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Abstract: Starry flounder (Platichthys stellatus) is a commercially important cold-water fish. Our aim
was to investigate the effects of fluctuating water temperature on flounders after periods of starvation
and feeding. Fish were divided into starvation and feeding groups. The water temperature was
increased stepwise in experiment 1; more focused variations, based on the results of experiment 1,
were studied in experiment 2. At temperatures ≤27 ◦C, there was no significant difference observed
in survival. At 28 ◦C, mortality increased, survival was lower (21%) in the starvation group than in the
feeding group (46%), and weight loss was the highest (15%) in the starvation group. In experiment 2,
survival was ≥86%, and there was no significant difference between the starvation/feeding groups.
However, when the water temperature was increased to 27 ◦C after being decreased to 12 ◦C, weight
loss was the highest (11%). Glucose, cortisol, superoxide dismutase (SOD), catalase (CAT), and
glutathione (GSH) levels increased with increasing water temperature, and then gradually decreased.
Glutamic pyruvic transaminase (GPT)/glutamic oxaloacetic transaminase (GOT) levels showed
large variations among individuals. Triglyceride, cholesterol, and protein levels gradually decreased
with long-term starvation. Survival was not affected by water temperature drop ≤27 ◦C after
starvation/feeding. These results indicate that 27 ◦C is the upper limit of tolerable water temperature
for the survival of starry flounders. Therefore, aquaculture farms should ensure maintaining water
temperatures at ≤27 ◦C during high-temperature periods.
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1. Introduction

The starry flounder (Platichthys stellatus) is a cold-water fish species that inhabits
the East Sea of Korea, the Sea of Okhotsk, and the waters from Alaska to California [1].
The flounders are mainly aquafarmed on the east coast of Korea and China. Due to their
tolerance of low water temperature, salinity resistance, and high demand, starry flounders
have recently become an important marine aquaculture species [2,3]. However, high
mortality occurs at water temperature rise above 27 ◦C during summers in Korea. When
the water temperature rises so, the aquaculture farms respond by starving the fish and
blocking the inflow of water from outside. The fish respond to this starvation period by
utilizing the energy accumulated in the body while adapting to the physiologically and
ecologically changed environment in the short term [4–6]. In general, proper environmental
conditions (water temperature, salinity, dissolved oxygen, etc.) are an important factor
in fish-farming [7,8]. For ectotherms such as fish, water temperature change is one of the
most important factors for adaptation that enable them to maintain energy homeostasis
through such as metabolic regulation and behavioral reduction [9,10]. Fish have a narrow
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range of temperature that allows optimal survival and growth [11,12], and this range
varies depending on the growth stage of the fish. Therefore, water temperature is a very
important factor in the growth of aquaculture species and in determining production costs.
According to food and agriculture (FAO) report (2020), the production of farmed fish
increased continuously, with global production expected to rise from the current 46% to
53% by 2030 [13]. In recent years, damages to farmed fish due to natural disasters, such as
heat waves, are increasingly being reported [14]. Global warming due to climate change
has both direct and indirect impact on aquaculture. Direct impacts, include physical and
physiology effects on the fish stock [15]. Indirect impacts may be observed with the rising
prices of fishmeal, fish oil, and other fisheries products [16,17]. Research on the effects
of water temperature to reduce or manage fish mortality is, therefore, urgently needed.
Several short- and long-term starvation experiments on major fish species report that
nutritional deficiencies are distinctly different for each tissue or organ within an individual,
and that weight, composition of muscle tissue, blood composition, and hepatic enzyme
activity vary as a result of long-term starvation [18–20]. Biomarkers used to determine
the health of fish include changes in body weight, liver weight index, changes in liver
tissue [21], and hematological characteristics. In addition, blood cholesterol, triglyceride,
glucose, protein, and insulin levels are used as indicators to determine the nutritional
status and patterns of energy consumption [22–24].

Oxidative stress occurs when the pro-oxidant–antioxidant equilibrium shifts, leading
to dysfunction and oxidative damage. When exposed to oxidative stress, free radicals are
generated to protect the body. Reactive oxygen species (ROS) are free radicals that include
superoxide (O2−), hydroxyl (OH), peroxyl (RO2), and hydroperoxyl (HRO2−). They can
affect living cells by simultaneously attacking proteins, lipids, and nucleic acids. Persistent
high levels of oxidative stress can lead to physiological dysfunction, apoptosis, and aging
of organisms [25]. The antioxidant defense system is maintained at equilibrium with
the level of ROS under normal conditions. Antioxidants, such as superoxide dismutase
(SOD), catalase (CAT), and glutathione (GSH) are representative indicators of oxidative
stress [26,27].

Cortisol and glucose levels are physiological indicators of increased exposure to
environmental stress [28,29]. Cortisol has a direct effect on living cells by specifically
binding to glucocorticoid receptors in the cell membrane. Cortisol is a hormone that
regulates metabolism and osmosis in organisms and is essential to maintain biological
functions under normal conditions [30].

There have also been other studies on starry flounders in the past, including those on
nutritional status [31–33] and stress responses [2,3].

In the present study, we evaluated the effect of water temperature after starvation
and feeding on the change of body weight and survival rate including physiological and
oxidative stress response in starry flounder plasma. The observations can help understand
the effects of long-term exposure to high water temperature in aquafarms.

2. Materials and Methods
2.1. Fish and Rearing Conditions

Starry flounders (443 ± 41 g/fish) were purchased from a local aquafarm in July 2021.
Fish were transported to the laboratory in a 1-ton tank (1.1 m diameter and 1 m depth) filled
with UV-treated seawater, the fish were acclimatized for 14 days, and were exposed to a
12 h light–12 h dark photoperiod. Temperature, dissolved oxygen (DO), salinity, and pH of
the seawater were maintained at 22 ± 0.5 ◦C, 7–8 mg/L, 33 psu, and 7.5 ± 0.2, respectively.
The experimental conditions (temperature, DO, salinity, and pH) were recorded using
YSI ProDSS (YSI Incorporated, USA) every day during the experimental period, with
a water exchange rate of 3.33 L/min. Fish were fed twice daily with a commercially
extruded pellet feed (Suhyup Feed Co. Ltd., Uiryeong, Korea) containing 52% crude
protein and 11% crude lipid. The animal experiment protocols were in accordance with the
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guidelines of the National Institute of Fisheries Science for Laboratory Animals (approval
no. 2021-NIFS-IACUC-36).

2.2. Experimental Design

The experiment was designed to investigate the effect of water temperature after
starvation and feeding of the starry flounder and is shown in Figure 1. In experiment 1, the
water temperature was increased stepwise to 26, 27, and 28 ◦C after starvation (26 ◦C_S,
27 ◦C_S, and 28 ◦C_S) and feeding (26 ◦C_F, 27 ◦C_F, and 28 ◦C_F) for one week from a
baseline temperature of 22 ◦C, per group. In experiment 2, the water temperature was
increased steeply to 27 ◦C from 22 ◦C after starvation (SH) and feeding (FH) for one week;
from 12 ◦C for 2 days to 27 ◦C after starvation (SCH) and feeding (FCH) at 22 ◦C; and
gradually to 27 ◦C with an increase of 0.5 ◦C per day after feeding (NH) at 22 ◦C. Water
temperature was controlled using a heat-pump (BLUE AIR-TEK, Seoul, Korea), there was
an error of ±0.3 ◦C from the set water temperature. Survival was investigated for 4 weeks
after reaching the target water temperature for each group. The study was performed
in two replicates of tanks per group. Fishes were divided into 11 groups with 75 fish in
each tank.
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Figure 1. Experimental schedule and schematic of experimental groups. Fish were exposed to changes in water tempera-
tures after starvation or feeding at 22 ◦C for 1 week. Arrows on the top banner indicate the days on which blood sampling
was done. The dashed lines (—–) indicate duration of exposure to changed water temperature. The temperature settings of
27 ◦C, 12 ◦C to 27 ◦C, and 27 ◦C (+0.5 ◦C/day) are indicated by H, CH, and NH, respectively.

2.3. Sampling

Weight and length of fish were measured at the beginning and end of the experiment.
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Fulton’s condition factor (K) was calculated according to the Htun–Han (1987) equa-
tion [34] as per the formula given below:

K =
W × 100

L3 (1)

W = weight of fish (g), L = length of fish (cm)

The mean weight of total fish in the group was measured for each experimental group
at the beginning and the end of the experiment. The weight loss rate of the fish was
calculated using the following formula:

Weight loss (WL%) = (mean final weight − mean initial weight)/mean final weight × 100 (2)

To investigate stress and changes in blood components, three fish were randomly
selected from each group and blood was collected on 0, 7, 9, 12, 15, 21, 27, and 34 days.
Fish were anesthetized by immersion in tricaine methanesulfonate (Sigma Aldrich Co.,
St. Louis, MO, USA) at a dose of 50 ppm, and then blood was collected from the caudal
vessel using a syringe treated with heparin and the sample was centrifuged at 3000× g for
20 min. The plasma was collected and stored at −80 ◦C till further use.

2.4. Biochemical Analysis

Glutamic pyruvic transaminase (GPT), Glutamic pyruvic transaminase (GOT), glucose,
total cholesterol (TCHO), triglyceride (TG), and total protein (TP) levels in plasma were
measured using an automatic analyzer (FUJI DRI-CHEM 4000i; Fujifilm Co., Tokyo, Japan).
Commercially available ELISA kits were used to analyze SOD (Cayman Chemical Co.,
Ann Arbor, MI, USA), cortisol (Cusabio Biotech Co., Ltd.,Wuhan, China), CAT (Cayman
Chemical, USA), and GSH (Cayman Chemical, USA) levels in plasma. The procedure was
performed according to the manufacturer’s protocol, and the absorbance was measured at
450 nm using a spectrophotometer (Multiskan GO, Thermo Scientific, Waltham, USA).

2.5. Statistical Analysis

Statistical analyses were performed using the one-way ANOVA using SPSS version
19.0 (SPSS Inc., Chicago, IL, USA). Significant differences between the means were tested
using Duncan’s multiple range test (p < 0.05). All data are presented as mean ± standard
deviation.

3. Results
3.1. Survival Rate, Condition Factor, and Weight Loss

Figure 2 shows the survival rates for various groups when the water temperature was
increased after starvation and feeding for one week. In experiment 1, the survival rate was
93% in the group 26 ◦C_S, 100% in 26 ◦C_F, 95% in 27 ◦C_S, and 93% in 27 ◦C_F; there
was no significant difference among the groups. When the water temperature was raised
further to 28 ◦C, the survival rate sharply dropped to 21% in 28 ◦C_S and 49% in 28 ◦C_F
(Figure 2A). In experiment 2, the survival rate was 86% in SH and 90% in SF when the
water temperature was directly increased to 27 ◦C, 86.6% in SCH, and 86% in FCH when
the water temperature was increased to 27 ◦C after decreasing to 12 ◦C, and 91.8% in NH
(Figure 2B).
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Figure 2. Survival rate according to changes of water temperature. (A) In experiment 1, survival
rates at different water temperatures are presented as follows: at 26 ◦C after starvation (26 ◦C_S) or
feeding (26 ◦C_F), 27 ◦C after starvation (27 ◦C_S) or feeding (27 ◦C_F), and 28 ◦C after starvation
(28 ◦C_S) or feeding (28 ◦C_F). (B) In experiment 2, survival rates at changing water temperatures are
presented under these headings: temperature raised directly to 27 ◦C after starvation (SH) or feeding
(FH), from 12 ◦C to 27 ◦C after starvation (SCH) or feeding (FCH), and temperature gradually raised
to 27 ◦C (+0.5 ◦C/day; NH).

Figure 3 shows the condition factor (%) and weight loss (%) per group when the water
temperature was increased after starvation/feeding for one week. In experiment 1, the
values of condition factor ‘K’ were 1.14–1.39 (Figure 3A), and the weight loss observed in
different groups was 9.8% in 26 ◦C_S, 1.2% in 26 ◦C_F, 10.7% in 27 ◦C_S, 3.5% in 27 ◦C_F;
15.3% in 28 ◦C_S, and 4.3% in 28 ◦C_F (Figure 3C). In experiment 2, the values of condition
factor ‘K’ were 1.15–1.47 (Figure 3B), weight loss was observed to be 9.5% in SH and 6.2%
in FH, when the water temperature was directly increased to 27 ◦C; 11% in SCH and 7.5%
in FCH, when the water temperature was increased to 27 ◦C after decreasing to 12 ◦C; and
4.7% in NH, when the water temperature was gradually increased to 27 ◦C (Figure 3D).
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Figure 3. Condition factor and weight loss between changes of water temperature and feeding. (A) Condition factor
and (C) weight loss according to changing water temperatures after starvation or feeding in experiment 1. (B) Condition
factor and (D) weight loss according to changing water temperatures after starvation or feeding in experiment 2. Data are
presented as mean ± SD. Asterisks indicate a significant difference (p < 0.05).

3.2. Glucose and Cortisol Level in Plasma

In experiment 1, the level of cortisol increased significantly to 764.6 ng/mL in group
28 ◦C_S and to 792.7 ng/mL in 28 ◦C_S; levels remained high until the 17th day (Figure 4A).
The glucose levels were observed to be high in all groups from day 9 (second day of
increasing the water temperature) and remained between 50–68.6 mg/dL thereafter till
day 12 when the glucose level decreased to a level similar to that of the initial control
(Figure 4B). In experiment 2, the highest cortisol levels were recorded at 390 ng/mL in
SH and 425 ng/mL in FH on day 12; and 681 ng/mL in SCH and 648 ng/mL in SCF
on day 12. When the water temperature was increased, an acute increase in cortisol
levels was observed. In the NH group, cortisol levels increased gradually, and the highest
level observed was 334.6 ng/mL on day 27 (Figure 4C). The glucose levels increased
to 49 mg/dL in SH and 51 mg/mL in FH on day 9 (second day of increasing water
temperature) compared to the initial control level at 31.5 mg/dL. However, glucose levels
in SCH (65.3 mg/dL) and FCH (74 mg/dL) showed a high increase and then gradually
decreased. The glucose levels in the NT group increased to the highest value of 56.3 mg/dL
on day 17 (Figure 4D).
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3.3. Antioxidant Activity (SOD, CAT, and GSH)

In experiment 1, SOD activity increased with increasing water temperature, and was
the highest at 4.6 U/mL in group 28 ◦C_F on day 17 (Figure 5A). Higher levels of CAT
were maintained in the 28 ◦C groups compared to other experimental groups, and the
highest level (48 nmol/min/mL) was observed on day 9 (Figure 5B). The GSH levels were
high until day 17 in the 28 ◦C groups; they decreased thereafter. The GSH levels were
the lowest at 1.02 µM on day 34 in the 28 ◦C groups (Figure 5C). In experiment 2, SOD
levels increased on day 9, showing the highest level of 3.2 U/mL in FH on day 9. A sharp
increase in the SOD level was observed in groups SCH and FCH, the highest levels being
4.68 U/mL in SCH and 4.53 U/mL in FCH. The levels in the NT group increased with
1.86 U/mL from day 12, showing the highest level of 3.34 U/mL on day 27 (Figure 5D). The
CAT levels also showed a pattern similar to the SOD levels, with CAT being the highest at
47.06 nmol/min/mL in FCH. GSH levels were highest at 49.8 µM in SCH on day 12. In the
NT group, CAT and GSH levels decreased on day 9 compared to day 7. They gradually
increased thereafter, showing the highest level at 22 µM on day 17 and decreased thereafter
(Figure 5E,F).
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3.4. Biochemical Analysis in Plasma

Figure 6 depicts the effects of water temperatures on plasma biochemical parameters
of starry flounders. In experiment 1, the GPT levels were observed to be high (≥1000 U/L,
actual reading beyond the upper detection limit) with a large deviation after changing
the water temperature (Figure 6A). The GOT levels were not significantly different from
the initial control on day 9 after the increase of water temperature, but showed a high
level (≥1000 U/L) in the 28 ◦C groups from day 12 but decreased sharply towards the end
of the experiment (Figure 6B). TG and THCO levels were higher than those of the initial
control in the 26 ◦C groups on day 12; TG was 263.3 mg/dL in 26 ◦C_S, and 289 mg/dL in
26 ◦C_F; THCO was 285 mg/dL in 26 ◦C_S, and 221 mg/dL in 26 ◦C_F. The levels decreased
thereafter (Figure 6C,D). TP levels increased slightly after change of water temperature;
there was no significant difference observed (Figure 6E).

In experiment 2, GPT levels were ≥1000 U/L at increased water temperatures and
decreased at the end of the experiment. The GPT levels in the NT group gradually increased
(Figure 6F). In the SCH and FCH groups, high GOT levels were observed in the SH and
FH groups on day 22, and in the SCH and FCH groups on day 27. The NT group showed
the highest level at 237.3 U/L on day 27 (Figure 6G). TG levels were not significantly
different (Figure 6H). THCO levels were high in the NT group, which was the highest
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at 310.3 mg/dL on day 17. THCO levels, except for the NT group, gradually decreased
(Figure 6I). TP levels were highest at 5.1 g/dL in NT at day17 and lowest at 2.4 g/dL in SH
at the end of the experiment.
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4. Discussion

This study aimed to assess the changes in body weight, survival, and the physiological
changes of starry flounders in response to changes in water temperature after periods of
starvation and feeding. This fish was found to be fairly resistant to low water temperatures,
with the range of optimum water temperature being 13–18 ◦C [35]. There have been reports
of damage to cultured fish due to sharp changes in water temperature during the summer
season caused by global warming and the occurrence of cold-water zones, according to the
topographical characteristics of the east coast region. However, research on these issues
is lacking.

Previous studies documented that high temperature induced decreased survival,
slower growth rate, and reduced protein synthesis, while starvation had adverse impacts on
weight gain indices [36,37]. In the present study, the survival rates observed in experiment
1 indicated that the upper limit of tolerable water temperature of the starry flounder was
27 ◦C. When the water temperature increased to 27 ◦C, the survival rate was >80%, but
at 28 ◦C, the survival rate decreased drastically. In addition, there was no significant
difference observed in survival rates according to starvation or feeding until 27 ◦C, but at
28 ◦C, there was a marked difference, with the starvation group showing a 21% survival
rate and the feeding group showing a 49% survival rate. Experiment 2 was designed based
on the results of experiment 1. The survival rate in experiment 2 was between 86–91%, and
the fish were not significantly affected by the sudden change in water temperature.

The condition factor (K) of a fish reveals the physical and biological environments and
fluxes by interactions among the feeding conditions, parasitic infections, and physiological
factors [38]. The value of K was the lowest at starvation of 28 ◦C in experiment 1 and was
the lowest in starvation when the water temperature was increased after a decrease (SCH
group) in experiment 2. Fish that stopped feeding during the experimental period lost
weight. The weight loss was between 9.8–15.1% in the starvation groups of experiment 1,
and between 9.5–11.6% in the starvation groups of experiment 2, which were higher than
the corresponding feeding groups. Sudden changes in water temperature cause death,
and diseases, reduced growth, and consumption of excessive internal energy to maintain
homeostasis in aquatic organisms [39]. In the present study, fish at 28 ◦C showed a higher
rate of weight loss and a lower condition factor than those at 26 ◦C in experiment 1, and
starved fish when the water temperature was increased after a decrease (SCH group)
showed a higher rate of weight loss and a lower condition factor in experiment 2. It seems
that a lot of energy was expended to maintain homeostasis above the tolerable water
temperature or at an acute water temperature change. Therefore, the heat-stress effects
were typically pronounced at 28 ◦C. At this temperature, survival, condition factor, and
weight declined significantly in the starvation group, reflecting the high energy demands.
These energy costs were observed prominently in the changes in the body composition of
starved fish at 28 ◦C.

This study found that high plasma glucose levels indicated heat-stress in fish. Glucose
is an important energy source, and its levels seemingly change with increasing water
temperature. In organisms under thermal stress, abundant energy in the form of blood
glucose is essential to meet the increasing energy demand. The liver is the main organ for
gluconeogenesis. When an organism is under extreme thermal stress, the liver is unable to
perform gluconeogenesis, with decreasing concentration of glucose in the liver [40]. In our
study as well, glucose levels were observed to increase with changes in water temperature.
In experiment 1, the glucose levels initially increased with increasing water temperature,
but later fell below the initial control level. In experiment 2, a sharp increase in glucose
levels was observed when the water temperature was increased.

Activity of transaminases (GPT and GOT) are quantitatively the most important
aminotransferases and are related to amino acid metabolism in the liver [40].

GPT and GOT levels increased rapidly in rainbow trout after they were exposed
to acute thermal stress as reported by Roh et al. [41]. In the present study, levels of
GPT and GOT secreted in the liver were above the detection limit (≥1000 U/L) with the
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increase in water temperature, and then decreased towards the end of the experiment. This
seems to indicate liver damage due to high temperatures rather than adaptation to water
temperature.

According to previous studies, decrease of TG and TP levels in serum were obtained
from studies of thermal stress [42,43]. TCHO is an important component of the biological
membrane and continues to give membrane fluidity at higher temperature, essential for
life [44]. TCHO and TG levels changed according to water temperature, and this trend
was also observed in European sea bass; these levels decreased with increasing water
temperature [45]. The decrease observed in fish was likely due to the depletion of TG and
cholesterol levels in the liver, which supports the energy demand of gluconeogenesis [46].
In the present study, TG and THCO levels increased slightly after increasing the water tem-
perature. When the water temperature was gradually increased, the THCO level was high,
but the TG, THCO, and TP levels decreased gradually as the high temperatures persisted.

Previous studies have reported changes in cortisol levels with increasing water tem-
perature. Cortisol is an indicator of stress in fish. Changes in cortisol levels in many species
have been reported as indicators of thermal stress responses. In fish, such as Atlantic
cod (Gadus morhua), goldfish (Carassius auratus), zebrafish (Danio rerio), and rainbow trout
(Oncorhynchus mykiss), cortisol levels increased with changes in water temperature [47–50].

In our study as well, cortisol levels increased with changes in water temperature.
In experiment 1, cortisol levels were particularly higher at 28 ◦C compared to the other
experimental groups.

In experiment 2, there was no change in the levels of cortisol when the water tem-
perature decreased, but a sharp increase in their levels was observed when the water
temperature was increased.

On considering antioxidants, it was observed that heat stress can impact redox-related
biomarkers and homeostasis in starry flounder.

SOD activity is elevated in the reaction of dismutation of superoxide (O2
−) and H2O2

and is reflected to play key roles in the first step of the enzymatic antioxidative defense
system [25–27,51]. In this study, SOD activities in plasma showed an increase with heat-
stress compared to the initial control.

Previous studies have been documented for the activity of CAT and its regulation
under thermal stress [52]. GSH is a well-known substrate for glutathione peroxidase and is
a major nonprotein cellular thiol of cysteine containing tripeptide. It is one of the important
regulators of the intracellular redox state and represent a main role in the nonenzymatic
defense system [51]. In the present study, high CAT levels were observed at 28 ◦C in
experiment 1, and higher CAT and GSH levels were observed when the water temperature
was increased after a decrease in experiment 2. At the end of the experiment, the levels
were lower than those in the initial control. Referring to glucose, TG, TCHO, and TP
levels, it seems that when the energy source is insufficient, the resistance ability is lost
due to long-term starvation and stress. SOD, CAT, and GSH increased in a similar pattern
according to water temperature stress, while similar results have been reported in previous
studies [25–27,51,52]. The present result supports the proposition that thermal stress causes
reduction in the energy metabolism of fish.

In general, during the high-temperature season, aquafarms block the inflow of water
from the outside to maintain the water temperature. Liquid oxygen is supplied instead.
Food is not supplied to prevent water pollution due to debris, excrement, or diseases caused
by it. In these experiments, there is a point of difference compared to the environment of the
aquafarms because the water was changed at a rate of 3.3 L/min in laboratory conditions.
This can be considered a limitation on the applicability of these results to farm-conditions.

In conclusion, the present study indicates that survival of the starry flounder was low
at a water temperature of 28 ◦C, and 27 ◦C was the maximum tolerable water temperature
for survival. In addition, there was no difference in survival and physiological changes
according to starvation and feeding at water temperatures below 27 ◦C, but at 28 ◦C,
survival was higher with feeding than starvation. Weight loss was significantly higher
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during the starvation period at high water temperature. It was found that the sharp changes
in water temperature in groups SCH and FCH were physiologically more stressful than
in the SH and FH groups. When the water temperature is gradually increased, the starry
flounder seems to have increased adaptability at high temperatures, undergoing less stress,
and having greater resistance to stress.

Therefore, the results of the present study suggest that the water temperature in
aquafarms should not be allowed to exceed 27 ◦C during high-temperature periods and
that food supply should be continued to prevent weight loss, provided that factors such as
diseases caused by water pollution are remedied.
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