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ABSTRACT

Supersaturated water can adversely affect many species of fish and can sometimes lead to death. In the
present study, we established an experimental platform on the downstream section of the Dagangshan
Hydropower Station on the Dadu River. During flood discharge at the Dagangshan Hydropower Station,
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Revised: 17-02-2020 the river water supersaturation concentration at the experimental site was monitored, and a unique
Accepted: 16-04-2020 fish in the river section was selected for a cage experiment. Juvenile fish die under the 110% gas
Key Words: supersaturation conditions in the river, accompanied by symptoms of bubble disease. After the end
Supersaturated water of flood discharge, the remaining experimental fish were placed in clean water for approximately 180
Schizothorax prenanti days, and all the fish died. Exposing the experimental fish to a 127% concentration test tank in the

laboratory revealed that the onset of death, semi-lethal time and total death time were 6.7 hours, 12
hours, 31.5 hours, respectively. The test fish that were exposed to supersaturated water for 6 hours
were placed in clean water and tested every hour, and the change was minimal. Six-hour exposure may
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Bubble disease

INTRODUCTION

Supersaturated water has negative impacts on fish and widely
studied for a long time. Abnormal behaviour was observed
after fish were exposed to supersaturated water for short
time (Gray et al. 1983, Shrimpton et al. 1990). When fish
are exposed to supersaturated water for long periods, the
formation of bubbles in fish tissues gradually damages the
physiological functions of fish (Ebel & Raymond 1976,
Krise & Herman 1989, Mesa et al. 2000, Mesa & Warren
1997, Smiley et al. 2011) and may also hinder growth (Krise
1993, Liu et al. 2011). High concentrations of supersaturation
may lead to acute death in fish (Backman & Evans 2002,
Ebel & Raymond 1976, Weitkamp & Katz 1980). Low
concentrations of supersaturation lead to gas bubble disease
and chronic death in fish. Specifically, some types of fish
cannot avoid supersaturated water in low-saturated water
(Stevens et al. 1980). Previous studies have shown that
bubble disease can have irreversible negative effects on eggs,
juveniles and adult fish (Backman & Evans 2002, Jensen
1988, Smiley et al. 2011).

An important cause of supersaturation in water bodies
is the supersaturation of downstream gas caused by flood
discharge from dams. In the 1960s, the US Army Corps of
Engineers observed supersaturated water bodies downstream
of several dams along the Columbia River and its tributary,

\_ cause irreversible damage to the experimental fish.

the Snake River, with total dissolved gas (TDG) saturation
levels of 120-140%; as aresult, 18.1% of the fish downstream
of the dam suffered from air bubble disease (Nakasone 1987).
Coltetal. (1991) found that water oversaturation downstream
of the Folsom Dam in the United States was 126-130%. To test
the effects of supersaturation on downstream fish during dam
flood discharge, a series of field surveys were conducted. A
large number of fish with bubble disease were found in Lake
Wisconsin (Ryan & Dawley 1998). During flood discharge, a
large number of wild fishes with bubble disease were detected
in an ice port reservoir and the area downstream of the ice port
and Bonneville Dam (Bouck 1980).

In recent years, a large number of water conservancy
projects have been built in China. During flood discharge
from the water conservancy projects, the total dissolved gas
supersaturated concentration ranges from 120% to 143%.
Rivers that are hundreds of kilometres downstream of the
Manwan and Dachaoshan Dams are supersaturated (Qu
et al. 2011). Such supersaturated concentrations lead to a
higher risk of bubble disease in downstream river fish, but
studies on the effects of supersaturation on the endemic fish
in these rivers are still lacking (Cao et al. 2016, Huang et
al. 2010, Yuan et al. 2018). Juveniles are more sensitive to
supersaturation than adult fish, which is particularly worthy
of attention (Weitkamp & Katz 1980).
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The extent of the effects of supersaturation on fish de-
pends on the concentration and time. The degree of the neg-
ative impact of supersaturation on fish can be determined
by their physiological response before the lethal time is
reached. On the one hand, TDG saturation can be regarded
as a kind of water pollutant. Fish tissue enzyme activity
is sensitive to environmental toxic reactions (Livingstone
2001). On the other hand, blood is a relatively stable indi-
cator. Fish blood indicators are widely used to evaluate the
health status of fish and their adaptation to the environment.
Fish blood is an important physiological, pathological and
toxicological indicator. The organic components of blood
in fish also change when fish are sick (Balint et al. 1997,
Ceron et al. 1996). The functional changes in organisms
that are indicated by changes in blood indexes provide a
powerful basis for elucidating the mechanism of environ-
mentally toxic substances.

This study aimed to assess the damage caused by flood
discharge at the Dagangshan Dam to the endangered rivers.
During flood discharge at the dam, we selected juvenile
Prenant’s schizothoracin (Schizothorax prenanti) as the
research subjects to carry out a cage experiment in the
downstream channel and assess the death characteristics and
presence of bubble disease. The fish that survived the flood
were then placed in clear water. Observations were subse-
quently made for half a year. We then analysed the death
characteristics of the experimental fish in supersaturated
water in the laboratory. At the same time, the physiological
responses of the experimental fish to supersaturated water
before the lethal time in supersaturation and the physiolog-
ical changes in the experimental fish suffering from bubble
disease after saturation stress during recovery in clear water
were studied. The results of this study can serve as a reference
for protecting this species.

MATERIALS AND METHODS
Ethics Statement

The experimental proposal was approved by the Ethics
Committee for Animal Experiments of the College of Life
Sciences of Sichuan University. All experiments were exe-

Table 1: Numbers, lengths and weights of the experimental fish.

cuted in accordance with the animal management regulations
of Sichuan Province in China.

Experiment Fish

This study was conducted using six-month-old juvenile
Prenant’s schizothoracin that were obtained from the
Sichuan Fisheries Research Institute. Healthy and active
individuals were selected. Two days before the start of the
field experiment, the experimental fish were transported
to the experimental site for temporary maintenance (Fig.
1) to eliminate the stress response of the experimental fish
during transportation. A plastic water tank (length: 0.4 m;
width: 0.3 m; and height: 0.3 m) was filled with water and
used for temporarily raising the larvae. The clear water in
the holding tank was taken from the Dagangshan Reservoir,
and the water temperature was close to the water temperature
of the river where the experimental point was located. The
water in the tank was continuously oxygenated, and feeding
was prohibited during the holding process. Other juvenile
Prenant’s schizothoracin were sent to the laboratory of Si-
chuan University. The fish were kept in 4 tanks (length: 0.6 m;
width: 0.6 m; and water depth: 0.45 m) for acclimatization.
The fish were kept in freshwater for 2 days to eliminate the
stress reaction in the transportation process. At that time,
the oxygen saturation was increased by 100 = 2% with an
oxygen pump, and the water was cleaned every 12 hours.

Net-Cage Experiment

We established an experimental platform in the downstream
channel of Dagangshan Dam (Fig. 1 shows the experimental
point). During flood discharge of the upstream dam, the
experimental fish were placed in cages with different depths
(0~1 m, 1~2 m, 2~3 m, and 0~3 m) that were fixed on the
experimental platform. The experimental cages were checked
every morning. To assess the survival of the fish, dead fish
were removed from the various cages with nets. The weight
and length of each dead experimental fish were measured
on the experimental platform, symptoms of bubble disease
on the body surface were observed, and typical symptoms
were photographed. During the lethal flooding and super-
saturation stress killing experiments, the TDG concentration

Sample size Fork length (cm) Weight (g)
Field experiments 0~1m 60 10.38 £2.19 10.63 +4.82
1~2m 60 9.57 £ 1.58 8.92 +3.63
2~3m 60 10.68 £2.13 9.98 +4.37
0~3m 60 10.35 + 1.42 9.71 £4.03
Laboratory experiment Lethal experiments 40 9.41 +1.32 792+241
Physiological experiment 72 11.27 £ 1.80 1230 +3.4
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at the experimental point was determined with a TGP meter
(Point Four, Canada).

After flood discharge, the surviving experimental fish
were removed from the cages and immediately transported
approximately 120 kilometres to Heimao Extension Station
of the Pubugou Hydropower Station. The experimental fish
were grouped according to exposure death and kept in dif-
ferent water tanks; the group and death date of each dead fish
were recorded. The water quality was tested once a month,
and recovery from air bubble disease in the fish that were
subjected to saturation stress was observed. During recovery
in clean water, the water quality of each set of water tanks
was monitored once a month. The TDG concentration was
monitored using a Point Four TGP meter, and the DO con-
centration was monitored using an Oxyguard TGP meter
(Oxyguard, Denmark).

Lethality Experiment in the Laboratory

The laboratory experiments were conducted at the State Key
Laboratory of Hydraulics and Mountain River Development
and Protection, Sichuan University. The experimental setup
is shown in Fig. 2. TDG supersaturated water was produced
by increasing the pressure of the water supply, and the re-
quired TDG saturation was achieved by adjusting the volume
of freshwater. The volume of TDG supersaturated water
was adjusted to the concentration level of 125%. Oxygen
supersaturation exposure was performed in a tank (width:
0.6 m; depth: 0.45 m) when the supersaturated concentration
was completely stable. The experimental water depth was
approximately 0.35 m. The water tank was divided into two
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Fig. 1: Location of the study sites on the mainstem of the Dadu River in
Sichuan Province, China.

parts with a plexiglass orifice plate, and each part was filled
with 20 experimental fish. The behaviours of the fish were
observed and recorded in the experiment, and the death
time of each experimental fish was recorded. During the
experiment, portable oxygen meters (Point Four trackers)
were placed near the bottoms of the respective tanks, where
TDG oversaturation was measured. The temperature was
11.4 £ 0.3°C, and the pH was 7.1 + 0.2.

Sample Treatment

The experimental device for assessing the physiological re-
sponses of the juvenile fish to supersaturation was the same
as the lethal experimental device. The first group was used
to test the biochemical reactions of oversaturation stress
within 6 hours, and the second group was used to test the
biochemical reactions during the restoration in freshwater
after six hours of exposure.

Six Prenant’s schizothoracin were randomly selected
every hour during the exposure period. After being anaes-
thetized with 0.3 mg/L of MC 222, blood was collected
from the caudal arteries of the fish with a syringe. Each of
the three was considered a sample. The sampling process
in the recovery experiment was consistent with that in the
exposure experiment. The blood samples were centrifuged
for 20 minutes with a TGL-M high speed and low tempera-
ture centrifuge at 10000 r/s. The serum biochemical indexes
were detected with a Cobas c311 automatic biochemical
analyser. During exposure to TDG supersaturation, six fish
were taken at random each hour. Parallel samples were taken
for each tissue sample. The gills and muscles were excised

1. TDG meter

2. TDG probe

3. Experimetal tank
4. Experimetal fish
5. Valve

6. Supersaturated water
reactor vessel

7. Air compressor

8. Water pump

9. Fresh water tank

Fig. 2: Sketch of the experimental setup in the laboratory.
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and weighed. A total of 0.2 g of tissue was removed from
the muscles and gills and placed into a 1 mL centrifuge tube
for the detection of superoxide dismutase (SOD) and CAT.
A total of 0.3 g of muscle was placed into a 1 mL centrifuge
tube to measure the MDA content.

Biochemical Assays

Then, 1.6 mL of 0.05 mol/L sodium phosphate buffer (pH
7.8) was added to the centrifuge tube containing 0.2 g of
the tissue sample, soaked in liquid nitrogen and ground in a
multi-sample tissue grinder. Then, the crude extract
was obtained at 12000 r/min for 20 minutes at 4°C. The
supernatant was obtained and used for assaying the SOD
and CAT enzyme activities. Based on the experimental
scheme of (Liu et al. 2011), the SOD and CAT assay was
carried out.

The samples were prepared and tested within 24 hours.
The sampling and preparation methods of enzymatic activity
in the recovery process were consistent with the exposure
process.

Statistical Analysis

The data were presented as the mean=+ standard deviation
(SD). For the physiological indicators, the difference between
groups was determined by one-way analysis of variance
(ANOVA), and Duncan’s test was applied. The two groups
were considered to be statistically different at P < 0.05. The
computer programme SPSS for Win 8.0 was used. This paper
uses original display pictures.

RESULTS
Net-Cage Experiment
The flood discharge lasted approximately 5 days. The flood
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discharge began at 9:00 every morning and lasted until 5
pm. During the period, the water in the river was always
saturated, and the values of TDG and DO fluctuated little.
The maximum TDG was 117.6%, the minimum was 105.8%,
and the average was 110.5%; the maximum DO was 10.21
mg/L, the minimum was 7.65 mg/L, and the average was
9.20 mg/L [Fig. 3(a)]. In the cages with different depths,
the number of dead fish in the surface water (O~1 m) was
significantly higher than those in the other cages [Fig. 3(b1)].
Some obvious symptoms of bubble disease were found on
the dead experimental fish. The experimental fish in each
cage showed differences in their death characteristics and
symptoms and the probability of bubble disease were shown
in [Fig. 3 (c)]. The experimental fish suffering from air
bubble disease after the end of flood discharge was placed
in clear water and observed. After approximately 180 days,
all the experimental fish died, and there were no significant
differences in the death characteristics of the different groups.

Lethality Experiment in the Laboratory

The water depth of the laboratory water tank was approx-
imately 0.35 m, and the TDG fluctuated in the range of
118.0~131.0%, with an average of 127.8%. The average
value of DO in the 117.9~129.0% range was 123.4% [Fig.
4(a)]. The juvenile larvae had more obvious death charac-
teristics in the supersaturated water, and no death occurred
in the first stage. The experimental fish began to die after
approximately 6.7 hours. The second stage was the start of
death to the semi-lethal time (12 hours), and death occurs
faster. The third stage was from the semi-lethal time to total
death (31.5 hours), and death was slower Fig. 4(b).

Biochemical Responses
Under supersaturation stress, the enzymes in the blood of
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Fig. 3: During flood discharge, the performances of the experimental fish that were subjected to supersaturation stress were assessed. (a) TDG changes
in the flood discharge processes; (b) survival curve of the experimental fish with bubble disease at varying water depth and survival curve of the control
group (the small image is part of the survival curve of the flood discharge process); (c) probability of bubble disease in the experimental fish at
different water depths during the flood discharge.
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Fig. 4: The performances of the experimental fish that were subjected to supersaturation stress were assessed in laboratory. (a) TDG changes during the
processes; (b) survival curve of the experimental fish with bubble disease.

the experimental fish showed obvious changes. Aspartate
aminotransferase activity increased first and then began to
decline a small amount. At the third hour, the activity level
decreased to a value that was close to the control value,
which was 1.2 times that of the control group. The regularity
of creatine kinase activity was consistent with the trend in
aspartate aminotransferase, i.e. increasing first, and after
the first hour, continuing to increase from 2 to 6 hours, and
the value was 2.3 times that of the exposed group at 6 hours
[Fig. 5(a;)]. The amount of A enzyme in the blood decreased
from 1.9 times to 1.3 times in the control group. There was
an upward trend between 3 and 5 hours. The maximum value
at 5 hours was 2.4 times that of the control group and 2.1
times that of the control group by the 6th hour of recovery.
The variation trend in the C enzyme was consistent with that
of the A enzyme. From 0~3 hours, a downward trend was
observed, from 2.3 times that of the control group to 1.35
times that of the control group. From 3-5 hours, an upward
trend was observed, with the highest value at 5 hours being
3.2 times that of the control group and 2 times that of the
control group at 6 hours [Fig. 5(a,)].

When the experimental fish were exposed to 125% super-
saturated water, the supersaturated environment activated the
antioxidant system of the fish. The activities of SOD, CAT,
and MDA changed significantly within 6 hours.

The MDA value declined first and then increased within
6 hours, and the changed trend was consistent with that of
SOD. After the first 2 hours, the MDA value decreased sig-
nificantly, remained at a low value until the fourth hour, and
increased at the fifth hour. There was no increase at the 6th
hour and the value was 0.87 times that of the control group.
The experimental fish that were exposed to 125% supersatu-
rated water did not die [Fig. 5(b;)]. The supersaturation valve
was closed, and the saturation level was reduced to 100% at

the same temperature and water level of the water tank. The
enzyme indices were tested for 6 hours to observe the law of
self-recovery of the antioxidant system of the experimental
fish. The MDA values showed an upward trend between 4
and 6 hours of exposure but continued to decline within 6
hours of recovery, from 0.86 times that of the control group
to 0.39 times [Fig. 5(b,)]. The CAT value began to increase
rapidly during the first hour and reached a maximum value
of 8.4 times that of the unexposed group. When the high
value was maintained at the second hour, the value slowly
decreased from the second hour to the sixth hour, and there
was no significant difference between the CAT value and
the control group value [Fig. 5 (b;)]. CAT activity decreased
significantly during the exposure period from 2 to 6 hours
and increased significantly during the recovery period from
0 to 3 hours, from 0.73 times to 1.6 times that of the control
group; the value remained relatively high from 3 to 6 hours,
at 1.58 times the value of the control group at 6 hours [Fig.
5(b,)]. SOD activity showed a trend of first decreasing and
then increasing. SOD activity decreased significantly in the
first two hours and remained at a low level from the second
hour to the fifth hour. SOD activity was significantly inhibited
by oversaturation [Fig. 5(bs)]. For enzyme activity in the
muscles, the value of SOD increased at 5-6 hours of exposure
but decreased slowly from 0-6 hours during recovery, from
0.89 times to 0.7 times that of the control group [Fig. 5(b)].

The changes in SOD and CAT in the gills under highly
saturated stress were significant, but the supersaturation
change trends observed in the fish differed. CAT continued
to increase after the first hour, and at 6 hours, the value was
6.8 times that of the control group, which was significantly
higher than the value without exposure. The relative enzyme
activity in the fish gills was higher than that in the muscles,
indicating that the enzymes in the fish gills were more sensi-

Nature Environment and Pollution Technology ® Vol. 20, No. 1, 2021
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Fig. 5 (a) Changes in enzymatic activity in the blood of Prenant’s schizothoracin [(a,) aspartate aminotransferase and creatine kinase activities after
exposure to TDG, and (a,) aspartate aminotransferase and creatine kinase activities in freshwater]; (b) changes in enzymatic activity in the muscle of
Prenant’s schizothoracin [(b,) relative MDA activity after exposure to TDG, (b,) relative MDA activity in freshwater, (b;) relative CAT activity after
exposure to TDG, (b,) relative CAT activity in freshwater, (bs) relative SOD activity after exposure to TDG, and (bg) relative SOD activity in fresh
water]; (c) changes in enzymatic activity in the gills of Prenant’s schizothoracin [(c,) relative CAT activity after exposure to TDG, (c,) relative CAT
activity in freshwater, (c;) relative SOD activity after exposure to TDG, and (c,) relative SOD activity in freshwater].

tive to the stress of oversaturation [Fig. 5(c;)]. CAT increased
continuously during the exposure period, and the value was
6.8 times that of the relative control group at 6 hours; the
value continued to increase during the recovery period, and
the value was 25.8 times that of the relative control group at
the recovery time of 6 hours [Fig. 5(c,)]. SOD rose sharply
in the first three hours, with a maximum exposure of 3 hours
at 2.2 times the control value, and then began to decline
after 4 hours. There was no significant change from 4 to 6
hours, and the value was approximately 1.6 times that of the
control group [Fig. 5(c;)]. For SOD, after fish were exposed
to supersaturation for 3~6 hours, a downward trend was
observed; the level continued to increase during recovery,
and the value increased from 1.5 times to 1.8 times that of
the relative control group [Fig. 5(c,)].

DISCUSSION
Net-Cage Experiment

The concentration of supersaturated water in the river at
our field site during this experiment averaged 110%, and
juvenile Prenant’s schizothoracin with bubble disease were

found in the cages (Fig. 3). The symptoms observed were
similar to those observed in previous field studies of fish in
supersaturated water (Renfro 1963). Another obvious phe-
nomenon was that the death rate of young fish in the 0~1 m
surface cage was highest in the saturated water under stress.
Juvenile Chinook salmon and steelhead in the Columbia and
Snake River Basins were existing at a water depth with TDG
oversaturation most of the time, between 2 and 4 m, and the
level was rarely above 2 m (Beeman & Maule 2006, John-
son et al. 2005). The avoidance ability of Chinese suckers
in the vertical direction was observed when the fish were
exposed to water with high TDG levels. The fish in clear
water remained at a depth of 2~3 m and kept diving below
4 m when the oversaturated water concentration was 150%
(Cao et al. 2016).

Fish caught in supersaturated river water had different
stress levels and different symptoms of bubble disease
(Weitkamp et al. 2003). Bubble disease is also more difficult
to detect in young fish than in adults (Smiley et al. 2011).
However, in addition to bubble disease symptoms that can
be observed with the naked eye, supersaturation stress can
also cause internal damage (Bouck 1980, Newcomb 1974).

Vol. 20, No. 1, 2021 ® Nature Environment and Pollution Technology
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Just because bubble disease is observed to be mild, it does
not mean that the damage to the fish was minor. Symptoms
of GBT could be observed in sockeye salmon and steelhead
when the TDG concentration level exceeded 126%, while
symptoms of bubble disease in Chinook salmon were still
rarely observed when the TDG level exceeded 130% (Back-
man & Evans 2002). At the end of the field experiment,
the surviving fish were placed in clear water and observed.
No obvious symptoms of bubble disease were observed in
the surviving juvenile fish, but they continued to die in the
clear water. This result indicates that irreversible damage
was caused by low supersaturation concentrations and long-
term stress. In addition, the death rate of fish at different
water depths showed no significant difference. For juvenile
schizostoma, compensating for the water depth in the chan-
nel could not significantly alleviate the negative harm of
supersaturation to the experimental fish.

Acute Lethal Experiments

At the start of the experiment, fish swam freely around the
tank. Abnormal behaviour began to be observed approximate-
ly 7 hours later, and the fish began to gather at the bottom and
corners of the tanks. Some fish were very active, and some
fish started to swim quickly and suddenly; side swimming
was observed. Bubble disease began to unbalance the fish,
and they sometimes jumped in the air and then fell slowly
to the bottom of the tank. At approximately hour 12, the fish
began to die. Dead experimental fish floated on the water,
and their mouths were wide open. Bubble disease could be
observed on some of the dead experimental fish, such as
bubbles on fins, the protrusion of eyes and protrusions of
the abdomen. In oversaturated water, the behaviours of white
bass include loss of buoyancy control, lethargy, crashing
into the walls and bottoms of aquariums, occasional darting,
violent shaking, the rapid opening of the mouth, opening of
the gills, and swimming at the bottom of the tank (Smiley
et al. 2011). Chinese suckers show signs of spinning, and
in some cases, they float to the surface of the water and go
back to the bottom, where they lie (Cao et al. 2016). Fish held
in supersaturated water show an increase in swim bladder
pressure, and gas is expelled through the pneumatic duct,
which may explain the abnormal behaviour of the experi-
mental fish when exposed to supersaturation to some extent
(Shrimpton et al. 1990).

The processes of fish exposure to supersaturated water,
suffering from bubble disease and eventually dying could be
divided into three distinct periods. We found that there were
three stages of supersaturated death of the juvenile fish under
laboratory conditions, which is consistent with previous
studies. During the first phase, bubbles begin to form in the

129

blood vessels. The second stage is the time when the mortality
rate is gradually increasing. The third stage of death is slow
and lasts relatively longer (Bouck 1980).

The tolerances of different fish to TDG oversaturated
water often differ. The lethal exposure times to 50% mortality
for Chinook and steelhead at 125% nitrogen saturation were
13.6 hours and 14.2 hours, respectively. The median lethal
time (LT5,) was determined to evaluate the acute lethal ef-
fects on several species of endemic fish to the upper reaches
of the Yangtze River at a level of 125% supersaturation. The
shortest time was observed for juvenile rock carp, 15.4 hours
(Huang et al. 2010), followed by Chinese suckers (Myxocyp-
rinus asiaticus Bleeker), with an LCs, value of 43.4 h (Chen
et al. 2012). Silver carp tolerated supersaturation best, with
a lethal time of approximately 67.71 h (Cao et al. 2016).
Compared with the half-lethal times of several species that
are endemic to the middle and upper reaches of the Yangtze
River under the same laboratory conditions, the half-lethal
time of juvenile Schizothorax chinensis was 12 hours, which
showed poor tolerance to supersaturation.

Biochemical Indicator of Blood Serum

Fish may experience physiological and blood composition
changes in response to the level of oxygen in the water. Un-
der the condition of water hypoxia, the blood pressure in the
abdominal aorta and dorsal aorta of fish slightly decreases,
and the amount of haemoglobin also decreases (Holeton
1972). The serum potassium, phosphate and serum albumin,
calcium, cholesterol, total protein and alkaline phosphatase
levels in steelhead increased after 35 days of exposure to
110% total atmospheric gas saturation (Newcomb 1974).
Long-term supersaturation stress changes the blood gas ex-
change, pH, plasma ion, respiratory rate and cardiovascular
function of fish (Wilkes et al. 1981). In freshwater rainbow
trout, respiratory acidosis that was induced by 70 h of expo-
sure to a high oxygen environment was also associated with
the reduction in the gill chlorine cell surface area (CCFA).
After 72 hours of exposure to high oxygen levels, metabolic
alkalosis was observed in normal water for 6 hours (Gil-
mour & Perry 1994). The content of AST is low in fish with
normal physiological states. When the body is under stress,
AST is released into the blood from liver cells. AST is also
often used as the detection index of environmental stress,
especially toxicity tests. We found liver cell damage in the
juvenile fish that experienced supersaturated water stress.
The increasing concentration in the CK was consistent with
the observed abnormal activity [Fig. 5 (a)].

Blood markers can also describe a fish’s recovery from
bubble disease. In Clarias batrachus and Heteropneustes
fossilis with severe bubble disease, bubble collapse led
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to liver, kidney, tubule and glomerular degeneration and
haematopoietic necrosis. At the same time, the erythrocyte
count and haemoglobin content decreased significantly.
After a period of recovery, normal swimming was restored,
and the red blood cell counts and haemoglobin levels also
recovered from the disease (Kulshrestha & Mandal 1982). In
hyper-aerobic processes, the ultimate recovery of both pHe
and pHi must occur in the kidneys or gills (Wood et al. 1984).
However, in our observations, the blood indicators showed
no signs of recovery after 6 hours of stress [Fig. 5 (b)].

Activities of Antioxidant Enzymes

The enzyme activities in the gills of fish tend to be more
sensitive than those in the muscles (Fig. 5). Liu indicated
that CAT activities in gills were higher than those in muscles
(Liu et al. 2011). Severe damage to fish gills caused by high
oxygen and high pressure in supersaturated water is a major
cause of death (Barthelemy et al. 1981, Sebert et al. 1984).
One possible reason is that hyperoxia induces respiratory
acidosis in rainbow trout, and 90% of the net acid is excreted
through fish gills (Wood 1991).

Previous studies have shown that antioxidant enzyme
activity can be used to evaluate the degree of stress of TDG
oversaturated water on fish. Chen found that changes in the
CAT activities in the muscles and gills of Chinese suckers
that were exposed to a gas saturation level of 140% exhibit-
ed a regular decrease after an increase. The CAT activities
in the muscles could return to the normal level at LTy,
However, the CAT activities in the gills were significantly
lower than those in the control group (TDG level of 100%)
after 3/5 LT5, (Chen et al. 2012). Qing Liu demonstrated
that CAT activity in the muscles and gills of juvenile rock
carp increased after long-term exposure at low TDG levels.
CAT activity in the muscles increased 1.7-fold at 112%,
and the activity in gills that were exposed to a 108% level
of TDG was 1.5-fold higher than that in the control group
at 21 days (Qing Liu et al. 2015). Asian carp were exposed
to a 140% concentration of supersaturated water. The CAT
activity increased significantly within 2 hours. Over time,
the CAT activity gradually decreased, and the CAT activity
in the oversaturated fish was lower than that in the fish in
fresh water at 5 hours (Cao et al. 2016). The variation trend
in SOD activity in oversaturated fish was consistent with
that in CAT activity (Qing Liu et al. 2015). The content of
MDA can be used as an index to investigate the severity of
cell stress. Research on variation trends in MDA is lacking.

In our study, the variation trend in enzyme activity over
time in Prenant’s schizothoracin under saturated stress
showed that CAT activity first increased and then decreased
over time, which was consistent with previous studies (Cao
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etal. 2016, Chen et al. 2012). SOD and MDA decreased first
and then increased over time. The SOD activity results were
inconsistent with the findings of previous studies (Liu et al.
2011, Qing Liu et al. 2015), mainly because those studies
assessed long-term changes in fish exposure, while our
study assessed short time changes. The activities of the three
enzymes in our study, SOD, CAT and MDA, in the muscles
of the fish showed relatively obvious recovery phenomena
within 6 hours, indicating that the fish had a certain adaptabil-
ity and self-regulation ability in response to supersaturation
stress within the recovery time range.

Previous studies found that fish suffering from bubble
disease in oversaturated water can recover to some extent
(Knittel et al. 1980, Meekin & Turner 1974). Signs of re-
covery were observed in fizzy trout (Rukavina & Varenika
1956). After being exposed to oversaturated water for 96
hours, fish recovery was observed. There was no significant
difference between the red blood cells and haemoglobin, and
the swimming performance returned to normal (Kulshrestha
& Mandal 1982). Some species of fish are highly adapted to
supersaturated environments. Sea bass can recover quickly
when exposed to normal conditions after being exposed to a
TDG level greater than 220% (Lemarié et al. 2011).

CONCLUSION

In this study, the physiological and biochemical reactions of
Prenant’s schizothoracin were determined during recovery
in water after exposure to a supersaturation concentration
of 125% after 6 hours of stress. The results showed that the
SOD enzyme activity and MDA activity in the muscles of fish
continued to decline within 6 hours, and the CAT activity in
the muscles and SOD activity and CAT activity in the gills
of fish continued to decline. These findings indicate that
the antioxidant enzyme activity of fish cannot effectively
recover in clear water after 6 hours. The changes in AST
enzyme activity and CK enzyme activity in the fish serums
were consistent, and the recovery trend was obvious within
6 hours.
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