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Abstract
The present study investigated the impacts of multiple thunderstorm-sound exposures on growth and respiratory parameters in Nile
tilapia (Oreochromis niloticus) in order to evaluate the acoustic stress response. Thunderstorm-sound exposure for 3 hours triggered
respiration speed with an alarm reflex and rapid elevation of opercula beat rate (OBR) and pectoral wing rate (PWR), which increased
two-fold over the control with no sound treatment, and peaked (OBR, 71.33+5.86 beat/min; PWR, 75.00£3.61 beat/min) in 10 hours after
initiation of sound. Thereafter, respiration rates declined over the following days and returned to near-initial levels (45.33+4.04 beat/min
OBR and 43.00+1.00 beat/min PWR) by day 3, an indication that fish recovered from thunderstorm-sound stress after 3 days of exposure.
However, the same reaction course was observed each time of multiple sound exposures, repeated 20 times in a row with 4-day intervals,
underlining that fish could not attune to repeated thunderstorm sound. Reduced voluntary feed intake as a result of anxiety and appetite
loss was recorded in fish exposed to multiple thunderstorm sound, resulting in 50% less growth compared to those without sound treat-
ment by the end of the 80-day experimentation. Therefore, it is advisable to monitor fish behavior during the 3-day stress period after
a thunderstorm event in order to prevent waste from excess feeding, that in turn may contribute environment-friendly aquaculture for

the future and sustainability of the oceans.
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The oceans experience several types of storms char-
acterized by strong winds such as hurricanes and thun-
derstorms which are marked by the occurrence of thun-
der and lightning. As a consequence of climate change,
the number of thunderstorm events has increased with
fluctuations between 90 and 310 records from 2010 to
2019 in the Mediterranean, and doubled from around 110
to 220 severe storms over the last decade (MGM, 2020).
While thunder and lightning usually occur at the same
time, light travels faster than sound, hence lightning is
seen before thunder can be heard (Emelda, 2011). Rath-
er than penetrating the water, lightning disperses in all
directions favoring the surface, since water is a reason-
ably good conductor, and a good conductor keeps most
of the current on the surface, however, a lightning strike
during thunderstorm may generate a sound up to 260
dB (decibels) in 1 m distance at water surface, which is
around twice the level of a gunshot or firecracker (CMC-
CLAIN, 2008). Smith et al. (2004) reported a substantial
hearing loss in goldfish (Carassius auratus), but not in
Nile tilapia (O. niloticus), after 20 days of exposure to a
broadband noise of 170 dB, which shows that impacts of
anthropogenic noise can be species specific, and differ-

ent animals may respond in different ways against vari-
ous types of stimuli, length of sound exposure, repeated
or continued sounds, etc. (Bejder et al., 2009). Most of
the earlier studies so far, reported behavioral responses
(Beale and Monaghan, 2004; Simpson et al., 2015; Spiga
et al., 2017), and physiological consequences (Smith et
al., 2004; Buscaino et al., 2010; Filiciotto et al., 2017; de
Jong et al., 2020) in fish exposed to anthropogenic (hu-
man generated) acoustic sounds which has already been
drastically increased in the oceans over the last decade.
However, there are still substantial gaps in the knowledge
regarding impacts of sounds on aquatic animals (Popper
et al., 2014; Southall et al., 2019; Hawkins et al., 2020;
Popper et al., 2020; Thomsen et al., 2020), and the im-
pacts of natural sounds such as thunderstorm and light-
ning sound have been ignored, which might influence
physiological response and behavior as a potential stress
factor for fish in capture conditions. When fish is exposed
to unfamiliar sounds, decrescent impacts on appetite loss
and voluntary feeding as a sign of anxiety and physiolog-
ical response can occur (Metcalfe et al., 1987; Wendelaar
Bonga, 1997; Kusku et al., 2018 a, 2020). Eventually,
fish exposed to stress may react physiologically, and
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the dispersal of unconsumed feeds due to loss of appe-
tite may cause deterioration of water and also economic
loss for farmers, due to reduced feed efficiency. Consid-
ering the climate change and the increased impacts of
thunderstorms over the last decade, the question “how
natural sounds like thunderstorm or lightning may affect
aquatic animals” is still open for the understandings of
fish welfare in capture conditions. Tilapia was used in the
present study, as it is the second most farmed fish after
carps in the world, with 4-fold production increase over
recent years (Wang et al., 2016). Different than other fish
species, tilapias are extremely strong and highly tolerant
to stress conditions, and can be grown under wide range
of culture systems such as ponds, cage culture systems,
raceways and super-intensive culture systems under
a wide range of environmental conditions (Siddik et al.,
2014; Prabu et al., 2019).

Indeed, fish in the nature may tend to swim deeper
and typically may not be influenced by thunderstorm im-
pacts occurring at water surface. In contrast, farmed fish
in capture conditions such as cage systems with limited
depth of nettings, or ponds with less water depth, swim
in a relatively narrow environment close to water sur-
face. Irregular and abnormal swimming behavior accom-
panied with less appetite have been observed in rainbow
trout (Oncorhynchus mykiss), gilthead seabream (Sparus
aurata) and European seabass (Dicentrarchus labrax) for
4 to 5 days after the hit of a thunderstorm (personal com-
munications: Mr. Melih Geggil, Operation and Logistic
Coordinator, and Mr. Emre Sen, Farm Manager of Kilic
Deniz Company, Turkey, 4 January 2021). Similarly, re-
markable appetite loss has also been reported in rainbow
trout (O. mykiss), and high mortalities were observed
in maegre (Argyrosomus regius) when thunderstorm hit
the cage farm facilities (personal communications: Mr.
Hamza Firat, Farm Manager of Penta Seafood Fishark
Company, Turkey, 24 May 2021). Hence, it is likely that
farmed fish are affected to a certain extent by hits of thun-
derstorms.

In recent years, reports provided clear evidence that
anthropogenic noise can significantly impact mammals
and marine fishes, however much less is known about
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these effects in fresh water environment, that interest
fishery managers due to rising levels of this background
noise. The influence of anthropogenic noise on fresh-
water fish can be quantified using the same methods as
with marine species via behavioral and physiological
responses (Mickle and Higgs, 2018). So far, there is
no clear published evidence yet regarding the impacts
of thunderstorm-sound on physiological response and
stress-recovery time of fish either in marine or fresh-
water capture conditions. Therefore, this study aimed
to evaluate impacts of multiple thunderstorm-sound ex-
posures on physiological response and stress recovery-
time in fish with the assessment of respiration speed of
opercula beat rate (OBR) and pectoral wing rate (PWR)
in order to secure best feeding practice and effective
farm management for the prevention of feed losses
in fish farms, which is considered as one of the main
sources of environmental impacts from aquaculture fa-
cilities.

Material and methods

Transmission of natural thunderstorm sound and
monitoring of physiological response

A repeated sound of thunderstorm was used as a stress
factor to monitor physiological response of fish. Under-
water transmission of the thunderstorm sound tested in
the present study was retrieved from https://www.you-
tube.com/watch?v=jsASzgzV710. All experimental con-
tainments were set with waterproof hydrophones (Mini
Speaker w/Wires—8 Ohm, 1.5 W Stw-c, 8.24 x 3.1 cm),
deployed at the opposite side of water inlet, 6 cm below
surface. Magic Voice brand Mp3 amplifier with three
outputs was used to distribute experimental thunder-
storm sound to each of the test containments with tripli-
cate groups. A Sound Meter model device (Sound Meter
Version: 1352-EN-00) was used for recording underwa-
ter noise levels in decibel (dB re 1 pPa SPL). Schematic
diagram for the underwater transmission of experimental
sound and hydrophone output recordings in the experi-
mental containment is given in Figure 1.

Mp3 Amplifier
ApT + 3 outputs for AT
vy - /vy
triplicate tanks
S Waterproof
/s Hydrophone VDCset

Figure 1. Schematic diagram of thunderstorm-sound transmission and hydrophone output recording
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The even distribution of fish in the experimental tanks
and external appearance was a sign of non-stress envi-
ronment and healthy individuals. Playbacks of repeated
thunderstorm sound in each test containment was simul-
taneously initiated at 09:00 a.m. and terminated at 12:00
p.m., lasting for 3 hours in total. Time and exposure du-
ration of daily sound transmission was adjusted using an
automatic timer (TS-814 AB Tak-TS-816 AU model).
Special care was given to avoid contacts between vibrat-
ing pipes and tank surface in order to buffer any possible
ambient sound in the experimental system, and to receive
same levels of ambient sounds in all test containments
following the method reported by Davidson et al. (2007),
and Davidson et al. (2009). The control group received
no additional sound treatment, and ambient mean sound
pressure level (SPL) was measured as 50.25+2.13 dB re
1 pPa. Once the thunderstorm-sound transmission was
initiated, mean SPLs increased from the ambient sound
level to 130.18+17.09 (range: 70-138) dB re 1 pPa. The
thunderstorm sound tested in the experiment masked and
overlapped the ambient noise level of 50.25+2.13 dB re
1 pPa.

The influence of underwater sound transmission on
fish were evaluated using physiological tests because
behavioral changes may not always be sensitive enough
for a timely assessment of a reaction to stimuli as ear-
lier reported by Beale and Monaghan (2004). Hence,
respiration rates measured as opercula beat rate (OBR)
and pectoral wing rate (PWR) were performed as physi-
ological stress indicators following the reports of Bar-
ton (2002), Gibson and Mathis (2006), Tantarpale et al.
(2012), Nedelec et al. (2016), Radford et al. (2016), Sp-
iga et al. (2017), Kusku (2020), and Kusku et al. (2020).

The OBRs and PWRs in fish exposed to thunderstorm
sound were monitored with an I-Phone 6S Mobile Cam,
set to the aquaria glass from outside and positioned in
a way to observe all fish in the containment. Video re-
cording was initiated simultaneously with the start of
sound transmission at 9:00 am. While the thunderstorm
sound was switched off at 12:00 a.m., the video record-
ing continued until 7:00 p.m., and no recording was per-
formed during night time, since the study followed the
natural photoperiod course and low visibility made it dif-
ficult to follow fish ventilation rates over the dark hours.
The counts of opercular beats and pectoral wings were
noted by video image tracking after termination of the
experiments.

The thunderstorm-sound transmission program
was scheduled as “3 hours sound exposure” followed
by “4 days monitoring by video recording” of OBRs
and PWRs as a result of physiological stress response.
This was repeated for 20 times with multiple exposures
with 4-day repetition intervals over a period of 80 days.
Based on preliminary testing prior to start of the experi-
ment, it was observed that peaks of OBRs and PWRs
returned to near-initial levels (similar to the control) af-
ter 3 days of sound exposure, which was in accordance
with the information received from personal communi-
cations as mentioned earlier. Hence in the present stu-
dy, a 3-hour sound exposure was followed by a 4-day
monitoring in order to ensure a full recovery from
thunderstorm-sound stress before the initiation of
a new sound exposure. The entire process with 20-times
repetition of multiple exposures with 4-day intervals
conducted over 80 days in total has been illustrated in
Figure 2.

Twenty (20) times repeated for a total of 80 days
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Figure 2. Flow diagram of the experimental protocol; vertical direction arrows show each stage of the sound treatment and monitoring through-
out the timeline in daily procedure
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Experimental fish and rearing conditions

One hundred and eighty specimens of scaled Nile tilapia
(O. niloticus) with a mean body weight of 10 g, were previ-
ously acclimated to the laboratory conditions in the research
facility of Canakkale Onsekiz Mart University (COMU),
Department of Aquaculture Industry Engineering, Faculty of
Marine Science and Technology (Turkey). A total of 90 fish
of mean initial body weight 9.98+0.30 g were randomly with-
drawn out of the total batch of 180 fish, and evenly distributed
into 6 identical glass aquariums with 100 L volume (15 fish
per tank, 45 fish per treatment). Fish were acclimated to the
test conditions for 1 week prior to the start of sound transmis-
sion. Two experimental groups, one control with no sound
and the second with thunderstorm-sound treatment were as-
signed according to a 2 x 3 factorial design in triplicates. The
recirculating aquaculture system (RAS) used at the experi-
mental research facility was a convertible system that can use
either freshwater or seawater. In this study, freshwater was
used and all test containments were supplied with continuous
aeration using air stones. Water flow rate was equalized and
maintained with an average inflow rate of 31.5+0.4 L/min in
all experimental tanks, and photoperiod followed the natural
course throughout the study. Weekly measurements of wa-
ter temperature, dissolved O,, ammonia, nitrite, nitrate, and
pH values were performed using YSI brand automatic water
quality measurements device, and recorded as 21.08+1.05°C,
7.3+1.2 mg/L, 0.01£0.001 mg/L NH,, 0.029+0.01 mg/L
NO,, 2.23+0.37 mg/L NO,, and 7.6, respectively. A commer-
cial diet with 21% crude protein and 12.7% lipid was offered
daily at 08:30 a.m. by hand-feeding for 10 minutes prior to
start of sound transmission throughout the study period of 80
days. Feeding was withheld when fish were reluctant to feed,
which was accepted as a sign of satiety.

Statistical analyses

In the present study measured variables have been
recorded as means + SD. Respiration rates (OBRs and
PWRs) were evaluated with Tukey multiple range test
when homogeneity and normally distributed data was
seen. Kruskal-Wallis test was performed when homo-
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geneity without normal distribution was recorded. The
Tamhane test was conducted when data showed no ho-
mogeneity in terms of distribution using SPSS 19 statisti-
cal software (IBMM SPSS Statistics 19), and critical lim-
its for significance were set at P<0.05 level. Correlations
between OBRs and PWRs were evaluated using Micro-
soft Excel for Mac based on the following equation:

2L(x=X)y-y)

Correl (X, Y) = — —
\E G L)

where x and y indicate sample mean values for series
1 and series 2, respectively.

Results

Based on the findings of the present study, it was
observed that fish exposed to thunderstorm sound for
3 hours, recovered from the stress conditions after 3 days
of exposure. With the initiation of sound transmission,
fish showed an immediate startle response as an alarm
reflex and both OBRs and PWRs increased significantly
(P<0.05) to nearly two-fold over the control group with
no-sound-treatment at all, and peaked in 10 hours after
initiation of sound for the first 4-day interval period, with
average levels of 71.33+5.86 and 75.004+3.61 beat/min
for OBR and PWR, respectively (day 1). Considering the
entire study period of 80 days with 20 times repetition of
4-day intervals, the average beats of opercular and pecto-
ral movements showed similar results with a mean peak
value of 73.95+4.22 beat/min and 75.75+4.27 beat/min,
respectively, at 10 hours post-sound exposure for 3 hours.

Elevated OBRs and PWRs showed a declining trend
from 71.3345.86 and 75.00+3.61 beat/min to 57.00+4.00
and 58.00£4.00 beat/min by the end of day 2; to
45.33+4.04 and 43.00+1.00 beat/min by the end of day 3;
and to 44.00+1.73 and 42.00+1.00 beat/min, respectively
by the end of day 4 within the first 4-day interval period
(Figures 3, 4).

y =4.3611x° - 43,202x? + 124.1x - 41.067
R?=0.9661

Days

Figure 3. Opercula beat rates (OBR, beats/min) and recovery time from stress of fish exposed to thunderstorm-sound stress for 3 hours. n) =90

split evenly among treatment groups (n=15 in each of triplicate treatment; control , sound exposure

). Different letters above

bars indicate significant difference at P<0.05 level
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Figure 4. Pectoral wing rates (PWR, beats/min) and recovery time from stress of fish exposed to thunderstorm-sound stress for 3 hours. n) =90

split evenly among treatment groups (n=15 in each of triplicate treatment; control , sound exposure B ). Different letters above
bars indicate significant difference at P<0.05 level
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Figure 5. Variations in opercula beat rates (OBR, beats/min) in fish exposed to multiple thunderstorm-sound stress (TSS) with 20 times repetition
in 4-day intervals over a period of 80 days. nY =90 split evenly between treatment groups (n=15 in each of the triplicate treatment; control -,
sound exposure @ TSS)
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Figure 6. Variations in pectoral wing rates (PWR, beats/min) in fish exposed to multiple thunderstorm-sound stress (TSS) with 20 times repetition
in 4-day intervals over a period of 80 days. nY =90 split evenly between treatment groups (n=15 in each of the triplicate treatment; control =,
sound exposure |- TSS)
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Table 1. Growth performance and feed utilization of fish exposed
to multiple thunderstorm stress with 20 times repetition in 4-day
intervals over 80-day period. Data (mean + standard deviation) with
different superscript letters in the same line differ significantly among

test groups (P<0.05)
Control Thunderstorm
sound

Initial body weight (g) 9.98+0.30 a 10.13+0.31 a
Final body weight (g) 18.0+£0.13 b 14.2940.25 a
Wet weight gain (WWG, g) 8.02+0.25 b 4.16+£0.33 a
Relative growth rate (RGR, %) 80.5+4.81 b 41.0844.24 a
Specific growth rate (SGR, % / 8.02+0.25 b 4.16+0.33 a
day)
Voluntary feed intake (VFI, g) 0.19+0.002 b 0.17+0.02 a
Feed conversion rate (FCR) 1.31+0.06 a 2.02+0.05b
Relative biomass gain (RBG, % 100 51.80£3.15
of control)
Relative specific growth rate 100 58.22+3.61
(RSGR, % of control)
Mortality (%) 0 0
Survival rate (%) 100 100

WWG (g) = final wet weight (g) — initial wet weight (g).

RGR (%) = [(final weight — initial weight) / initial weight] x 100.

SGR (%/day) = [(In final weight — In initial weight) / days] x 100.

VFI (g) = dry feed intake (g) / [(initial weight (g) + final weight (g)]/2).

FCR = feed consumption (g) / wet weight gain (g).

RBG (% of control) = (biomass of treatment group x 100) / biomass
of control group.

RSGR (% of control) = (SGR of treatment group x 100) / SGR of con-
trol group.

These lowered respiration rates were close to the ini-
tial beats (43.67+2.52 beat/min OBR; 41.00+1.00 beat/min
PWR), and also similar to the respiration rates of the con-
trol group with no sound treatment (43.33+1.53 beat/min
OBR; 40.00£1.00 beat/min PWR). The blank remained al-
most stable within a range of 42.00+1.00 and 43.33+1.53
beat/min for OBRs and 40.00+1.00 and 41.33£1.15 beat/
min for the PWRs over the first 4-day interval period. When
the same protocol was repeated for 20 times, similar trends
were noted for both OBR (Figure 5) and PWR (Figure 6),
each of the 4 days intervals over the course of 80 days in
total, and the correlation between OPRs and PWRs was
found as R = 0.9923, showing a strong positive correlation
between both physiological responses to the stressor. Fish
showed same response in terms of sudden alarm reflex fol-
lowed by rapid increase of respiration at day 1 and a smooth
decline afterwards over the “4-day monitoring intervals”.
This responsive cycle was repeated each time of multiple
sound exposures of 20 times repetition in 4-day intervals
throughout the 80-day experimentation.

By the end of the study conducted for a period of 80
days, the control group without sound treatment demon-
strated significantly better growth performance (P<0.05)
compared to the sound-treatment group, with a wet
weight of 8.02+0.25 g for the control and 4.16+0.33 g
for the sound-treatment group (Table 1). Relative growth
rate (RGR) and specific growth rate (SGR) followed
the same trend with highest rates in the control (RGR,

80.5+4.81%; SGR, 8.02+0.25%/day), and significantly
lower values in the thunderstorm-sound induced groups
(RGR, 41.08+4.24%; SGR, 4.16+0.33%/day) (P>0.05).
No mortality was observed during the course of the study
and survival was 100% by the end of the 80-day period.

Relative biomass gain in fish exposed to thunder-
storm sound (RBG, 51.8+3.15%) was about 50% lower
than the control group (RBG, 100%). A similar trend was
observed for relative SGRs in the thunderstorm-sound in-
duced group (RSGR, 58.22+3.61%) with significant low-
er rates (P<0.05) over the control (RSGR, 100%). Signif-
icantly lower voluntary feed intake (VFI) was observed
in fish exposed to thunderstorm sound (0.17+0.02 g)
compared to the control group without sound treatment
(0.19+0.02 g), with a difference of 12% between test
groups. Significantly better feed conversion rate (FCR)
was recorded in the control (1.31£0.06) over the thunder-
storm exposed group (2.02+0.05).

Discussion

In intensive aquaculture conditions, common stress-
ors have been listed with highest occurrence rates for
chemical stressors such as metabolic waste (accumu-
lation of ammonia or nitrite; 35%), poor water quality
(low dissolved oxygen, improper pH, etc.; 20%), die-
tary imbalance (10%), while lower occurrence rates of
3-5% were reported for procedural stressors of handling,
grading and transportation, and 1% occurrence rate was
given for physical stressors such as temperature, light,
sounds, etc. (Gabriel and Akinrotimi, 2011). Despite
the 1% occurrence rate estimated for sounds, marine in-
dustrial developments and rapid urbanization at coastal
areas brought new interests to researchers focusing on
aquaculture and environmental interactions (Kusku et
al., 2018 a). The increasing concern of underwater noise
has been an increasing problem influencing fish, mam-
mals, invertebrates and all living organisms in the aquatic
ecosystem (Andrew et al., 2002; Southall et al., 2007,
André et al., 2011), as well as fish under controlled farm
conditions (Bejder et al., 2009; McLaughlin and Kunc,
2013; Nichols et al., 2015; Simpson et al., 2015; Ned-
elec et al., 2016; Radford et al., 2016; Spiga et al., 2017,
Kusku et al., 2018 b, 2020; Kusku, 2020). However, be-
sides anthropogenic sounds, natural sounds like thunder-
storm lightning are also unfamiliar to aquatic world and
likely to have influence especially on fish swimming near
surface in capture conditions. Any scientific information
supporting this hypothesis would provide useful tools for
best management efforts in aquaculture operations.

Bacheler et al. (2019) measured the movements of
gray triggerfish, Balistes capriscus (a demersal oceanic
fish species) before, during, and after two hurricanes us-
ing fine-scale acoustic telemetry at a depth of 37 m in
North Carolina (USA). Movement and emigration rates
of gray triggerfish were 100% and 2550% higher, respec-
tively, during storms compared to days without storm.
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Bacheler et al. (2019) also found that increased move-
ment rates were much more strongly correlated with
wave orbital velocity (wave-generated oscillatory flow at
the sea bottom) than either barometric pressure or) than
either barometric pressure or bottom water temperature,
two covariates that have been demonstrated to be impor-
tant for organisms in shallower water. The authors ad-
dressed that higher movement rates during storms were
due to increased mobility at night, and emigrations typi-
cally occurred at night in the direction of deeper water.
The findings of Bacheler et al. (2019) provide strong evi-
dence that extreme weather conditions strongly influence
marine, freshwater, and estuarine ecosystems in different
ways, and overall, it was found that heavy storm events
significantly affect movement behavior of fish species in
open ocean environments.

Among several relevant physiological measures in-
volved in the assessment of fish stress, blood, glucose,
and lactate are commonly used indicators (Wendelaar
Bonga, 1997; Yavuzcan-Yildiz and Kirkagag-Uzbilek,
2001; Vazzana et al., 2002; Kuo and Hsieh, 2006; Mar-
tinez-Porchas et al., 2009; McLean et al., 2016). Blood
parameters were also used for the assessment of impacts
of acoustic stimuli in European sea bass (Dicentrarchus
labrax L.) and gilthead sea bream (Sparus aurata L.)
(Buscaino etal., 2010). However, measuring cortisol, glu-
cose or lactate as stress indicator needs plasma collecting
by a syringe, which is another source of stress on animals
(Laidley and Leatherland, 1988; Marino et al., 2001), and
capturing fish from the experimental tank at each time of
sampling may repeatedly disturb and influence the level
of blood parameters (Pickering et al., 1982). Unlike all
these methods representing off-topic stressors, quantifi-
cation of fish respiration by opercula beats and pectoral
fin movement can be considered as a physiological as-
sessment for the “target-stress-source” only, along with
a wide range of responsive behavior such as oxygen con-
sumption, swimming, opercula movements, or motility
rates have been investigated in a number of studies, pro-
viding strong evidence in terms of correlation between
physiological status and behavioral response in fish ex-
posed to stressors (Barton, 2002; Dalla Valle et al., 2003;
Gibson and Mathis, 2006; Tantarpale et al., 2012; Wale
et al., 2013; Nedelec et al., 2016; Radford et al., 2016;
Spiga et al., 2017; Kusku, 2020; Kusku et al., 2020). For
instance, strong relations have been found between oxy-
gen consumption and respiration rate, as well as plasma
cortisol concentration and heart beats (Wendelaar Bonga,
1997; Barton, 2002; Kammerer et al., 2010). Further,
reliable results have been demonstrated with special in-
dications on acute ammonia-stress-induced behavioral
response without disturbance in tilapia (O. niloticus) as
a result of increased level of unionized ammonia in the
water environment (Xu et al., 2005). This was confirmed
by Kayali et al. (2011) who measured ammonia nitrogen
excretion rates directly from the water containment for
the assessment of stress response of European seabass
(D. labrax) without disturbance.

Different than earlier quantification efforts for the
physiological stress challenge in fish, the present study
used a stress quantifying method through measurements
of respiration rate via OBRs and PWRs as a physiologi-
cal response following earlier reports of Barton (2002),
Gibson and Mathis (2006), Tantarpale et al. (2012), Ne-
delec et al. (2016), Radford et al. (2016), Spiga et al.
(2017), Kusku (2020), and Kusku et al. (2020).

Impacts of several stressors in farm conditions have
been evaluated in European seabass (D. labrax, Caruso
et al., 2005; Gornati et al., 2004; Guerriero et al., 2002;
Simontacchi et al., 2008), gilthead seabream (S. aurata,
Caruso et al., 2005), rainbow trout (O. mykiss, Kubilay
and Ulukdy, 2002), and Atlantic salmon (S. salar, Skjer-
vold et al., 2001); however, no published information is
yet available concerning the timely response and stress
recovery time after exposure to thunderstorm sound in
fish under capture conditions. Hence, the present study
is the first attempt to investigate the timely response and
stress recovery of fish in capture from stress conditions
and return to normal status with renewed appetite after
repeated exposures to thunderstorm sound.

Due to lack of publications related to thunderstorm-
sound effects on physiological response or growth per-
formance of fish, findings in the present study have been
compared with some earlier reports explaining impacts
of several types of underwater sounds on fish respiration
and growth. In the present study, growth performance
of fish exposed to thunderstorm sound was lower than
the no-sound-treated control group after repeated expo-
sures for 80 days, which was in line with earlier reports
in Atlantic salmon (Salmo salar, Terhune et al., 1990), in
carp (Cyprinus carpio, Sun et al., 2001), and European
seabass (D. labrax, Radford et al., 2016), Nile tilapia
(O. niloticus, Kusku, 2020; Kusku et al., 2020), with
damaging effects of underwater sounds unfamiliar to
the aquatic animal. Atlantic salmon (S. salar) exposed to
predator-risk-effect showed a behavioral disturbance in
voluntary feeding activity (Metcalfe et al., 1987). Simi-
larly, growth performance of European seabass (D. lab-
rax), northern pike (Esox lucius), and lake-chub (Coue-
sius plumbeus) were influenced by underwater seismic
air gun shootings (Santulli et al., 1999; Popper et al.,
2005). Sounds of piling and drilling generated during
bridge construction also affected farmed fish such as chi-
nook salmon (Oncorhynchus tshawytscha), steelhead (O.
mykiss) (PIDP, 2001), and tilapia (O. niloticus, Kusku et
al., 2020).

Based on voluntary feed intake in fish exposed to
thunderstorm sound in this study, it was evident that fish
showed appetite loss and reduced feed utilization as a re-
sult of stress. Similar to the findings in the present study,
reduced appetite and disturbance in voluntary feeding as
a sign of anxiety and physiological response has been
reported in Atlantic salmon (Salmo salar, Metcalfe et
al., 1987), Coho salmon (Oncorhynchus kisutch, Wede-
meyer, 1976), European seabass (Dicentrarchus labrax,
Kayali et al., 2011), and Nile tilapia (O. niloticus, Kusku
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et al., 2018 a, 2020) after exposure to several sources of
stressors. In line with voluntary feed intake, the biomass
gain of experimental fish was also negatively affected by
multiple thunderstorm sound consecutively transmitted
for 3 hours over 4-day intervals and 20 times repetition
throughout the course of 80 days in total. Despite 50%
reduced growth performance in Nile tilapia (O. niloticus)
exposed to thunderstorm sound, no mortality was ob-
served in either sound treated or no-sound treated groups
in the present study. Reduced growth performance was
also reported in Nile tilapia (O. niloticus) earlier when
fish was exposed to continuous noise of urban and ship-
ping sounds (Kusku et al., 2020) however, fish acclimat-
ed to continuous sound exposure after 45 days. Acclima-
tization to increased noise conditions was also reported
by Wysocki et al. (2007), Davidson et al. (2009), Lee et
al. (2013), Bruintjes and Radford (2014), Nedelec et al.
(2016), Radford et al. (2016), Kusku et al. (2018 b).

In nature, noise levels ranging between 5 and 50 dB
have been reported earlier with relatively higher sound
pressure frequencies (between 50-95 dB) in nearshore
shallow waters (Wenz, 1962), meaning that the sound
level in the aquatic ecosystem varies according to en-
vironmental conditions. In the present study, ambient
sound level in the control group without sound treat-
ment was measured as 50.25+2.13 dB re 1 pPa, which
is in full agreement with Wenz (1962). After initiation
of thunderstorm sound, mean SPLs increased over 2-fold
to 130.18+17.09 (range: 70—138) dB re 1 pPa, which
was twice higher than the noise level of a natural marine
environment (Wenz, 1962). Davidson et al. (2009) and
Wysocki et al. (2007) reported that survival, growth and
health status of rainbow trout (O. mykiss) did not change
in a noisy indoor facility using loud machineries and fish
could attune to sound levels up to 149 dB re 1 pPa or
150 dB re 1 pPa SPL, respectively by long-term treat-
ment. No reactions were also reported in sockeye salmon
(Oncorhynchus nerka), sturgeon (Acipenser sp.), or her-
ring (Clupea harengus) when fish were exposed to pinger
sound (Culik et al., 2001). Radford et al. (2016) noted
a rapid increase of ventilation in European seabass (D.
labrax) exposed to impulsive noises of piling and seismic
survey, however, fish gradually reduced ventilation rate,
a sign of adaptation to the unfamiliar sound source. A
rapid increase in heartbeat and respiration rate has been
reported in fish exposed to several stressors (Moberg,
1985; Brown, 1993). Also, Kusku (2020) and Kusku et
al. (2020) observed an alarm reflex in Nile tilapia (O.
niloticus) exposed to anthropogenic sounds, however,
fish showed acclimation to the sound after 12 weeks,
an indication that fish can develop tolerance to repeated
acoustic sounds over a certain time. In the present study,
a stress recovery of fish exposed to “3-hour thunderstorm
sound” was reached after 3 days (72 hours). However,
the same alarm reflex and physiological response was ob-
served every time of disturbance from multiple exposures
repeated 20 times with “4-day exposure intervals”. This
finding indicated that Nile tilapia (O. niloticus) under

capture conditions could not attune to multiple sounds
of thunderstorm.

Overall, the result of this study in terms of “3-day
stress-recovery-time” is comparable with the findings
of Wells et al. (1984) who reported stress-recovery time
of 24-70 hours, when evaluating blood parameters for
the assessment of capture stress levels in Arctic fish. In
contrast, coral-reef fish exposed to a motorboat noise for
a week showed initial response, but developed tolerance
to repeated noise exposures, with reduced physiologi-
cal response after a certain time (Nedelec et al., 2016).
Attuning to continuous underwater sounds was also re-
ported by Nichols et al. (2015), who stressed evoked
physiological response in giant kelp fish (Heterostichus
rostratus) when treated with acute stress of intermittent
noise, however, no physiological response was re-
corded when fish was exposed to continuous under-
water sound. Pickering et al. (1982) addressed strong
relation between the level of stressors and the time of
exposure. Stress-responsive behavior and the recovery
time from stress condition may vary according to sev-
eral factors such as environmental conditions, species,
age, or the combination of all these factors. For exam-
ple, young Coho salmon (O. kisutch) started feeding
4 to 7 days after the exposure to handling and netting
stress, whereas rainbow trout returned to normal con-
ditions and started voluntary feeding only one day af-
ter transfer (Wedemeyer, 1976). Further, Kayali et al.
(2011) reported a stress recovery time of 24 hours for
European seabass exposed to handling and transport
stress. Casper et al. (2013) reported that hybrid striped
bass recovered from swim bladder injuries within 10
days of exposure to loud sounds of piling generated by
underwater constructions. All these earlier studies pro-
vide evidence that different types of acoustic sounds
may impact fish behavioral response in different ways
and manners. It is likely that thunderstorm sound gen-
erated by lightning during a severe storm can manipu-
late fish welfare in farm conditions. However, the an-
swer to the question “how far can thunderstorm sound
affect the swim bladder or health condition of fish”,
and “what is the level of decibels to rupture a swim
bladder or interfere with other organs coping with
health threat?” is a question that needs further inves-
tigations.

Despite the fact that increased respiration rates of
OBRs and PWRs in this study present evidence for the
increased fish stress after exposure to thunderstorm
sound, we may encourage the incorporation of serum
biochemical parameters along with quantification of
OBR and PWRs in future studies for the understanding
of mechanisms lying under the lowered appetite, reduced
feed utilization and the overall health status of fish during
and after thunderstorm-sound exposure.

Conclusion
This study provides evidence that Nile tilapia has
a capability to recover from thunderstorm stress after
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3 days of exposure. However, fish could not attune to
multiple exposures to thunderstorm sound. Based on the
results of this study, it is advisable to consider thunder-
storm-induced stress in fish under capture conditions in
order to avoid feed loss in fish farms that in turn may
help to reduce environmental impacts of uneaten feed
through deterioration of water quality, and also support
to reduce economic consequences as a result of saving
feed expenses with improved feed efficiency. Therefore,
especially in production facilities using automatic feed-
ing systems, deactivating the automation and monitoring
fish behavior through underwater image tracking might
reduce feed loss during the stress-recovery period of 3
days after exposure to thunderstorm. The results in this
study may not be indicative of what happens to fishes
in nature, but demonstrates the capability and length of
recovery from thunderstorm-sound induced stress, pro-
viding important indications for good farm management
for a sustainable and environment friendly aquaculture
practice.

Acknowledgement

Canakkale Onsekiz Mart University-Turkey is grate-
fully acknowledged for providing experimental facilities
for this study. Melih Geggil (R.I.P.), Logistic Coordina-
tor (Kilic Co, Turkey), who recommended and kindly re-
quested to conduct this investigation, sadly passed away
on April 10, 2021 due to Covid-19 Pandemic. Melih
could not see the results of this study, which he valued for
environment-friendly aquaculture management. Deepest
condolences to his beloved wife and children, may he
rest in heaven.

Data Availability Statement

The datasets used and/or analyzed during the current
study are available from the corresponding author on rea-
sonable request.

Authors’ contributions

We acknowledge that all authors have contributed
significantly, and confirm that all authors are in agree-
ment with the content of the manuscript.

Ethical Statement

Regulations of “Animal Behavior Society Guide-
lines” have been followed during the experimental proce-
dures and all procedures applied in this study have been
approved by the Commission of Ethics at Canakkale On-
sekiz Mart University (Turkey) with the Approval Num-
ber 0of 2021/03-16.

Conflicts of interests
The authors declare no conflict of interest or compet-
ing interests.

Informed Consent
Informed consent was obtained from all individual
participants included in the study.

References

André M., Solé M., Lenoir M., Durfort M., Quero C., Mas A., Lom-
barte A., van der Shaar M., Lopez-Bejar M., Morell M., Zaugg
S., Houégnian L. (2011). Low-frequency sounds induce acoustic
trauma in cephalopods. Front. Ecol. Environ., 10: 18-28.

Andrew R.K., Howe B.M., Mercer J.A. (2002). Ocean ambient sound:
Comparing the 1960s with the 1990s for a receiver off the Califor-
nia coast. Acoust. Res. Lett. Online, 3: 65-70.

Bacheler N.M., Shertzer K.W., Cheshire R.T., MacMahan J.J. (2019).
Tropical storms influence the movement behavior of a demersal
oceanic fish species. Sci. Rep., 9: 1481.

Barton B.A. (2002). Stress in fishes: a diversity of responses with par-
ticular reference to changes in circulating corticosteroids. Integr.
Comp. Biol., 42: 517-525.

Beale C.M., Monaghan P. (2004). Behavioural responses to human
disturbance: a matter of choice? Anim. Behav., 68: 1065-1069.

Bejder L., Samuels A., Whitehead H., Finn H., Allen S. (2009). Impact
assessment research: use and misuse of habituation, sensitisation
and tolerance in describing wildlife responses to anthropogenic
stimuli. Mar. Ecol. Prog. Ser., 395: 177-185.

Brown J.A. (1993). Endocrine responses to environmental pollutants.
In: Fish Ecophysiology, Rankin J.C., Jensen F.B. (eds). Fish Fish-
eries Series, 9, Chapman and Hall, London, pp. 276-296.

Bruintjes R., Radford A.N. (2014). Chronic playback of boat noise
does not impact hatching success or posthatching larval growth
and survival in a cichlid fish. Peer J., 2: €594.

Buscaino G., Filiciotto F., Buffa G., Bellante A., Di Stefano V., Assen-
za A., Fazio F., Caola G., Mazzola S. (2010). Impact of an acoustic
stimulus on the motility and blood parameters of European sea
bass (Dicentrarchus labrax L.) and gilthead sea bream (Sparus
aurata L.). Mar. Environ. Res., 69: 136-142.

Caruso G., Genovese 1., Maricchiolo G., Modica A. (2005). Haema-
tological, biochemical and immunological parameters as stress
indicators in Dicentrarchus labrax and Sparus aurata farmed in
off-shore cages. Aquac. Int., 13: 67-73.

Casper B.M., Halvorsen M.B., Matthews F., Carlson T.J., Popper A.N.
(2013). Recovery of Barotrauma injuries resulting from exposure
to pile driving sound in two sizes of hybrid striped bass. PLoS
One, 8(9): €73844.

CMCCLAIN (2008). Does Lightning Kill Marine Animals? Sci-
enceBlogs  Deepseanews.  https://scienceblogs.com/deepse-
anews/2008/03/17/does-lightning-kill-marine-ani.

Culik B.M., Koschinski S., Tregenza N., Ellis G.M. (2001). Reac-
tions of harbor porpoises Phocoena phocoena and herring Clupea
harengus to acoustic alarms. Mar. Ecol. Prog. Ser., 211: 255-260.

Dalla Valle A.Z., Rivas-Diaz R., Claireaux G. (2003). Opercular dif-
ferential pressure as a predictor of metabolic oxygen demand in
the starry flounder. J. Fish Biol., 63: 1578-1588.

Davidson J., Frankel A.S., Ellison W.T., Summerfelt S., Popper A.N.,
Mazik P., Bebak J. (2007). Minimizing noise in fiberglass aqua-
culture tanks: noise reduction potential of various retrofits. Aquac.
Eng., 37: 125-131.

Davidson J., Bebak J., Mazik P. (2009). The effects of aquaculture
production noise on the growth, condition factor, feed conversion,
and survival of rainbow trout, Oncorhynchus mykiss. Aquaculture,
288:337-343.

de Jong K., Forland T.N., Amorim M.C.P., Rieucau G., Slabbekoorn
H., Sivle L.D. (2020). Predicting the effects of anthropogenic
noise on fish reproduction. Rev. Fish Biol. Fish., 30: 245-268.

Emelda M. (2011). Difference between thunder and lightning. Differ-
ence between similar terms and objects. http://www.difference-
between.net/science/nature/difference-between-thunder-and-
lightning/.

Filiciotto F., Cecchini S., Buscaino G., Maccarrone V., Piccione G.,
Fazio F. (2017). Impact of aquatic acoustic noise on oxidative sta-
tus and some immune parameters in gilthead sea bream Sparus
aurata (Linnaeus, 1758) juveniles. Aquac. Res., 48: 1895-1903.

Gabriel U.U., Akinrotimi O.A. (2011). Management of stress in fish
for sustainable aquaculture development. Researcher, 3: 28-38.

Gibson A.K., Mathis A. (2006). Opercular beat rate for rainbow darters



458

H. Kusku et al.

Etheostoma caeruleum exposed to chemical stimuli from conspe-
cific and heterospecific fishes. J. Fish Biol., 69: 224-232.

Gornati R., Papis E., Rimoldi S., Terova G., Saroglia M., Bernardini G.
(2004). Rearing density influences the expression of stress re-
lated genes in sea bass (Dicentrarchus labrax, L.). Gene, 341:
111-118.

Guerriero G., Di Finizio A., Ciarcia G. (2002). Stress-induced changes
of plasma antioxidants in aquacultured sea bass, Dicentrarchus
labrax. Comp. Biochem. Physiol. Part A Mol. Integr. Physiol.,
132:205-211.

Hawkins A.D., Johnson C., Popper A.N. (2020). How to set sound ex-
posure criteria for fishes. J. Acoust. Soc. Am., 147: 1762-1777.

Kammerer B.D., Cech J.J., Kultz D. (2010). Rapid changes in plasma
cortisol, osmolality, and respiration in response to salinity stress
in tilapia (Oreochromis mossambicus). Comp. Biochem. Physiol.
Part A Mol. Integr. Physiol., 157: 260-265.

Kayali B., Yigit M., Bulut M. (2011). Evaluation of the recovery time
of sea bass (Dicentrarchus labrax Linnaeus, 1758) juveniles from
transport and handling stress: using ammonia nitrogen excretion
rates as a stress indicator. J. Mar. Sci. Technol., 19: 681-685.

Kubilay A., Ulukdy G. (2002). The effects of acute stress on Rainbow
trout (Oncorhynchus mykiss). Turk. J. Zool., 26: 249-254.

Kuo C.M., Hsieh S.L. (2006). Comparisons of physiological and bio-
chemical responses between milkfish (Chanos chanos) and grass
carp (Ctenopharyngodon idella) to cold shock. Aquaculture, 251:
525-536.

Kusku H. (2020). Acoustic sound-induced stress response of Nile tila-
pia (Oreochromis niloticus) to long-term underwater sound trans-
missions of urban and shipping noises. Environ. Sci. Pollut. Res.,
27: 36857-36864.

Kusku H., Yigit M., Ergiin S., Yigit U., Taylor N. (2018 a). Acoustic
noise pollution from marine industrial activities: Exposure and
impacts. Aquat. Res., 1: 148-161.

Kusku H., Ergiin S., Yilmaz S., Giiroy B., Yigit M. (2018 b). Impacts
of urban noise and musical stimuli on growth performance and
feed utilization of Koi fish (Cyprinus carpio) in recirculating wa-
ter conditions. Turkish J. Fish. Aquat. Sci., 19: 513-523.

Kusku H., Yigit U., Yilmaz S., Yigit M., Ergiin S. (2020). Acoustic ef-
fects of underwater drilling and piling noise on growth and physi-
ological response of Nile tilapia (Oreochromis niloticus). Aquac.
Res., 51: 3166-3174.

Laidley C.W., Leatherland J.F. (1988). Cohort sampling, anaesthesia
and stocking density effects on plasma cortisol, thyroid hormone,
metabolite and ion levels in rainbow trout, Salmo gairdneri Rich-
ardson. J. Fish Biol., 33: 73-88.

Lee W.S., Monaghan P., Metcalfe N.B. (2013). Experimental demon-
stration of the growth rate — lifespan trade-off. Proc. R. Soc. B:
Biol. Sci., 280: 20122370.

Marino G., Di Marco P., Mandich A., Finora M.G., Cataudella S.
(2001). Changes in serum cortisol, metabolites, osmotic pressure
and electrolytes in response to different blood sampling proce-
dures in cultured sea bass (Dicentrarchus labrax L.). J. Appl. Ich-
thyol., 17: 115-120.

Martinez-Porchas M., Martinez-Cérdova L.R., Ramos-Enriquez R.
(2009). Cortisol and glucose: Reliable indicators of fish stress?
Pan-Am. J. Aquat. Sci., 4: 158-178.

McLaughlin K.E., Kunc H.P. (2013). Experimentally increased
noise levels change spatial and singing behaviour. Biol. Lett., 9:
20120771.

McLean M.F., Hanson K.C., Cooke S.J., Hinch S.G., Patterson D.A.,
Nettles T.L., Litvak M.K., Crossin G.T. (2016). Physiological
stress response, reflex impairment and delayed mortality of white
sturgeon Acipenser transmontanus exposed to simulated fisheries
stressors. Conserv. Physiol., 4: cow031.

Metcalfe N.B., Huntingford F.A., Thorpe J.E. (1987). The influence of
predation risk on the feeding motivation and foraging strategy of
juvenile Atlantic salmon. Anim. Behav., 35: 901-911.

MGM (2020). Turkish Ministry of Agriculture and Forestry, General
Directorate of Meteorology. In: 2019 Yili Meteorolojik Afetler
Degerlendirmesi, Eroglu H., Cetin S., Erkan M.A., Camalan G.,
Giiser Y., Odabasi E., Soydam M., Arabact H. (eds). Tarim ve
Orman Bakanligi, Meteoroloji Genel Miidiirliigii, 2020 Ankara.

https://mgm.gov.tr/FILES/genel/raporlar/2019Meteorolojik Afetle
rDegerlendirmesi.pdf.

Mickle M.F., Higgs D.M. (2018). Integrating techniques: a review of
the effects of anthropogenic noise on freshwater fish. Can. J. Fish.
Aquat. Sci., 75: 1534-1541.

Moberg G.P. (1985). Biological response to stress: key to assessment
of animal well being? In: Animal Stress, Moberg G.P. (ed.). Amer-
ican Physiological Society, Bethesda-Maryland, pp. 27-49.

Nedelec S.L., Mills S.C., Lecchini D., Nedelec B., Simpson S.D., Rad-
ford A.N. (2016). Repeated exposure to noise increases tolerance
in a coral reef fish. Environ. Pollut., 216: 428-436.

Nichols T.A., Anderson T.W., Sirovi¢ A. (2015). Intermittent noise
induces physiological stress in a coastal marine fish. PLoS One,
10(9): e0139157.

Pickering A.D., Pottinger T.G., Christie P. (1982). Recovery of the
brown trout, Salmo trutta L., from acute handling stress: a time
course study. J. Fish Biol., 20: 229-244.

PIDP (2001). Pile Installation Demonstration Project, San Francisco —
Oakland Bay Bridge East Span Seismic Safety Project, Fisheries
Impact Assessment. Report PIDP EA 012081 on CalTrans Con-
tract 04A0148. Task Order 205.10.90, PIDP 04-ALA-80-0.0/0.5
(pp. 1-68). https://www.nrc.gov/docs/ML1434/ML14345A579.
pdf.

Popper A.N., Smith M.E., Cott P.A., Hanna B.W., MacGillivray A.O.,
Austin MLE., Mann D.A. (2005). Effects of exposure to seismic
airgun use on hearing of three fish species. J. Acoust. Soc. Am.,
117: 3958-3971.

Popper A.N., Hawkins A.D., Fay R.R., Mann D., Bartol S., Carlson T.,
Coombs S., Ellison W.T., Gentry R., Halvorsen M.B., Lokkeborg
S., Rogers P., Southall B.L., Zeddies D.G., Tavolga W.N. (2014).
ASA S3/SC1.4 TR-2014 Sound exposure guidelines for fishes
and sea turtles: A technical report prepared by ANSI — Accredited
Standards Committee S3/SC1 and registered with ANSI. Springer
Nature, New York.

Popper A.N., Hawkins A.D., Thomsen F. (2020). Taking the animals’
perspective regarding anthropogenic underwater sound. Trends
Ecol. Evol., 35: 787-794.

Prabu E., Rajagopalsamy C.B.T., Ahilan B., Jegan Michael Andro Je-
evagan L., Renuhadevi M. (2019). Tilapia — an excellent candidate
species for world aquaculture: A review. Annu. Res. Rev. Biol.,
31: 1-14.

Radford A.N., Lebre L., Lecaillon G., Nedelec S.L., Simpson S.D.
(2016). Repeated exposure reduces the response to impulsive
noise in European seabass. Glob. Change Biol., 22: 3349-3360.

Santulli A., Modica A., Messina C., Ceffa L., Curatolo A., Rivas G.,
Fabi G., D’Amelio V. (1999). Biochemical responses of European
sea bass (Dicentrarchus labrax L.) to the stress induced by off
shore experimental seismic prospecting. Mar. Pollut. Bull., 38:
1105-1114.

Siddik M.A.B., Nahar A., Ahamed F., Hossain M. (2014). Over-win-
tering growth performance of mixed-sex and mono-sex Nile tila-
pia Oreochromis niloticus in the northeastern Bangladesh. Croat.
J. Fish., 72: 70-76.

Simontacchi C., Poltronieri C., Carraro C., Bertotto D., Xiccato G.,
Trocino A., Radaelli G. (2008). Alternative stress indicators in sea
bass Dicentrarchus labrax, L. J. Fish Biol., 72: 747-752.

Simpson S.D., Purser J., Radford A.N. (2015). Anthropogenic noise
compromises antipredator behaviour in European eels. Glob.
Change Biol., 21: 586-593.

Skjervold P.O., Fjera S.O., Ostby P.B., Einen O. (2001). Live-chilling
and crowding stress before slaughter of Atlantic salmon (Sa/mo
salar). Aquaculture, 192: 265-280.

Smith M.E., Kane A.S., Popper A.N. (2004). Noise-induced stress re-
sponse and hearing loss in goldfish (Carassius auratus). J. Exp.
Biol., 207: 427-435.

Southall B.L., Bowles A.E., Ellison W.T., Finneran J.J., Gentry R.L.,
Greene C.R., Kastak D., Ketten D.R., Miller J.H., Nachtigall P.E.,
Richardson W.J., Thomas J.A., Tyack P.L. (2007). Marine mam-
mal noise exposure criteria: Initial scientific recommendations.
Bioacoustics, 17: 273-275.

Southall B.L., Finneran J.J., Reichmuth C., Nachtigall P.E., Ketten
D.R., Bowles A.E., Ellison W.T., Nowacek D.P., Tyack P.L.



Fish response to thunderstorm stress

459

(2019). Marine mammal noise exposure criteria: Updated scien-
tific recommendations for residual effects. Aquat. Mamm., 45:
125-232.

Spiga I., Aldred N., Caldwell G.S. (2017). Anthropogenic noise com-
promises the anti-predator behaviour of the European seabass, Di-
centrarchus labrax (L.). Mar. Pollut. Bull., 122: 297-305.

Sun Y., Song Y., Zhao J., Chen J., Yuan Y., Jiang S., Zhang D. (2001).
Effect of drilling noise and vibration on growth of carp (Cyprinus
carpio) by cut-fin marking. Mar. Fish. Res. / Haiyang Shiuchan
Yanjiu, 22: 62-68.

Tantarpale V.T., Rathod S.H., Kapil S. (2012). Temperature stress on
opercular beats and respiratory rate of freshwater fish Channa
punctatus. Int. J. Sci. Res. Publ., 2: 1-5.

Terhune J.M., Friars G.W., Bailey J.K., O’Flynn F.M. (1990). Noise
levels may influence Atlantic salmon smolting rates in tanks. J.
Fish Biol., 37: 185-197.

Thomsen F., Erbe C., Hawkins A., Lepper P., Popper A.N., Scholik-
Schlomer A., Sisneros J. (2020). Introduction to the special issue
on the effects of sound on aquatic life. J. Acoust. Soc. Am., 148:
934-938.

Vazzana M., Cammarata M., Cooper E.L., Parrinello N. (2002). Con-
finement stress in sea bass (Dicentrarchus labrax) depresses peri-
toneal leukocyte cytotoxicity. Aquaculture, 210: 231-243.

Wale M.A., Simpson S.D., Radford A.N. (2013). Size-dependent
physiological responses of shore crabs to single and repeated play-
back of ship noise. Biol. Lett., 9: 20121194.

Wang M., Lu M. (2016). Tilapia polyculture: a global review. Aquac.
Res., 47: 2363-2374.

Wedemeyer G. (1976). Physiological response of juvenile coho salm-
on and rainbow trout to handling and crowding stress in intensive
fish culture. J. Fish. Res. Board Can., 33: 2699-2702.

Wells R.M.G., Tetens V., Devries A.L. (1984). Recovery from stress
following capture and anaesthesia of Antarctic fish: haematology
and blood chemistry. J. Fish Biol., 25: 567-576.

Wendelaar Bonga S.E. (1997). The stress response in fish. Physiol.
Rev., 77: 591-625.

Wenz G.M. (1962). Acoustic ambient noise in the ocean: spectra and
sources. J. Acoust. Soc. Am., 34: 1936-1956.

Wysocki L.E., Davidson III J.W., Smith M.E., Frankel A., Ellison W.T.,
Mazik P.M., Popper A.N., Bebak J. (2007). Effects of aquaculture
production noise on hearing, growth, and disease resistance of
rainbow trout Oncorhynchus mykiss. Aquaculture, 272: 687-697.

Xu 1.Y., Miao X.W., Liu Y., Cui S.R. (2005). Behavioral response of
tilapia (Oreochromis niloticus) to acute ammonia stress monitored
by computer vision. J. Zhejiang Univ. Sci., 6B: 812-816.

Yavuzcan-Yildiz H., Kirkagag-Uzbilek M. (2001). The evaluation
of secondary stress response of grass carp (Ctenopharyngodon
idella, Val. 1844) after exposing to the saline water. Fish Physiol.
Biochem., 25: 287-290.

Received: 7 111 2022
Accepted: 30 X 2022



