggested a threshold
level of 2 mg l−1,  although this level has been debated
by Gray et al. (2002), Vaquer-Sunyer & Duarte (2008),
and Steckbauer et al. (2011), who demonstrated on -
sets of hypoxic mortality at higher DO concentrations.
In this study, oyster mortality at higher DO  levels
might be explained by the combined effects of other
variables, although none of the suspected variables
appeared to be extreme enough to exacerbate oyster
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Variable During oxycline After oxycline
HS-1 HS-2 RS HS-1 HS-2 RS

COD (mg l−1) 4.12 ± 0.82 4.63 ± 0.34 3.25 ± 0.54 2.42 ± 0.21 3.33 ± 0.17 1.14 ± 0.24
2.73 ± 0.51 2.73 ± 0.22 1.06 ± 0.31 3.01 ± 0.23 3.52 ± 0.35 1.32 ± 0.15

NH4-N (mg l−1) 0.018 ± 0.003 0.038 ± 0.004 0.009 ± 0.001 0.025 ± 0.007 0.017 ± 0.005 0.004 ± 0.000
0.299 ± 0.042 0.332 ± 0.065 0.117 ± 0.022 0.025 ± 0.009 0.028 ± 0.009 0.014 ± 0.002

NO2-N (mg l−1) 0.002 ± 0.000 0.005 ± 0.001 0.001 ± 0.000 0.008 ± 0.001 0.004 ± 0.001 0.002 ± 0.000
0.002 ± 0.000 0.006 ± 0.001 0.005 ± 0.000 0.007 ± 0.002 0.012 ± 0.001 0.005 ± 0.001

NO3-N (mg l−1) 0.048 ± 0.011 0.049 ± 0.007 0.001 ± 0.000 0.014 ± 0.003 0.017 ± 0.004 0.009 ± 0.000
0.075 ± 0.012 0.078 ± 0.007 0.025 ± 0.008 0.012 ± 0.003 0.025 ± 0.0.2 0.016 ± 0.004

DIN (mg l−1) 0.068 ± 0.011 0.092 ± 0.011 0.070 ± 0.005 0.047 ± 0.005 0.037 ± 0.017 0.140 ± 0.022
0.376 ± 0.011 0.415 ± 0.028 0.174 ± 0.054 0.045 ± 0.009 0.055 ± 0.011 0.100 ± 0.023

PO4-P (mg l−1) 0.003 ± 0.000 0.003 ± 0.001 0.001 ± 0.000 0.014 ± 0.004 0.015 ± 0.002 0.006 ± 0.001
0.021 ± 0.004 0.026 ± 0.003 0.007 ± 0.002 0.015 ± 0.004 0.014 ± 0.002 0.011 ± 0.003

Chl a (µg l−1) 8.36 ± 1.45 10.12 ± 2.75 6.54 ± 1.21 9.47 ± 1.35 11.88 ± 0.32 4.61 ± 0.21

Table 2. Mean (±SD) changes in organic and inorganic variables during the oxycline and after its disappearance at the study
sites. For each variable, the upper row are the values at 1 m depth and the lower row are values at the bottom. Chl a  values
are at a depth of 1 m. HS-1: hypoxic site 1; HS-2: hypoxic site 2; RS: reference site; COD: chemical oxygen demand; NH4-N, 

NO2-N, NO3-N: ammonium, nitrit, and nitrate nitrogen; DIN: dissolved inorganic nitrogen; chl a: chlorophyll a

Species Dominance
HS-1 HS-2 RS

Harmless species
Chaetoceros curvicetus ++ ++ ++
C. didymus ++ ++ −
C. affinis ++ ++ −
C. debilis + + ++
Pseudo-nitzschia spp. − − ++
Akashiwo sanguinea ++ ++ +
Leptocylindrus spp. − + +
Skeletonema costatum + + +
Ceratium spp. − + +
Others + + ++
Unidentified protozoans +++ +++ +

Shellfish-killing species
Karenia mikimotoi − − −
Heterocapsa circularisquama − − −

Table 3. Phytoplankton and protozoan composition during
the oxycline persistence. HS-1: hypoxic site 1; HS-2: hypoxic
site 2; RS: reference site. (+++) frequency >50%; (++) fre-

quency >5%; (+) frequency <5%; (−) not found
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mortality; however, we
did not mea sure the
effects of these variables
directly. Instead, our
findings were suggestive
of direct damage by toxic
compounds from the bot-
tom layer that penetrated
the oxycline and over-
shadowed the  effects
of the other variables.
One candidate toxic com-
pound was hydrogen
 sulfide, a highly toxic
 product of anaerobic decomposition under anoxic
conditions (Henrichs & Ree burgh 1987, Diaz & Rosen-
berg 1995, Jahn & Theede 1997, Hargrave et al.
2008). Our finding of higher mortality at HS-1 and
greater toxicity at depths closer to the anoxic condi-
tions supported this assumption.

Damage persistence after  reoxygenation

During early September, DO and other variables
returned to near-normal levels (Fig. 3, Table 2). Oys-
ters that had survived in the upper normoxic waters
were caged and suspended at a
depth of 4.5 m for another month.
Table 5 summarizes their sur-
vival. The oysters exhibited signif-
icant mortality com pared with
those from the reference site (p <
0.05). Un like in the hypoxic
water, mortality was not  depth-
dependent, suggesting that it was
caused by the  earlier hypoxic
conditions.

Comparing post-hypoxia survi -
val rates of the surviving oysters
between the 2 sites, oysters at
HS-2 exhibited better survival
than did those at HS-1. There
were both significant (p < 0.05)
and marginal (p > 0.05) differ-
ences in the environmental vari-
ables between the 2 sites (Fig. 3).
However, these  differences were
not sufficient to induce mortality,
as the variables were within the
normal ranges for oysters (MOF
2001). This  finding supported the
hypothesis that the higher mortal-

ity at HS-1 was due to greater damage caused by the
earlier hypoxic conditions rather than current envi-
ronmental variables in the normoxic waters. 

CONCLUSIONS

The establishment of a pelagic oxycline in the
oyster longline area provided a natural laboratory
with a realistic experimental design to study the
nature of hypoxia in sheltered shallow coastal
waters and its damage potential to oysters. During
the summer of 2013, a pelagic oxycline was estab-
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Fig. 3. Vertical profiles of the major environmental variables at the study sites af-
ter the oxycline. Solid circles: hypoxic site 1 (HS-1); empty circles: hypoxic site 2 

(HS-2); solid triangles: reference site (RS). Data are means ± SD

Site Depth (m)
1 2 3 4 5 6

HS-1 5.78 ± 0.29 4.68 ± 0.09 1.83 ± 0.24 0.90 ± 0.25 0.88 ± 0.26 0.84 ± 0.27 
(16.3 ± 3.7) (57.7 ± 6.4) (88.9 ± 2.1) (100) (100) (100)

HS-2 6.01 ± 0.10 5.17 ± 0.41 4.00 ± 0.08 2.12 ± 0.56 0.51 ± 0.26 0.40 ± 0.19 
(21.8 ± 5.7) (37.0 ± 7.2) (61.7 ± 11.3) (100) (100) (100)

RS 8.28 ± 0.19 8.07 ± 0.09 7.75 ± 0.10 7.23 ± 0.35 6.05 ± 0.26 5.84 ± 0.14 
(4.5 ± 0.3) (5.3 ± 1.8) (3.95 ± 1.0) (7.7 ± 1.6) (15.0 ± 3.5) (14.8 ± 4.2)

Table 4. Mean (±SD) depth-dependent dissolved oxygen (DO) level (mg l−1) and percentage
mortality (in parentheses) of Crassostrea gigas during oxycline persistence. HS-1: hypoxic 

site 1; HS-2: hypoxic site 2; RS: reference site
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lished in 2 semi-enclosed shallow bays (sites HS-1
and HS-2), where Crassostrea gigas were suspended
in longline systems. The oxycline appeared to have
formed following a predictable pathway, in which
DO depletion was first initiated by microbial decom-
position of organic matter at the bottom, leading to
hypoxia, which rapidly expanded upwards for a
number of days until becoming blocked by a tem-
perature-driven gradual density differential without
an apparent thermocline. The 2 hypoxic sites dif-
fered in oxycline profile: the oxycline at HS-1 was
shallower and narrower than that at HS-2. The
water above the oxycline was normoxic (DO > 4 mg
l−1), while that below the oxycline was anoxic (DO <
1 mg l−1) at both sites. The oxyclines accompanied
significant changes (p < 0.05) in other variables
such as temperature, pH, salinity, COD, levels of
NH4-N, NO2-N, NO3-N, DIN, and PO4-P, and phyto-
plankton composition; however, these changes were
not drastic enough to be fatal to oysters. The oxy-
clines, which lasted almost a month, caused high
mortality in the oysters in a DO-dependent manner.
Interestingly, a considerable number of oysters
above the oxyclines (DO > 4 mg l−1) died in a depth-
dependent way, suggestive of the presence of unde-
termined toxic compounds, which possibly over-
shadowed the effects of DO and/or synergized with
other variables in the upper water to exert detri-
mental effects. The elevated mortality of the oysters
near the oxycline was likely driven by the presence
and upward dispersion of toxic matter from the
environment below the oxycline, which was sup-
ported by the higher mortality rates at HS-1. The
oysters continued to die after complete breakdown
of the hypoxic event, probably due to damage
caused by the earlier hypoxic conditions. The re -
sults in this study offer insights into hypoxia in shel-
tered shallow coastal areas and site selection for
oyster longline aquaculture systems. Moreover, they
can be used to guide site selection for oyster long-
line aquaculture systems, as oxycline-associated tox -
icity may be enhanced in highly sheltered shallow
waters.
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