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Impacts of hypoxia on the
mesozooplankton
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Gamak Bay is frequently affected by hypoxia in summer. Therefore, this study aimed
to examine the effect of hypoxia on the mesozooplankton community of this region.
Mesozooplankton samples were obtained biweekly (28 times) at a hypoxic station
(inner bay) and a normoxic station (middle bay) using a conical net (mesh size 200
pum; mouth diameter 30 cm) from April 2020 to April 2021. In the inner bay, hypoxia
was observed a total of five times between early June and late September, whereas
no instances of hypoxia were detected in the middle bay. During the hypoxic period,
mesozooplankton abundance was higher in the inner bay than the middle bay (p <
0.05). During the normoxic period, there was no difference between the inner bay
and the middle bay (p >0.05). The dominant species in the hypoxic period were three
species of cladocerans (Pleopis polyphemoides, Pseudoevadne tergestina, Penilia
avirostris) and the copepod Acartia sinjiensis. The abundance of cladocerans was
higher in the inner bay, and that of A. sinjiensis was higher in the middle bay (p < 0.05).
In addition to water temperature, salinity, and size-fractionated Chl-a
concentration, mesozooplankton abundance was also significantly correlated
with the bottom DO concentration. Collectively, our findings suggest that hypoxia
can affect mesozooplankton abundance and occurrence times.

KEYWORDS

dissolved oxygen (DO), environmental condition, cladocera, copepoda, hypoxic
period, tolerance

Introduction

Global warming caused by the Industrial Revolution has severely impacted terrestrial
and marine environments, resulting in serious socio-economic and political issues (IPCC,
2013). Hypoxia caused by global warming (dissolved oxygen concentration of 2 mg L™ or
less) is one of the most widespread harmful anthropogenic effects on coasts and estuaries
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(Diaz and Rosenberg, 2008), and is classified as a major global
environmental problem, along with ocean acidification,
overfishing, and habitat loss (Breitburg et al., 2018). In marine
ecosystems, climate change induces an increase in sea levels and
water temperature, as well as changes in precipitation and wind
patterns, driving environmental changes in coasts and estuaries
(Altieri and Gedan, 2015). Additionally, a growing body of
evidence has demonstrated that global warming induces
hypoxia in coastal regions and estuaries (Bendtsen and
Hansen, 2013; Carstensen et al., 2014; Jenny et al., 2014;
Altieri and Gedan, 2015).

Dissolved oxygen changes in the ocean are mainly driven by
factors such as decreased oxygen solubility, increased
stratification, and increased biological respiration (Keeling
et al,, 2010). Additionally, the increase in hypoxic regions over
the past half century is largely due to excessive anthropogenic
nutrient loading, which stimulates eutrophication (Kemp et al.,
2005). This increases the supply of organic matter to deeper
water layers and sediments, causing low oxygenation in the
bottom water and resulting in the occurrence of ‘dead zones’
(Diaz and Rosenberg, 2008; Conley et al., 2009). The area range
of coastal hypoxia has increased significantly in recent decades
due to the increase in coastal eutrophication (Diaz, 2001; Diaz
and Rosenberg, 2008; Conley et al., 2009; Rabalais et al., 2010).
An assessment of the literature shows that the number of coastal
areas with reported hypoxia have increased over time at an
exponential growth rate of 5.5% per year (Vaquer-Sunyer and
Duarte, 2008). This growth rate may be partly due to increased
observational efforts, but the prevalence of hypoxia is expected to
increase further due to the combined effects of eutrophication
and climate change (Conley et al., 2009).

Hypoxia can be a serious stressor for marine organisms and
ecosystems, resulting in community structure changes through
increased dominance of less sensitive species or a decrease in the
growth of sensitive species (Marcus et al., 2004; Richmond et al.,
2006; Roman et al., 2019; Keister et al, 2020). Particularly,
mesozooplankton plays a pivotal role in the food web and is a
major component of the biological carbon pump. Hypoxia can
directly or indirectly affect mesozooplankton community
structure, and the tolerance of mesozooplankton to hypoxia
varies in a taxon- and stage-dependent manner (Roman et al,
1993; Marcus, 2001; Richmond et al., 2006; Grodzins et al., 2016;
Pan et al, 2018). Several studies have focused on the effects of
zooplankton in relation to hypoxia. Elliott et al. (2012) found that
the abundance of zooplankton was low in the hypoxic bottom
waters, but abundant in the upper normoxic waters. Roman et al.
(2012) noted that zooplankton shifted the vertical distribution to
the upper water column during the day in the Gulf of Mexico
where bottom hypoxia occurs. Shi et al. (2019) showed that in
regions where hypoxia was observed, the zooplankton biomass
was relatively high and the taxonomic diversity was lower. Slater
etal. (2020) showed that hypoxia clearly contributed to a decrease
in copepods and planktivorous fish, and an increase in gelatinous
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zooplankton. However, among the various taxonomic groups
experiencing hypoxia, some species may respond strongly to
these conditions, but the overall effect on the communities is
less clear. Therefore, more research is clearly needed to
understand the relationship between hypoxia and the various
taxonomic groups that inhabit coastal areas.

Mesozooplankton abundance tends to fluctuate greatly
within a short period due to the temporal differences in the
life strategies of each taxon (Klais et al., 2016). For example, the
population of copepods may increase in weeks or months
(Hansen et al., 2006), whereas the population of cladocerans
may increase in days or weeks (Egloff et al., 1997; Park and
Marshall, 2000). Particularly, cladocerans have a very short
generation time compared to copepods, and therefore
determining their seasonal abundance requires an in-depth
understanding of their reproductive characteristics through
frequent sampling (Omorii and Ikeda, 1984; Mullin and Onbe,
1992; Atienza et al., 2008). Therefore, to quantitatively evaluate
mesozooplankton populations and communities, the survey
period and interval must be considered by reflecting the
reproductive characteristics of taxonomic groups (Omorii and
Ikeda, 1984; Klais et al., 2016).

Keister et al. (2020) reported that the two most common
effects of hypoxia in the Hood Canal (Washington, USA) were
lower total abundance and biomass of zooplankton and higher
abundance of gelatinous zooplankton. However, the hypothesis
that hypoxia leads to a dominance of cyclopoid copepods
relative to calanoid copepods was not clearly demonstrated. In
Masan Bay, Korea, where hypoxia commonly occurs in summer,
a cladoceran species was positively correlated with low DO,
suggesting that hypoxia could have an effect on the population
growth of cladocerans (Jang et al., 2015). Moreover, copepods
and cladocerans predominate in eutrophic coastal and estuarine
environments depending on the region (Soh et al., 2002;
Isinibilir et al., 2008; Isinibilir, 2009; Rakhesh et al., 2013; Li
et al., 2022). However, despite their high abundance, few studies
have investigated the effect of hypoxia on copepods
and cladocerans.

Gamak Bay has been the subject of intensive research in
relation to hypoxia in recent decades (Kim et al., 20105 Seo et al.,
2012; Shin et al., 2013; Lee et al., 2016; Lee et al., 2019). Unlike
detailed studies focusing on the response and abundance of
taxonomic groups of mesozooplankton according to hypoxia,
very few studies have characterized the relationship between
mesozooplankton and hypoxia in Gamak Bay. Moon et al.
(2006) demonstrated that mesozooplankton abundance
decreased significantly when hypoxia occurred in summer,
with the highest abundances occurring in the surface layer.
However, the effects of hypoxia on specific taxonomic groups
remains unknown. Therefore, our study focused on the
composition of mesozooplankton populations (mainly
cladocerans and copepods), abundance, and occurrence
patterns that respond rapidly to changes in the environment.
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Furthermore, to determine whether hypoxia decreases or
increases the abundance of mesozooplankton and changes its
community structure, samples were collected from the inner bay
(hypoxic zone) and middle bay (normoxic zone) areas of the
study site and then compared. The specific goals of this study
were to evaluate the effect of hypoxia on (1) the composition of
the mesozooplankton community, (2) the abundance of
mesozooplankton, and (3) the occurrence pattern of the
dominant species in the hypoxic period.

Materials and methods
Study area
Gamak Bay is a semi-enclosed bay located in the center of

the southern coast of Korea (Figure 1). The study area is oval-
shaped (approximately 9 km in width and 15 km in length) and

34.75°N

10.3389/fmars.2022.1005442

is surrounded by the Yeosu Peninsula and Dolsan Island to the
east. The submarine topography is divided into two basins
around the ridge in the center of the bay. The central part of
the bay is approximately 6-7 m deep, and the northern part from
the center of the bay is concave and deeper, reaching a 9-11 m
depth. Depth increases from the center of the bay to the south.
Seawater exchange is primarily through the southern entrance to
the bay and additionally through a narrow northeast channel.
Particularly, the submarine topography of the northern waters of
Gamak Bay causes stagnation and prevents seawater exchange
(Lee and Cho, 1990). Moreover, there are several densely
populated mussel and oyster farms nearby, resulting in severe
excrement and feed residue contamination from the farmed
organisms. Also, eutrophication occurs due to the inflow of
seawater and domestic sewage (Noh, 2003). To solve this
problem, the amount of domestic sewage inflow is reduced
through sewage terminal treatment, and the oxygen demand of
the sediment is reduced by dredging the contaminated sediment.

East Sea
36°N

34.7°N

34.65°N

®

Outer bay

Ocean Data View

127.55°E 127.6°E

FIGURE 1
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Sampling stations in Gamak Bay: a red star dot for the inner bay station and a red circle dot for the middle bay station.
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However, despite these efforts, a large amount of organic matter
is supplied, which raises concerns about potential eutrophication
(NIFS, 2010). The largest contributor to hypoxia in northern
Gamak Bay is the occurrence of a stratified bottom water mass
formed by slow seawater flow. A large amount of phytoplankton
is produced under the thermocline in summer due to an
abundance of nutrients and sufficient solar radiation, both of
which are required for photosynthesis. Although this study did
not provide information on CTD and nutrient profiles according
to water depth, Kim et al. (2006) and Kim et al. (2011) observed
that the thermocline was mainly formed at depths of 3-5 m and
2-5 m. In turn, the organic matter that sinks to the bottom is
decomposed and oxygen consumption rates increase.
Additionally, the oxygen consumption rate of sediments
increases, which further exacerbates hypoxia (Kim et al,
2006). However, hypoxia does not occur in the southern part
of Gamak Bay because the water is constantly flowing and the
oxygen supply is consistent, although the oxygen consumption
rate of the sediments is high (Lee, 2015).

Environmental variables

The study was conducted at two fixed stations (inner bay: 34°
48'55" N 127°24'40” E, middle bay: 34°40'42” N 127°37'26" E) in
Gamak Bay, Korea. A total of 28 mesozooplankton samples were
collected at each station at high tide every two weeks from April
2020 to April 2021. The depth of the study stations were 10 m and
5 m in the inner bay and middle bay, respectively. Environmental
variables were measured on the surface layer and the bottom layer
(bottom depth—1 m), whereas the total chlorophyll-a (Chl-a)
concentration was measured only in the surface layer. Water
temperature, salinity, and dissolved oxygen (DO) were measured
using an YSI multimeter (600QS, YSI Inc., OH, USA). To measure
the total Chl-a concentration, seawater (500 ml) was immediately
filtered through 47-mm-diameter GF/F glass-fiber filters
(Whatman, Maidstone, UK). Chl-a concentration was measured
in 3 size categories (> 20 um, 3-20 um, < 3 um), representing
microphytoplankton, nanophytoplankton, and picophytoplankton,
respectively. To measure the size-fractionated Chl-a concentration,
500 ml of seawater was filtered through 20 pm filter paper and 3
pum PC membrane filter paper, respectively, and then filtered again
using GF/F filter paper. The filter was placed in a 15 ml tube and
frozen at —20°C until analysis. The pigment was extracted in the
laboratory for 24 h in 90% acetone and Chl-a concentrations were
determined fluorometrically (10AU, Turner Designs, Sunnyvale,
CA, USA) (Parsons et al., 1984).

Mesozooplankton samples

Mesozooplankton samples were vertically collected with a
conical net (mouth diameter, 30 cm; mesh size, 200 wm;
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Manufacturer, DAIHAN SCIENTIFIC CO., LTD.) from near
the bottom (bottom depth—1 m) to the surface at a speed of 1 m/
s. A flowmeter (Hydro-Bios, 438115, Kiel, Germany) was
attached to the mouth of the conical net to measure the
volume of the filtered water. After collection, the samples were
preserved in 5% neutral formalin seawater solution. The samples
were then subsampled using a Folsom splitter until
approximately 200 individuals of the dominant taxa were
obtained and dispensed into Bogorov-Rass counting
chambers. All specimens from subsamples were identified by
species or the lowest classification level and counted under a
dissecting microscope (Nikon SMZ645, Nikon, Tokyo, Japan).
When more detailed observation was needed for species
identification, observations were conducted under a high-
magnification optical microscope (Nikon eclipse E200, Nikon,
Tokyo, Japan). Mesozooplankton abundance was standardized
based on the volume of filtered water and expressed as the
number of individuals per cubic meter (indiv. m™).

Data analysis

The Mann-Whitney U-test was used to statistically
examine the spatial differences in environmental variables
(water temperature, salinity, DO concentration, total Chl-a
concentration, and size-fractionated Chl-a concentration) and
zooplankton abundance for the inner and the middle bay during
the hypoxic (June to September) and normoxic (from October to
May) periods. Additionally, differences in dominant species
abundance in the hypoxic period were compared in the inner
and middle bay (SPSS 18.0 software, SPSS Inc., CHICAGO, IL,
United States). Redundancy analysis (RDA) was conducted to
investigate the correlation between the species dominating the
hypoxic period and environmental variables (CANOCO 4.5,
Wageningen UR, Netherlands) (Ter Braack and Smilauer, 2002).
The data were log transformed and centered prior to the
analysis. The significance of the variability explained by
individual environmental variables was tested using the Monte
Carlo permutation test with 499 random permutations. The
results are presented as a biplot where dominant species and
environmental variables are plotted together.

Results
Environmental variables

Water temperature ranged from 4.4 to 30.0°C at the surface
and from 4.8 to 24.5°C at the bottom of the inner bay
(Figure 2A). From June to September, when hypoxia occurs,
the temperature difference between the surface and bottom was
up to 4°C due to the increase in surface water temperature.
When hypoxia was not observed, there was no significant
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FIGURE 2

Temporal variations in environmental variables including (A) water temperature (°C), (B) salinity, and (C) dissolved oxygen concentration in

Gamak Bay from April 2020 to April 2021.

difference between the surface and bottom temperature. In the
middle bay, water temperature ranged from 3.9 to 26.3°C at the
surface and from 3.7 to 25.5°C at the bottom. The difference in
water temperature between the surface and the bottom was
approximately 1°C throughout the sampling period. In both
regions, the lowest temperature occurred in February, whereas
the highest occurred in September.

Salinity ranged from 27.2 to 35.2 at the surface and from 30.5
to 34.7 at the bottom of the inner bay, (Figure 2B). In June, when
hypoxic conditions began, the salinity of the surface and bottom
reached 33 or higher, but gradually decreased and reached its
lowest point in August. In August, the difference in salinity
between the surface and the bottom was also greatest, reaching
up to 4.2. Afterward, the salinity in the surface increased
gradually when the hypoxic conditions completely
disappeared. In the middle bay, the salinity at the surface and
the bottom ranged from 28.7 to 34.5 and from 30.0 to 34.9,
respectively, and the difference between the surface and the
bottom was less than 2 during most of the sampling period.
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DO concentration ranged from 6.0 to 8.6 mg L™ at the
surface and from 0.7 to 8.0 mg L™ at the bottom of the inner bay
(Figure 2C). In spring and summer, DO concentration was high
in the surface. Hypoxia in which the bottom DO concentration
decreased to less than 2 mg L' was observed five times from June
to September when the surface water temperature was high. In
autumn and winter, DO concentration was similar in the surface
and bottom. In the middle bay, DO concentration ranged from
4.1t0 9.0 mg L™ at the surface and from 2.8 to 9.7 mg L' at the
bottom, and DO concentrations did not decrease below 2 mg LL

Total Chl-a concentration ranged from 0.7 pg L™ to
7.8 ug L' (Figure 3A) in the inner bay. Total Chl-a
concentration also appeared as two peaks in mid-August and
late-September (7.8 pg L™ and 7.6 ug L™, respectively). In
December and January, two peaks were observed, which were
relatively lower than in summer. In the middle bay, the total Chl-
a concentration ranged from 0.5 pg L' to 5.3 ug L™, reaching a
peak in late-June (5.3 ug LY, and the fluctuation range was
lower than that of the inner bay.

frontiersin.org


https://doi.org/10.3389/fmars.2022.1005442
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Lee et al. 10.3389/fmars.2022.1005442

A Inner bay Middle bay
10 10

T8 ISR

g g

s 6 s 6

3 =

% . £+

o =]

5 ]

= 2 = 2

O o}

T L 1Lk LeLb L4 EL T L ELLb tc:ctagsosas EL
23232 g82&28 3% 2232 23228528 = =
= s s s
& & & H

B g Month - Month

e~ >20pum
- N 3220 um
= 2 o 2
2 2 — <3pum
= 3
= 3. 47
= =
=3 =3
=) =)
e 2
s 2
= - =
o | » o

A R L A
2523z &5 %4 I 23
g g
= ]

Month
FIGURE 3

Temporal variations environmental variables including (A) total Chl-a concentration and (B) size-fractionated Chl-a concentration in Gamak Bay

from April 2020 to April 2021.

The proportions of different phytoplankton size fractions
varied throughout the sampling period (Figure 3B). In the inner
bay, the < 3 pm size fraction accounted for 3.3%-50.7% (average
25.6%) of the total Chl-a concentration and accounted for the
highest proportion of total Chl-a concentration in late-
November and the lowest proportion in mid-January. The 3-
20 um size fraction accounted for 1.2%-88.6% (average 25.1%)
of the total Chl-a concentration and accounted for the highest
proportion of total Chl-a concentration in mid-August and the
lowest proportion in mid-May. The > 20 um size fraction
accounted for 6.2%-80.9% (average 49.3%) of the total Chl-a
concentration and accounted for the highest proportion of total
Chl-a concentration in late-November and the lowest
proportion in mid-January. In the middle bay, the < 3 pm size
fraction accounted for 4.9%-76.7% (average 27.6%) of the total
Chl-a concentration and accounted for the highest proportion of
total Chl-a concentration in mid-August and the lowest
proportion in early-September. The 3-20 pum size fraction
accounted for 7.4%-83.8% (average 37.3%) of total Chl-a
concentration and accounted for the highest proportion of
total Chl-a concentration in early-June and the lowest
proportion in mid-August. The > 20 pm size fraction
accounted for 5.1%-77.4% (average 35.0%) of the total Chl-a
concentration and accounted for the highest proportion of total
Chl-a concentration in early-September and the lowest
proportion in early-June.
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The spatial difference in environmental variables between
the inner and middle bay during the hypoxic (June to
September) and normoxic (October to May) period was
identified (Table 1). During the hypoxic period, there was no
significant difference in water temperature, salinity, total Chl-a
concentration, and the three size categories of Chl-a
concentration in the inner and middle bay. However, there
was a significant difference in the surface and bottom DO
concentration in the inner and middle bay (Mann-Whitney
U-test, p < 0.01). During the normoxic period, there was no
significant difference in water temperature, salinity, DO
concentration, and total Chl-a concentration in the inner and
middle bay, but there was a significant difference in the 3-20 pm
categories of Chl-a concentration (Mann-Whitney U-test,
p <0.05).

Temporal variation in mesozooplankton
composition

The mesozooplankton that appeared in the two regions
were identified as copepods, cladocerans planktonic larvae,
and other zooplankton (chaetognaths, appendicularians,
amphipods, hydromedusae, etc.). A total of 45 and 52 taxa of
mesozooplankton were identified in the inner and middle bay,
respectively (Supplementary Table 1). Copepods were most
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TABLE 1 Spatial differences in environmental variables were tested with Mann-Whitney U-tests.

z-value
Temperature surface -1.347
bottom -1.540
Salinity surface -0.289
bottom -1.058
DO surface -3.079
bottom -2.598
Total Chl-a concentration surface -0.385
> 20 m -0.770
3-20 um -0.048
<3 um -0.192

Inner bay Middle bay
p-value z-value p-value
0.200 -0.450 0.667
0.139 -0.323 0.749
0.815 -0.450 0.667
0321 -1.166 0247
0.001** -0.590 0.569
0.008** -1.869 0.061
0.743 -0.295 0214
0.481 -1.271 0.771
0.963 -2.570 0.010*
0.888 -0.787 0.444

Asterisks stand for significant-difference levels between inner and middle bay: *P < 0.05; **P < 0.01.

dominant in the inner bay (60.1%), followed by cladocerans
(24.4%), larvae (8.3%), and other zooplankton (7.2%). In the
middle bay, copepods were most dominant (81.9%),
followed by larvae (9.4%), other zooplankton (4.8%), and
cladocerans (4.0%).

The temporal variation of mesozooplankton composition
was different in the two regions. In the inner bay, In April and
May, during the normoxic period, copepods were high (64.7%-
96.2%), whereas cladocerans were very low (< 3%) (Figure 4A).
In June, when hypoxic conditions began, copepods began to
decrease, reaching their lowest point in August (6.7%).
Conversely, cladocerans gradually increased in June, and they
were the highest in August (74%). Hypoxic conditions persisted
until early-September but cladocerans decreased sharply to 4%,
whereas copepods sharply increased to 61.8%. Additionally,
planktonic larvae and other zooplankton increased to 20.5%
and 13.7%, respectively. From late-September to early-October,
during the normoxic period, planktonic larvae and other
zooplankton were high at an average of 29.8% and 23%
respectively, and cladocerans were very low at less than 2.5%.
In November, copepods were very high at 81.7% and gradually
decreased from March. Conversely, planktonic larvae and other
zooplankton decreased to an average of 12.3% and 0.8%,
respectively, and gradually increased from March.

In the middle bay, copepods were very high (87.7%-99.1%)
from April to June (Figure 4B). From July to November, they
were repeated to be high and low in the range of 44 to 90.8%, and
continued to be very high after December (91%). In contrast,
cladocerans were very low (0.2%-3.7%) from May to July but
increased in August, reaching their highest at 49.6% in mid-
September. Afterward, they reached a small peak (29.7%) in
early-November and decreased sharply thereafter, reaching
undetectable levels in December. Planktonic larvae were the
lowest at 0.9% to 13.1% from April to June, and the highest at
33.1% in early-September. After that, they appeared throughout
the sampling period with an average of 3.2%. Other zooplankton
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were lower than 1% from April to June, and increased gradually,
reaching a maximum of 32.5% in mid-August. Afterward, they
remained low (4.5%) throughout the sampling period.

Spatial differences in mesozooplankton
abundance in the two regions during the
hypoxic and normoxic periods

During the hypoxic period, mesozooplankton abundance
was significantly higher in the inner bay than in the middle bay
(Mann-Whitney U-test, p < 0.01) (Figure 5A). The abundance
ranged from 2,862 to 13,905 indiv. m™ (6,877 + 3,421 indiv. m™
on average) in the inner bay and from 535 to 5,137 indiv. m>
(3,029 + 1,627 indiv. m’3) in the middle bay. During the
normoxic period, the abundance ranged from 231 to 8,293
indiv. m~ (2,022 + 2,198 indiv. m> on average) in the inner
bay and from 364 to 7,829 indiv. m™ (2,316 + 2,580 indiv. m™)
in the middle bay (Figure 5B). There was no significant
difference in mesozooplankton abundance between the inner
and the middle bay (Mann-Whitney U-test, p > 0.05).

The appearance of dominant species
during the hypoxic period

During the hypoxic period, the dominant species in the two
regions included three cladocerans (Pleopis polyphemoides,
Pseudoevadne tergestina, Penilia avirostris) and one copepod
(Acartia sinjiensis). The abundances of these species exhibited
distinct differences between the inner and the middle bay. P.
polyphemoides ranged from 10 to 2,315 indiv. m™ (1,018 + 992
indiv. m™ on average) in the inner bay and from 0 to 157 indiv.
m?> (35 + 54 indiv. m~
(Figure 6A), and this difference was found to be statistically
significant (Mann-Whitney U-test, p < 0.01). The abundance of

on average) in the middle bay

frontiersin.org


https://doi.org/10.3389/fmars.2022.1005442
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Lee et al.

oz
'nnn"n"n"n"n"

10.3389/fmars.2022.1005442

Relative composition (%)

50 =
251
0_ o N o X 1k B
z § 3 ¥ % 5 3 8 8 4% & i
222 23822 s8¢g 2=
a
(=]
o

Relative composition (%)

Apr

- o) = 'E' on 2 *; 14 @ = = -
22~ 2 &S 2252 =
2 a
& &
Month
@& Copepoda Bl Cladocera

B2 Planktonic larvae

FIGURE 4

Other zooplankton

Temporal variations in percentages of mesozooplankton composition in the (A) inner bay and (B) middle bay in Gamak Bay from April 2020 to

April 2021

P. tergestina ranged from 0 to 5,008 indiv. m> (1,408 + 1,810
indiv. m™ on average) in the inner bay and from 0 to 340 indiv.
m™> (79 + 143 indiv. m™ on average) in the middle bay
(Figure 6B), and this difference was found to be statistically
significant (Mann-Whitney U-test, p < 0.05). The abundance of
P. avirostris ranged from 0 to 2,373 indiv. m™ (461 + 852 indiv.
m™ on average) in the inner bay and from 0 to 265 indiv. m™
(60 + 115 indiv. m™ on average) in the middle bay (Figure 6C);
however, this difference was not statistically significant (Mann-
Whitney U-test, p > 0.05). Furthermore, the abundance of
copepods was higher in the middle bay. Specifically, A.
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sinjiensis ranged from 0 to 483 indiv. m™ (91 # 172 indiv. m™
on average) in the inner bay and from 4 to 1767 indiv. m™ (568 +
735 indiv. m™ on average) in the middle bay (Figure 6D), and
this difference was found to be statistically significant (Mann-
Whitney U-test, p < 0.05).

The two taxonomic groups differed in occurrence times
between the inner and the middle bay. Compared with A.
sinjiensis, three cladocerans appeared approximately a month
earlier in the inner bay than in the middle bay, and disappeared
earlier. Interestingly, P. polyphemoides showed similar patterns
between the two regions (Figure 7A). In the inner bay, they
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Asterisks stand for significant-difference levels between inner and middle bay: **p < 0.01; ns, not significant.

appeared in May and showed the first peak of 2,156 indiv. m~ in
mid-June when the bottom was hypoxic. In early July, before the
temporary disappearance of hypoxia, they sharply decreased to
40 indiv. m™, and in early-August, they showed a second peak of
2,315 indiv. m™. They appeared in small numbers after hypoxia
had completely disappeared and did not appear after early-
November. In the middle bay, they appeared in May, and the
abundance increased and decreased repeatedly. The maximum
abundance was 993 indiv. m™ in early-November. After that,
they decreased sharply and did not appear after early-December.
P. tergestina appeared approximately a month earlier in the
inner bay compared to the middle bay, and disappeared a month
earlier (Figure 7B). In the inner bay, P. tergestina appeared in
mid-June (25 indiv. m™) when the bottom was hypoxic, and the
maximum abundance was 5,008 indiv. m™ in late-August. After
mid-September, when hypoxia had completely disappeared, the
abundance decreased sharply and P. tergestina was not detected
in November. In the middle bay, 52 indiv. m™ appeared in mid-
July, and the maximum abundance was 340 indiv. m~ in late-
August. After that, they decreased sharply and did not appear
from late-September to October, then appeared again in
November and did not appear from December onward. P.
avirostris in the inner bay appeared approximately one month
earlier in the inner bay compared to the middle bay, and
disappeared two months earlier (Figure 7C). In the inner bay,
it appeared in mid-July, when hypoxia had temporarily
disappeared, and in mid-August, when hypoxia occurred
again, the maximum abundance was 2,373 indiv. m~>. From
this point, they decreased sharply and disappeared in September.
In the middle bay, they appeared 262 indiv. m™ in mid-August,

Frontiers in Marine Science

09

and the maximum abundance was 265 indiv. m™ in mid-
September. Since then, they decreased sharply and disappeared
in November. Compared to cladocerans, copepods exhibited the
opposite pattern. A. sinjiensis appeared approximately a month
and a half earlier in the middle bay than in the inner bay, and
disappeared a month earlier ( Figure 7D). In the inner bay, they
appeared in mid-July, when hypoxia had temporarily
disappeared, and in mid-August, when hypoxia occurs again,
the maximum abundance was 483 indiv. m™. After that, they
decreased sharply, and appeared in small abundances, and
disappeared after early-November. In the middle bay, 11 indiv.
m™ appeared in early-June, after which they reached 1,700 indiv.
m™ throughout July. After that, they gradually decreased and
disappeared after early-October.

Relationship between dominant species
during the hypoxic period and
environmental variables

The relationship between the dominant species of the
hypoxic period and environmental variables (Temperature,
salinity, DO concentration, total Chl-a concentration and size-
fractionated Chl-a concentration) was analyzed using RDA. In
the inner bay, the model explained 75.4% of the variance of
dominant species and environmental data on the first two axes
(Table 2). Furthermore, the species-environment correlations of
axes 1 (0.92) and 2 (0.80) were relatively high. The
environmental variables in axes 1 and 2 explained 97% of the
variance in dominant species. The eigenvalues of the RDA were
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*p < 0.05; **p < 0.01; ns, not significant

statistically significant according to Monte Carlo permutations.
Temperature, salinity, bottom DO concentration, total Chl-a
concentration, and the 3-20 um and < 3 pum categories of Chl-a
concentration were the most important parameters affecting the
variation of certain dominant species (p < 0.05). P.
polyphemoides showed a positive correlation with water
temperature and the < 3 pm categories of Chl-a concentration,
and a negative correlation with bottom DO concentration. P.
tergestina, P. avirostris and A. sinjiensis showed a positive
correlation with temperature, total and 3-20 um categories of
Chl-a concentration, and a negative correlation with
salinity (Figure 8A).

In the middle bay, the model explained 56.6% of the variance
of dominant species and environmental data on the first two
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axes (Table 3). Furthermore, the species-environment
correlations of axes 1 (0.95) and 2 (0.71) were relatively high.
The environmental variables in axes 1 and 2 explained 90% of
the variance in dominant species. The eigenvalues of the RDA
were statistically significant according to Monte Carlo
permutations. Temperature, salinity, surface, bottom DO
concentration, and the < 3 um categories of Chl-a
concentration were the most important parameters affecting
the variation of certain dominant species (p < 0.05). The three
cladoceran species showed a positive correlation with
temperature, coupled with a negative correlation with salinity
and surface and bottom DO concentration. A. sinjiensis showed
a positive correlation with temperature and the < 3 pm
categories of Chl-a concentration (Figure 8B).
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and (D) Acartia sinjiensis in the inner bay and middle bay of Gamak Bay from April 2020 to April 2021.

Discussion

The unique marine environment of Gamak Bay caused a
decrease in DO concentration in summer and, particularly, an
oxygen deficiency in the bottom of the inner Gamak Bay, which
affected the mesozooplankton community structure. Previous
studies have shown that zooplankton exhibits multiple responses
when exposed to hypoxia (Marcus et al., 2004; Ekau et al., 2010;
Kimmel et al., 2010; Elliott et al., 2013; Keister et al., 2020; He
et al., 2021). Hypoxia not only causes the direct mortality of
mesozooplankton but also negatively affects metabolism,
productivity, growth, vertical migration, and distribution (Auel
and Verheye, 2007). However, previous studies have
demonstrated that many zooplankton prefer hypoxia as a

refuge to tolerate hypoxia or avoid predators, either through
vertical or seasonal migration (Ludsin et al., 2009).

Although many approaches to zooplankton collection in situ
have been performed with respect to hypoxia, none have been
completely satisfactory and their uncritical use may confound
the interpretation of the results (Roman et al., 1993; Moon et al.,
20065 Jang et al., 2015). In this study, the vertical hauls sampling
of mesozooplankton from the bottom to the surface using a
conical net without a closing device has methodological
problems (avoidance or depth of distribution of
mesozooplankton) in understanding the effect of hypoxia
(Roman et al., 1993; Jang et al.,2015). Nevertheless, this
method can directly and conveniently collect mesozooplankton
in coastal waters. Also, direct death under hypoxic conditions

TABLE 2 Summary of the results of the redundancy analysis (RDA) between environmental variables and dominant species in the inner bay.

Axes 1 2 3 4 Total variance
Eigenvalues 0.667 0.087 0.017 0.006 1
Species-environment correlations 0.92 0.809 0.542 0.549

Cumulative percentage variance:

- of species data 66.7 754 772 77.8

- of species-environment relation 85.8 97 99.2 100

Sum of all eigenvalues 1

Sum of all canonical eigenvalues 0.778
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will only occur if the organism is unable to move. The apparent
avoidance behavior of zooplankton in hypoxic conditions may
also respond differently depending on region and population. In
the laboratory, the Acartia tonsa population from the
Chesapeake Bay exhibited hypoxia avoidance behavior (Stalder
and Marcus, 1997), and the A. tonsa population from the Gulf of
Mexico did not avoid hypoxia at low 0.1 mg L' (Decker
et al., 2003).

In this study, mesozooplankton abundance was higher in the
inner bay than in the middle bay during the hypoxic period. This
may be due to the high primary production in the inner bay,
which increases the grazing and productivity of the zooplankton
(Shi et al, 2019). During the hypoxic period in Gamak Bay,
phytoplankton is largely generated by abundant nutrients under
the thermocline and sufficient solar radiation (Kim et al., 2006).
In this study, Chl-a concentration peaked in the inner bay
during the hypoxic period. According to previous studies, the
response of the zooplankton population was expected to increase

with functional grazing and reproductive capacity as primary
production increased (Blaxter et al., 1998; Tan et al., 2004).
Therefore, the influx of nutrients causing hypoxia can indirectly
improve mesozooplankton abundance through an increase in
food supply (Shi et al., 2019).

In this study, a total of 45 and 52 taxa were identified in the
inner and middle bay, respectively. Water temperature and
salinity are important factors that determine the spatial and
temporal distribution of zooplankton (Froneman, 2004; Shin
et al., 2022). In the inner bay, most of the population was due to
the active reproductive ability of cladocerans in summer when
the water temperature was high, and copepods dominated in
winter. In spring and autumn, copepods, planktonic larvae, and
other zooplankton appeared to form the mesozooplankton
community. In the middle bay, a higher proportion of
copepods appeared compared to the inner bay. During the
hypoxic period, cladocerans showed a high composition in
July and August in the inner bay, whereas they were higher

TABLE 3 Summary of the results of the redundancy analysis (RDA) between environmental variables and dominant specie in the middle bay.

Axes 1 2 3 4 Total variance
Eigenvalues 0.48 0.086 0.053 0.01 1
Species-environment correlations 0.954 0.711 0.597 0.25

Cumulative percentage variance:

- of species data 48 56.6 61.9 62.9

- of species-environment relation 76.3 90 98.5 100

Sum of all eigenvalues

Sum of all canonical eigenvalues
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after September in the middle bay. Our data confirmed that the
composition of mesozooplankton species, abundance, and
spatiotemporal distribution was different due to differences in
the tolerance of taxa in the hypoxic period. Cladocerans may
exhibit preferential growth compared to copepods at the inner
station of Gamak Bay, where hypoxia frequently occurs in
summer. When dissolved oxygen levels are between the
minimum and critical levels, copepod growth, development,
physiology, and behavior change with dissolved oxygen levels
(Brett, 1979; Dinh et al., 2020). Copepod survival and egg
production are significantly lower at lower DO concentrations
(Lutz et al., 1992; Roman et al., 1993; Keister et al., 2000: Marcus
et al., 2004; Sedlacek and Marcus, 2005). The ability of
cladocerans to synthesize hemoglobin is common, and this
ability has been suggested as an adaptation to an unpredictable
environment in which oxygen concentrations may abruptly drop
to fatally low levels (Heisey and Porter, 1977; Weider and
Lampert, 1985).

Copepods and cladocerans that generally form their
populations through dormant eggs, but they have different life
history strategies. Most cladocerans can reproduce rapidly
through parthenogenesis during periods of favorable
conditions (Egloff et al., 1997; Uye et al., 2000). On the other
hand, copepods exhibit sexual reproduction, and must undergo a
series of developmental stages to reach the adult stage (Dussart
and Defaye, 1995). The temporal difference in the life history of
these two taxa is an important factor in maintaining adaption
and population under favorable or unfavorable conditions.

One of the major characteristics of the seasonal dynamics of
zooplankton in temperate waters is their dormancy during their
life cycle. Particularly, copepods and cladocerans produce
dormant eggs to survive in adverse environmental conditions
(Onbeé et al., 1996; Marcus, 1996). These dormant eggs go
through a refractory period and when favorable conditions are
established, they hatch temporarily and join the population.
That is, repeated generation maintenance strategies are taken
(Marazzo and Valentin, 2004; Choi et al.,, 2021). In this study,
the rapidly increased mesozooplankton abundance in the inner
bay in summer and autumn was likely due to the hatching of
dormant eggs and provide an environment for temporary mass
reproduction. However, dormant eggs in the field were not
investigated, so it cannot be predicted easily. Nevertheless, the
dormant eggs of copepods and cladocerans clearly hatched at the
inner bay, which have been hypoxic for a considerable time,
making significant contributions to the food web of the Gamak
Bay ecosystem.

In this study, the total mesozooplankton abundance in the
inner bay was mainly contributed by cladocerans during the
hypoxic period. In the inner bay, cladocerans appeared from
May, when the water temperature gradually increased, and the
number of more than 5,000 indiv. m™ continued to appear
throughout August when the average water temperature was
25.6-26.5 °C and the average salinity was 29.3-31. After that, the
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water temperature gradually decreased and the salinity
increased, so they did not appear. In this study, three species
of cladocerans dominated at different times (coexisting and
separating), and the order of appearance was P. polyphemoides,
P. tergestina, and P. avirostris. The optimal environmental
conditions for cladocerans are known to vary by region, and
this separation is often explained by the optimal temperature
and salinity conditions for each species (Egloff et al., 1997). P.
polyphemoides appeared in a wider water temperature and
salinity range than the other two species. Although P.
tergestina and P. avirostris had similar preferred salinity
ranges, P. tergestina had a wider range of water temperature
than P. avirostris. Therefore, we concluded that the three species
of cladocerans were able to maintain a high population by
separating or coexisting in the inner bay because each species
had different ranges of preferred water temperature and salinity
according to their physiological characteristics.

Cladocerans responded to low oxygen conditions depending
on their size. Karpowicz et al. (2020) found that small freshwater
rotifers and small freshwater cladocerans were more resistant to
hypoxia than larger freshwater cladocerans, and that this oxygen
stress is one of the most important factors to alter the structure of
zooplankton in lakes. In this study, cladocerans were far more
dominant than copepods through their rapid reproductive
capacity during the hypoxic period in the inner bay. The order
of appearance was P. polyphemoides, P. tergestina, and P.
avirostris, and the earlier the species appeared, the longer it
appeared. P. polyphemoides appeared when the bottom DO
concentration was 5.2 mg L™, and peaked when a low bottom
DO concentration of 1.2 to 1.5 mg L™ was formed. When the
hypoxia had temporarily disappeared, they did not appear. Even
after hypoxia had completely disappeared, they also appeared at a
DO concentration of 6 mg L™, P. tergestina began to appear at the
end of June when hypoxia first occurred, and the abundance
increased even when hypoxia had temporarily disappeared. After
that, the maximum abundance was shown in the hypoxic
condition of 1.9 mg LY, and when the hypoxia had disappeared,
and decreased rapidly and appeared in small numbers until
October. P. avirostris appeared in mid-July, when the hypoxia
had temporarily disappeared, and the maximum abundance was
in mid-August, when the bottom DO concentration was very low
at 0.7 mg L. After that, they did not appear even though the
hypoxia was not over. In this study, the average body length of the
three species was approximately 0.65 mm for P. polyphemoides,
1.3 mm for P. tergestina, and 1.4 mm for P. avirostris, and the later
appearance period, the larger the species appeared. Therefore, it is
believed that P. polyphemoides, which are the smallest in size,
tolerated the hypoxic period for the longest time, and the P.
avirostris, which are relatively large in size, are not likely to survive
the hypoxic period for long.

Copepods, cladocerans and planktonic larvae are the most
important mesozooplankton taxa in Gamak Bay (Soh et al,
2002; Choi, 2020). Katechakis et al. (2004) suggested that
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copepods, crustaceans, and dolioida could coexist in summer
due to different food selectivity and ingestion and assimilation
rates. Acartia clausi reached the highest grazing coefficient for
large algae over 70 pm, and P. avirostris covered nanoflagellates
and ciliates ranging from 2.5-100 um. It is a known fact that
cladocerans are mostly filter feeders with strong feeding
preferences for bacteria, microzooplankton and certain
phytoplankton species. The feeding pattern of Podonidae (P.
polyphemoides and P. tergestina), which appeared dominant in
this study, is known as a raptorial feeder (Jagger et al., 1988),
they prey largely on diatoms (Jagger et al., 1988; Kim et al., 1989)
and potentially on flagellates, including heterotrophs and
autotrophs (Turner et al., 1988). P. avirostris is also known as
a filter feeder, feeding on bacteria and nanoflagellates
(Paffenhofer and Orcutt, 1986; Turner et al., 1988) and larger
diatoms (Kim et al., 1989). In this study, the reason cladocerans
can dominate the mesozooplankton community in Gamak Bay
may be due to their broader feeding efficiency. However, only
three sizes of phytoplankton were considered in this study, and
this may not be sufficient to explain the observed variability.
The RDA results indicated that the dominant species showed a
significant correlation with water temperature, salinity, DO
concentration, total Chl-a concentration, and size-fractionated
Chl-a concentration among environmental variables. In the inner
bay, P. polyphemoides showed a positive correlation with water
temperature and the < 3 pm categories of Chl-a concentration, and
a negative correlation with bottom DO concentration. P. tergestina,
P. avirostris, and A. sinjiensis showed a positive correlation with
water temperature and the 3-20 um categories of Chl-a
concentration and a negative correlation with salinity. In the
middle bay, cladocerans showed a positive correlation with water
temperature and a negative correlation with surface and bottom
DO concentration, A. sinjiensis showed a positive correlation with
water temperature and the < 3 um categories of Chl-a
concentration. In general, in temperate waters with distinct
seasonal changes, mesozooplankton is more affected by water
temperature and salinity. Therefore, the results of this study are
considered valid. Furthermore, hypoxic environments may play a
role in reducing zooplankton abundance in eutrophic systems
(Park and Marshall, 2000). However, several studies have also
shown that zooplankton can exhibit high abundance in hypoxic
environments (Roman et al., 2019; Karpowicz et al., 2020). As a
result, the environmental factors (non-oxygen) that affect the
dominant species in the two regions are different, but considering
the characteristics of the sea area where seawater flow was low and
high phytoplankton proliferated, our findings indicated that an
appropriate habitat for dominant species had been created.

Conclusion

The fluctuations of zooplankton communities in coastal
areas where hypoxia occurs frequently depend on the
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tolerance of taxa and seasonal fluctuations. In this study, we
observed the effect of hypoxia on zooplankton community
distribution. During the hypoxic period, cladocerans were
found to be more tolerant than copepods in the inner bay
where hypoxia is formed. Most of them experience a strong
hypoxic state rather than an anaerobic state over the years,
eventually changing the structure and function of the ecosystem.
However, we did not find clear evidence that cladocerans and
copepods could advance their appearance according to space in
the hypoxia period. These results provide important information
for understanding the response of mesozooplankton under
hypoxic conditions as hypoxia gradually intensifies due to
climate change or environmental pollution in the future.
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