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 A B S T R A C T

Acoustic pollution is an emerging concern in aquaculture, where continuous exposure to noise can affect the 
welfare of farmed fish. Juvenile fish may be more susceptible to acoustic disturbances during their growth 
phases, which could potentially affect their physiological responses. The European seabass (Dicentrarchus 
labrax) is an important species in aquaculture due to its economic value and widespread farming, making 
it a relevant model for studying the effects of acoustic pollution on farmed species. This study aimed to 
evaluate the short-term effects (30 min, 3 h, 24 h, and 7 days) of traffic noise exposure on the cellular 
responses of juvenile Dicentrarchus labrax, using whole-body analyses. Acoustic emissions were recorded from 
four different fishing vessels at distances between 10–15 m, with recordings played back randomly separated by 
10 to 30-second intervals of silence between consecutive emissions. The biomarkers tested included heat shock 
protein 70 (HSP70), superoxide dismutase (SOD), glutathione peroxidase (GPx), adrenocorticotropic hormone 
(ACTH), cortisol, glucose, esterase, and alkaline phosphatase. The results revealed significant alterations in 
these parameters after just 30 min of exposure, with a tendency toward recovery after 7 days. Furthermore, a 
statistically significant reduction in growth rates was observed in exposed individuals. Although these findings 
may not apply to all species of farmed fish, they provide valuable insights into minimizing acoustic impacts 
and improving animal welfare in aquaculture environments.
. Introduction

Growing global demand for seafood, combined with the progres-
ive decline of natural stocks and the effects of climate change on 
quatic ecosystems, is making aquaculture’s contribution to ensuring 
ood security and helping to reduce pressure on marine ecosystems 
ncreasingly important (Verdegem et al., 2023; FAO, 2024; Troell et al., 
014; Poore and Nemecek, 2018; Golden et al., 2021). In this context, 
t is important to ensure sustainable production by adopting husbandry 
ractices that promote animal welfare (Ashley, 2006). In line with 
his objective, in recent years aquaculture facilities have implemented 
trategies to improve animal welfare and production sustainability 
Holmer, 2010; Pelegri et al., 2006; Khan et al., 2021). However, 
espite growing attention to key stressors, the impact of noise in 
quaculture environments remains poorly studied. This becomes even 
ore relevant when considering onshore and offshore facilities, which 
nevitably also influence the marine environments in which they are 
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located. In intensive aquaculture systems, the continuous operation 
of pumps, aerators, and filtration systems represents a major source 
of low-frequency underwater noise (Wysocki et al., 2006; Davidson 
et al., 2009; Craven et al., 2009; Gutscher et al., 2011; Anderson, 2013; 
Barnes et al., 2015; Kathy et al., 2016; Voorhees and Barnes, 2017; Lara 
and Vasconcelos, 2018; Radford and Slater, 2019). In offshore systems, 
animals are exposed to both natural marine sounds and anthropogenic 
noise from marine traffic, including commercial vessels and fishing 
vessels operating in close proximity to breeding cages (Wysocki et al., 
2007; Davidson et al., 2009; Radford and Slater, 2019). Comparing 
noise across aquaculture production systems, ambient noise in both 
recirculating aquaculture systems (RAS) and net pens lay in the 100 
to 500 Hz range. The main pattern is that open cages and net pens 
are usually more variable and often louder in the 100 to 500 Hz, 
driven by marine traffic, while in recirculating aquaculture systems is 
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typically more continuous, equipment-driven, and louder for the low-
frequency at 20 to 100 Hz range (Radford and Slater, 2019; Slater 
et al., 2020). The unresolved part is not whether systems differ, but 
how those different soundscapes translate into chronic welfare and 
production effects across species and life stages. These aspects are 
particularly relevant considering the crucial role of sound in the sur-
vival of aquatic organisms: acoustic signals between 50 Hz and 10 kHz 
are essential for communication, reproduction, feeding, and defense 
(Chahouri et al., 2021). In fish, prolonged exposure to high levels 
of noise can induce chronic stress, with consequences on physiology, 
growth, and survival (Banner and Hyatt, 1973; Davis and Schreck, 
1997; Lara and Vasconcelos, 2021). Anthropogenic noise has also been 
associated with alterations in hearing and behavior, as well as effects 
on reproduction and growth performance (Sverdrup et al., 1994; Mardi 
et al., 1996; Santulli et al., 1999; McCauley et al., 2003; Kunc et al., 
2016). Focusing on the physiological level, the stress response in these 
organisms involves a complex cascade of cellular and humoral changes. 
Activation of the neuroendocrine axis leads to increased corticosteroids, 
particularly cortisol, and catecholamines, while secondary responses 
include the induction of heat shock proteins and antioxidant enzyme 
systems (Sapolsky et al., 2000; Schreck and Tort, 2016; Tudorache 
et al., 2015). Although several studies have investigated the effects 
of acoustic stress in adult fish, often considered more sensitive due 
to their swim bladder characteristics (Casper et al., 2013), results 
remain mixed. In several species, including common carp, gudgeon 
(Gobio gobio), and European perch (Perca fluviatilis), ship noise induces 
increased cortisol levels, suggesting activation of the stress response 
(Wysocki et al., 2007). However, physiological effects are variable: 
while some studies report alterations in blood parameters, enzymatic 
activity and antioxidant defenses, others do not highlight significant 
changes, as observed in Salmo salar exposed to typical aquaculture 
noise (Slater et al. 2020). Conversely, negative effects on antioxidant 
defenses and immune function have been described in Micropterus 
salmoides, highlighting species-specific responses that are still difficult 
to compare and generalize (Hang et al., 2021; Zhang et al., 2022). 
Further evidence in Sparus aurata exposed to noise typical of coastal 
aquaculture shows alterations in oxidative status and immune response, 
with variations in lysozyme activity, antiproteases, leukocyte count, 
and albumin/globulin ratio (Filiciotto et al., 2017). However, these 
results are part of a still fragmented context, in which the effects of 
noise on physiological parameters are often inconsistent across different 
studies and species. The response to noise stress also appears to be mod-
ulated by multiple factors — individual, environmental, and related to 
adaptive capacity — that have not yet been systematically standardized 
or integrated into different experimental models (Koolhaas et al., 1999; 
Øverli et al., 2007; Conrad et al., 2011). Similarly, biological variables 
such as body size and physiological status appear to influence noise 
sensitivity (Engås et al., 1996; Kastelein et al., 2017; Purser et al., 
2016), but their role has not yet been quantified in a comparable way 
across different species. Furthermore, although it has been suggested 
that continuous noise may cause more severe effects than intermittent 
noise (de Jong et al., 2020), evidence remains limited and difficult to 
compare, especially in aquaculture environments characterized by pro-
longed and multifactorial exposures. The duration of exposure is also 
crucial: in Dicentrarchus labrax,Spiga et al. (2017) observed an acute 
response to stress, with an initial increase in the frequency of opercular 
beats followed by an attenuation over time, potentially interpretable as 
adaptation. However, it is still unclear whether this attenuation reflects 
a true physiological adaptation or rather a desensitization with possible 
biological costs that are not immediately evident. Overall, available 
evidence indicates that different sound sources and intensity levels can 
induce heterogeneous physiological responses (Hawkins et al., 2015), 
but the strong variability between species and experimental conditions 
limits the ability to draw generalizable conclusions. In this context, 
juvenile fish stages represent a particularly sensitive period. At this 
2 
stage, increased vulnerability is generally associated with high en-
ergy requirements, ongoing developmental processes, and an immature 
capacity to cope with environmental stress. Even the structure and 
function of the swim bladder reveal a mixed picture regarding acoustic 
sensitivity: while some authors suggest greater vulnerability in adult 
fish in relation to bladder size (Casper et al., 2013), others highlight 
that the coupling between the bladder and otoliths can reduce with 
growth and that the bladder itself can attenuate vibrations thanks to its 
viscoelastic properties, making juveniles the most sensitive (Fine et al., 
2016; Parmentier and Fine, 2016; Salas et al., 2019). Furthermore, 
during early development, the auditory system develops within a few 
days of hatching and undergoes rapid morphological and functional 
changes, making the juvenile stages particularly relevant for assessing 
sound sensitivity (Leis et al., 2011). Overall, early life stages constitute 
a critical period in which physiological and sensory alterations can have 
long-term effects on fitness.

D. labrax is a euryhaline and eurythermic species belonging to the 
Moronidae family, characterized by a remarkable capacity to adapt 
to diverse environmental conditions. It is widespread throughout the 
North Atlantic, the Mediterranean, and the Black Sea, inhabiting vari-
ous demersal habitats up to 100 m deep (Varsamos et al., 2001). This 
study aimed to evaluate the physiological response of juvenile D. labrax
exposed to acoustic stress due to well-characterized non-regular inter-
mittent vessels noise over different time intervals (30 min, 3 h, 24 h, 
and 7 days) through an integrated analysis of endocrine, metabolic, 
protein, and enzymatic markers at the whole-organism level. In par-
ticular, it is hypothesized that noise exposure induces the activation of 
the primary stress response, with variations in cortisol and ACTH levels, 
indicative of activation of the hypothalamic–pituitary–interrenal (HPI) 
axis. At the same time, an increase in glucose levels is expected, as an 
indicator of energy reserve mobilization, and the induction of HSP70 
as a protective cellular response to stress. It is also hypothesized that 
noise stress alters the redox balance, resulting in changes in reduced 
glutathione (GSH) levels and the activity of antioxidant enzymes, such 
as superoxide dismutase (SOD) and peroxidase, as well as changes in 
the activity of esterases and phosphatases, considered indicators of 
metabolic and cellular alterations. Overall, it is hypothesized that noise 
exposure induces an integrated systemic response, detectable through 
coordinated changes in endocrine, metabolic, antioxidant, and cellular 
biomarkers, and potential effects in growth indicators.

2. Materials and methods

2.1. Experimental plan

A total of 144 juvenile Dicentrarchus labrax (1.5 ± 0.5 g, 4.7 ± 1.0 cm
individuals sourced from a commercial aquaculture farm were used 
for the experimental plan carried out at the Polytechnic University of 
Valencia (UPV, Gandia Campus, Spain). The fish were maintained in 
a tank with internal dimensions 137 × 108 × 71 cm (Length × Width 
× Height) with filtered and recirculated sea water (salinity 36.5 ppt) 
with a constant temperature of 19 ± 1 ◦C and a dissolved oxygen of 
8 mg/L, in a natural photoperiod and fed with commercial pellets (0.5% 
of their body weight). The feeding protocol was identical across all 
groups (experimental, control, and reservoir): a fixed daily ration of 
pellets (pellet size=1 mm) was administered to all tanks at the same 
time, at a rate of 0.45 mg of pellet per 1 g of fish, once per day, which 
the fish ate voluntarily.

Before starting the experimental procedure, the animals were trans-
ferred to the corresponding experimental tank. Each group was located 
in a separate individual tank, which was identical to the maintenance 
tank. Animals were not fed for 24 h prior to the experiment. For 
the experimental setup, a cylindrical net with 40 cm diameter and 
a submerged height of 60 cm was used to maintain the fish with a 
density of 0.3 kg∕m3. Then animals were subjected to acoustic stress 
for 30 min, 3 h, 24 h, and 7 days. For each time point, three replicates 
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Fig. 1. Schematic representation of the experimental design and group distribution across tanks. Juvenile D. labrax were divided into Control and Experimental 
(noise-exposed) groups, with three replicates (R1, R2, R3) per time point (30 min, 3 h, 24 h, and 7 days). Each replicate tank contained 11 individuals.
Fig. 2. The floating Distributed Mode Loudspeaker (DML) prototype used for 
acoustic playback positioned in a corner of the experimental tanks.

were performed and three control groups were included. Each replica 
corresponding to an experimental or control group, was located in a 
separate and individual tank with 11 individuals (see Fig.  1). All the 
replicas corresponding to the same time interval ran simultaneously, to 
avoid interference with any environmental factor. After the considered 
time interval, all the individuals were removed from the tank to be 
anesthetized and sampled. All the individuals were measured and 
weighted, while 6 animals per replicate (18 animals in total for each 
experimental duration and the corresponding 18 animal for the paired 
control replicas) were used in the biochemical analyses.

All procedures were conducted in accordance with institutional 
guidelines and were approved by the Ethics Committee of the Univer-
sitat Politècnica de València (approval reference: P08_27-05-2025).

2.2. Acoustic emission

Noise was generated inside the tanks using an electroacoustic sys-
tem composed of a digital acquisition card (DAQ), an amplifier (FA-
TE370 Sony Integrated Stereo Amplifier, Sony Corporation, Tokyo, 
Japan), and a cost-effective Distributed Mode Loudspeaker DML (pro-
totype UA-UPV) placed floating in a corner of the experimental tank 
without contact with the walls (Fig.  2). The loudspeaker was previ-
ously calibrated with a reference hydrophone (Reson TC4034, Teledyne 
Reson, Slangerup, Denmark).

Acoustic recordings from four bottom-trawl fishing vessels were 
randomly broadcast. The recordings were previously obtained using 
a SoundTrap 300 compact self-contained underwater sound recorders 
(Ocean Instruments, Auckland, New Zealand) off the coast of Murcia, 
Spain. The characteristics of the vessels, which passed at a minimum 
distance of 10–15 m from the recording device, are summarized in 
Table  1. The recordings ranged from 90 to 150 s in duration and 
covered a frequency bandwidth between 50 and 2000 Hz. To simulate 
a high-density maritime traffic scenario comparable to that found in 
the vicinity of a harbor during the departure and arrival periods of 
the fishing fleet, while also preventing potential biases caused by fish 
3 
Table 1
Principal characteristics of the fishing vessels used in the experiments.
 Ship Material Length (m) Power (CV) Speed Distance (m) 
 1 Wood 18.25 139.9 8.4 10  
 2 Polyester 17.00 128.5 7.2 14  
 3 Wood 20.50 165.0 10 12  
 4 Polyester 22.70 399.9 8.5 15  

habituation to a predictable temporal noise pattern (Neo et al., 2014; 
Wong et al., 2022), the vessel sounds were separated by randomly 
assigned silent intervals ranging from 10 to 30 s.

The acoustic field was characterized in terms of the power spectral 
density (PSD), the sound pressure level (SPL), and the Sound Exposure 
Level (SEL). Fig.  3 shows the power spectral density spectrum and the 
sound pressure level. 

The Sound Exposure Level (SEL), Fig.  4 was calculated following 
the ISO 18405:2017 standard, representing the integral of the squared 
sound pressure over a stated time interval 𝑇 , normalized to a reference 
duration of 1 s (dB re 1 μPa2s). Time interval was considered 1 h.

To prevent acoustic transmission between tanks, tank supports were 
isolated from the floor with an acoustic absorber to reduce vibration 
transfer. A preliminary test was conducted by broadcasting recordings 
in one experimental tank (ET-test) while monitoring sound in the 
others. Comparisons between recordings with and without emission 
confirmed no detectable transmission. To ensure a sufficiently ho-
mogeneous sound field within the cylindrical net cage, the acoustic 
field was first mapped by measuring the sound pressure level (SPL) at 
eight different locations within the water volume using a hydrophone 
(Aquarian AS-1). These measurements were used to identify the natural 
modes of the enclosure and to validate a numerical fluid–structure 
interaction (FSI) model. A detailed analysis of the sound pressure 
field within the fish enclosure was then performed using the validated 
model, showing that the standard deviation of the SPL remained below 
1 dB across the range of measurement depth for a fixed frequency. 
During the experiments, each tank was continuously monitored using 
an independent Aquarian AS-1 hydrophone. .

2.3. Animal sampling and analysis

At the end of each experimental time point, fish were euthanized 
using tricaine methanesulfonate (MS-222) and stored at −20 ◦C. Tis-
sue extracts were subsequently prepared by homogenization in 1X 
phosphate-buffered saline (PBS, pH 7.4). The levels of cortisol, heat 
shock protein 70 (HSP70), superoxide dismutase (SOD), glutathione 
peroxidase (GPx), and adrenocorticotropic hormone (ACTH) were as-
sessed using ELISA Kits (Cusabio). Additionally, parameters including 
glucose, esterase, and alkaline phosphatase (ALP) were evaluated. Glu-
cose levels were determined using Gluco Test (Pic). ALP and Esterase 
activities were quantified following Ross et al. (2000). The ALP reaction 
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Fig. 3. Power spectral density (PSD) spectrograms and sound pressure levels (SPL) recorded over a 1-hour interval in control (top) and experimental (bottom) 
tanks. The plots display broadband SPL (20 Hz–20 kHz, black line) alongside 1/3-octave band levels at 63 Hz (red line) and 125 Hz (dashed black line), illustrating 
the intermittent nature of the broadcasted fishing vessel noise. (For interpretation of the references to color in this figure legend, the reader is referred to the 
web version of this article.)
mixture contained 4 mM p-nitrophenyl phosphate (Sigma, Italy) in a 
100 mM ammonium bicarbonate buffer 1 mM MgCl2, pH 7.8, 30 ◦C. 
Esterase activity was assessed using 0.4 mM p-nitrophenyl myristate 
in a 100 mM ammonium bicarbonate buffer (0.5% Triton X-100, pH 
7.8, 30 ◦C). Optical density (O.D.) was monitored at 405 nm using 
a GloMax™ Multi Detection System (Promega). Enzyme activity was 
expressed as U/μg of protein.

2.4. Growth performance

After being euthanized, individuals were weighed using a high-
precision balance (Ohaus Navigator, accuracy: 0.1 g), and the length 
measured using a caliper (accuracy: 0.1 cm). The growth performance 
was evaluated by considering the evolution of fish weight and length, in 
4 
terms of three growth rates: absolute growth rate, relative growth rate 
and specific growth rate. The absolute growth increase 𝛥𝑀(𝑡𝑓 ) is de-
fined as the difference between the final individual (𝑀) measurement 
at final time 𝑡𝑓  and the mean baseline measurement 𝑀(𝑡𝑖) measured at 
the initial time 𝑡𝑖 = 30 min. The variable 𝑀 refers to the weight or the 
length, depending on the growth variable under consideration (Lugert 
et al., 2016). The absolute growth increase is defined as: 
𝛥𝑀(𝑡𝑓 ) = 𝑀(𝑡𝑓 ) −𝑀(𝑡𝑖) (1)

The absolute growth rate (𝐴𝐺𝑅) includes the temporal information

𝐴𝐺𝑅𝑀 =
𝛥𝑀(𝑡𝑓 )
(𝑡𝑓 − 𝑡𝑖)

(2)

where 𝑀 refers to the weight/length, being 𝐴𝐺𝑅𝑊  measured in g/day 
and 𝐴𝐺𝑅  measured in cm/day. The Relative Growth Rate (𝑅𝐺𝑅), 
𝐿
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Fig. 4. Box plots of 1/3-octave Sound Exposure Levels (SEL) for a 1-hour temporal interval (T = 1 h) in control (top) and experimental (bottom) tanks. The 
boxes represent the interquartile range and the red lines indicate the median SEL across the frequency spectrum. (For interpretation of the references to color in 
this figure legend, the reader is referred to the web version of this article.)
expressed as a percentage increase, provides the absolute increase in 
relation to the initial weight/length at a fixed duration time and was 
calculated as (Lugert et al., 2016): 

𝑅𝐺𝑅𝑀 =
𝑀(𝑡𝑓 ) −𝑀(𝑡𝑖)

𝑀(𝑡𝑖)
× 100. (3)

Finally, although the specific growth rate (𝑆𝐺𝑅) relies on the 
absolute growth rate, it uses the natural logarithmic functional relation. 
Expressed in percentage increase per day, the mathematical expression 
for 𝑆𝐺𝑅 is: 

𝑆𝐺𝑅𝑀 =
𝑙𝑜𝑔(𝑀(𝑡𝑓 )) − 𝑙𝑜𝑔(𝑀(𝑡𝑖))

(𝑡𝑓 − 𝑡𝑖)
(4)

being the units % per day. The growth study utilized a destructive, 
cross-sectional, time-course design because the biochemical analyses 
required terminal sampling. We evaluated whether exposed groups 
exhibited a lower group-level relative growth rate than controls, as-
suming the groups were comparable at baseline. Growth metrics were 
calculated from initial and final group means rather than from the 
same terminally sampled individuals. Therefore, growth differences 
reflect comparisons between independent groups, rather than repeated 
measures on the same fish (Opinion et al., 2023).

2.5. Statistical analysis

Three replicates were performed for each duration. Normality was 
assessed with the Shapiro–Wilk test. For normal distributions, a one-
way ANOVA was conducted to compare groups (control, 30’, 3 h, 24 h, 
and 7d). When non-normality was detected, a Kruskal–Wallis test was 
5 
used. Comparisons between specific experimental times and the control 
group were performed using the Mann–Whitney U test (for medians) 
or post-hoc tests (for means). Significant differences were considered 
at 𝑝 < 0.05. All statistical analyses were executed using (R Core Team, 
2022) and Wickham (2016) for plotting the results. For the biochemical 
analyses, the control groups were compared to each other, with no 
statistically significant differences over different times. Therefore, for 
clarity, a unique control value was considered for further comparison 
with the experimental groups. For the growth studies, the experimental 
and control groups were compared at each sampling time.

3. Results

3.1. Biochemical analysis

Normality was verified for the majority of the datasets using the 
Shapiro–Wilk normality test. The results are presented in Table  2. In 
some cases, non-normality appears to be driven by outlier data points. 
Statistical significance was set at a 95.0% (𝑝 < 0.05) when the control 
and the experimental groups were compared. Results are shown in Fig. 
5.

Whole-body analysis of HSP70 levels (Fig.  5(a)), expressed in 
pg/mL, revealed significant increases after 30 min of acoustic ex-
posure (232.70 pg/mL; 𝑝 < 0.001) compared to the control group 
(28.01 pg/mL). Significantly higher levels were also maintained three 
hours after exposure to acoustic stress. However, both after 24 h and 
7 days, heat shock protein levels returned to baseline values similar to 
those observed in the control group.
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Fig. 5. Box-and-whisker plots showing the whole-body levels of (a) HSP70, (b) SOD, (c) GSH-PX, (d) ACTH, (e) cortisol, (f) esterase, (g) alkaline phosphatase, 
and (h) glucose in juvenile fish. Samples were collected at 30 min, 3 h, 24 h, and 7 days of exposure, alongside a unified control group (C). Asterisks indicate 
statistically significant differences relative to the control (*𝑝 < 0.05, **𝑝 < 0.01).
 
Superoxide dismutase (SOD) levels (Fig.  5(b)), expressed in ng/mL,
showed a significant increase after 30 min of acoustic exposure
(456.36 ng/mL; 𝑝 < 0.001). Although the values began to decrease 
after 3 h and 24 h, they remained significantly higher compared to 
the controls (178.18 ng/mL). After 7 days, the levels returned to those 
similar to the control group.
6 
GSH-PX levels (Fig.  5(c)), expressed in μU/mL, showed a significant 
increase after 30 min of acoustic exposure (934,840 μU/mL; 𝑝 < 0.001). 
The values began to decrease after 3 h and after 7 days, the levels 
returned to those similar to the control group.

ACTH levels (Fig.  5(d)), measured in pg/mL, exhibited a significant 
increase following 30 min of acoustic exposure (722.49 pg/mL; 𝑝 <
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Fig. 6. Relationship between body weight (g) and length (cm) of fish across different sampling intervals. Data are categorized by sampling time: 24 h (red 
circles), 30 min (green triangles), 3 h (blue squares), and 7 days (purple crosses). (For interpretation of the references to color in this figure legend, the reader 
is referred to the web version of this article.)
0.001). Even though the levels started to decrease after 3 and 24 h, the 
values remained significantly elevated compared to the control group 
(99.83 pg/mL). By 7 days, ACTH levels had returned to baseline values, 
similar to those observed in the controls.

Cortisol levels (Fig.  5(e)), expressed in ng/mL, exhibited a signifi-
cant increase after 30 min of acoustic exposure (1269.45 ng/mL; 𝑝 <
0.001). Unlike the other parameters, cortisol levels peaked after 3 h of 
exposure (1931.86 ng/mL; 𝑝 < 0.001). Following this, the values began 
to decrease after 24 h, and by the 7seventh day, the levels returned to 
those like the control group (701.51 ng/mL).

Esterase levels (Fig.  5(f)) measured in U/μg protein, exhibited a 
significant increase following 30 min of acoustic exposure (0.018 U/μg; 
𝑝 < 0.001) suggesting an early induction of esterase activity. In contrast, 
the 3 h, 24 h and 7 days groups showed a significant decrease, returning 
to levels similar to the control group’s (0.012 U/μg); no significant 
differences were observed compared to the control group.

Alkaline phosphatase levels (Fig.  5(g)) measured in U/μg pro-
tein, exhibited the highest increase after 30 min of acoustic exposure 
(0.073 U/μg; 𝑝 < 0.001), clearly surpassing the other groups. The 3 h 
and 24 h groups showed intermediate levels, with a decrease compared 
to the 30 min group. Despite the progressive decrease, they did not 
return to levels like those of the control group (0.047 U/μg).

Glucose levels (Fig.  5(h)) measured in mg/dL, exhibited the highest 
increase after 30 min of acoustic exposure (49.47 mg/dL; 𝑝 < 0.001). 
Compared to the control group, the 3 h and 7 days groups also showed 
higher median values. However, the 24 h group showed levels sim-
ilar to the control group. Results reveal a progressive decline from 
the peak at 30 min, with values remaining above the control group 
(27.47 mg/dL) in almost all treated groups.

3.2. Growth analysis

The fish were measured considering the variables weight (g) and 
length (cm). The scatter plot (Fig.  6) shows the positive relationship 
between weight and length, with increasing variability over time, as 
expected with the natural growth trend.

To evaluate the potential effect of vessel noise exposure on growth, 
two groups, one corresponding to the control and the other to the ex-
perimental condition (𝑁 = 33 individuals each), were compared at the 
different sampling times. Fig.  7 shows the results of the absolute weight 
and length at 30 min (initial) and 7 days (end of the experiment).

Statistically significant differences between the experimental and 
control groups were assessed using a one-way ANOVA test, and the 
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normality of the data was evaluated through a Shapiro–Wilk test. The 
statistical results regarding the absolute growth between groups show 
a trend toward reduced growth in the experimental group compared 
with the control group, Table  3, although without reaching statistically 
significant levels of association equal to or greater than 95%. However, 
when growth rates were explored, a statistically significant decrease 
was observed in the experimental group compared with the control 
group after seven days of the experiment (final time). While at the 
beginning no statistical significant difference was reported, after 7 
days 𝑆𝐺𝑅, 𝐴𝐺𝑅 (both for length and weight) and 𝑅𝐺𝑅𝑊  indicated 
a significative decrease in absolute and temporal rates for the exposed 
groups (𝑝 < 0.05), see Table  4.

4. Discussion

Anthropogenic underwater noise is a form of marine pollution 
affecting the physiology and behavior of aquatic organisms. Early 
fish developmental stages are particularly vulnerable to environmental 
stressors, making it essential to understand the impacts of acoustic 
pollution during these critical phases (Popper and Hawkins, 2019; de 
Jong et al., 2020; Blom et al., 2024). Working in relatively small 
tanks (1 m3) can create complex and spatially variable sound fields 
due to resonance and reverberation, which may strongly bias animal 
exposure (Akamatsu et al., 2002; Rogers et al., 2016; Duncan et al., 
2016; Carbajo et al., 2025). The analyses of the vibrational modes of 
the tanks and the mapping of the sound field can confirmed that the 
region where the fish were confined was acoustically homogeneous 
over the working frequency range (Carbajo et al., 2025; Duncan et al., 
2016; Rogers et al., 2016). This explicit acoustical characterization 
of the tank addresses common criticisms of small-tank studies, where 
spatial variation in sound pressure and particle motion is often un-
known or ignored (Akamatsu et al., 2002; Campbell et al., 2019; 
Olivier et al., 2023; Rogers et al., 2016; Popper and Hawkins, 2019). 
A prototype floating distributed-mode loudspeaker was used as a cost-
effective underwater source. Its output was calibrated in situ, rather 
than assuming appropriate playback fidelity, in line with recommen-
dations that the reproduced signal should always be measured and 
compared to the original (de Jong et al., 2017; Mosharo and Lobel, 
2023). The use of a low-cost prototype compared to conventional 
underwater speakers, specifically designed for ex-situ tank experiments, 
allows for an increase in the number of replicates while maintaining a 
balance between the statistical robustness required in these studies and 
economic expenditure (de Jong et al., 2017), facilitating the expansion 
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Table 2
Data groups involved in the statistical analysis and results for the statistical analysis performed on each control-
experimental pair. Normality was assessed using the Shapiro–Wilk test. Comparison tests (t-test or Mann–Whitney) 
were applied based on distribution.
 Variable Group Shapiro–Wilk test (𝑝) Test 𝑝-value (vs Ctrl) 
 Cortisol Control 𝑝 = 0.5692 – –  
 30’ 𝑝 = 0.3535 t-test < 0.001 ***  
 3 h 𝑝 = 0.9278 t-test < 0.001 ***  
 24 h 𝑝 = 0.9619 t-test 0.1242  
 7d 𝑝 = 0.1921 t-test 0.1981  
 ACTH Control 𝑝 = 0.4208 – –  
 30’ 𝑝 = 0.7382 t-test < 0.001 ***  
 3 h 𝑝 = 0.5089 t-test < 0.001 ***  
 24 h 𝑝 = 0.9619 t-test 0.1242  
 7d 𝑝 = 0.9818 t-test < 0.001 ***  
 GSH Control 𝑝 = 0.1070 – –  
 30’ 𝑝 = 0.0001 (Non-normal) Mann–Whitney < 0.001 ***  
 3 h 𝑝 = 0.3510 t-test 0.0024 **  
 24 h 𝑝 = 0.9223 t-test < 0.001 ***  
 7d 𝑝 = 0.0426 (Non-normal) Mann–Whitney 0.1682  
 HSP70 Control 𝑝 = 0.9435 – –  
 30’ 𝑝 = 0.3300 t-test < 0.001 ***  
 3 h 𝑝 = 0.7698 t-test < 0.001 ***  
 24 h 𝑝 = 0.9947 t-test 0.0043 **  
 7d 𝑝 = 0.1705 t-test 0.6561  
 SOD Control 𝑝 = 0.0014 (Non-normal) – –  
 30’ 𝑝 = 0.9573 Mann–Whitney < 0.001 ***  
 3 h 𝑝 = 0.3420 Mann–Whitney < 0.001 ***  
 24 h 𝑝 = 0.5827 Mann–Whitney < 0.001 ***  
 7d 𝑝 = 0.1403 Mann–Whitney 0.0013 **  
 Esterase Control 𝑝 = 0.7420 – –  
 30’ 𝑝 = 0.2356 t-test < 0.001 ***  
 3 h 𝑝 = 0.2174 t-test 0.0024 **  
 24 h 𝑝 = 0.9660 t-test 0.0963  
 7d 𝑝 = 0.8130 t-test 0.7378  
 Glucose Control 𝑝 = 0.7420 – –  
 30’ 𝑝 = 0.1244 t-test < 0.001 ***  
 3 h 𝑝 = 0.3286 t-test 0.0260 *  
 24 h 𝑝 = 0.0116 (Non-normal) Mann–Whitney 0.4691  
 7d 𝑝 = 0.2033 t-test 0.2987  
 Phosphatase Control 𝑝 = 0.7024 – –  
 30’ 𝑝 = 0.1271 t-test < 0.001 ***  
 3 h 𝑝 = 0.0509 t-test 0.3282  
 24 h 𝑝 = 0.9315 t-test 0.0240 *  
 7d 𝑝 = 0.2684 t-test 0.0171 *  
* 𝑝 < 0.05, ** 𝑝 < 0.01, *** 𝑝 < 0.001.
Fig. 7. Comparison of body weight (left) and total length (right) between control (C) and experimental (E) groups at the start (30 min) and conclusion (7 days) 
of the acoustic exposure period. No statistically significant differences in absolute measurements were observed between groups at either time point (𝑝 > 0.05).
8 
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Table 3
Length and Weight vs control. Normality assessed with Shapiro–Wilk test. Statistical test: ANOVA (both groups 
normal). No statistically significant differences (𝑝 > 0.05) were found.
 Variable Time Mean (Min;Max) Shapiro–Wilk (𝑝) 𝑝-value  
 Ctrl Exp p(Ctrl) p(Exp) (Ctrl vs Exp) 
 Length (cm) 30’ 5.45 (4.63;6.53) 5.60 (4.51;6.58) 0.867 0.150 0.392  
 3 h 5.52 (4.00;6.76) 5.49 (4.43;6.56) 0.946 0.463 0.781  
 24 h 5.43 (4.33;6.55) 5.51 (4.50;6.69) 0.834 0.993 0.586  
 7d 6.32 (5.15;7.27) 6.06 (4.94;7.21) 0.118 0.737 0.101  
 Weight (g) 30’ 1.80 (1.2;2.8) 2.01 (1.2;3.5) 0.051 0.453 0.095  
 3 h 1.86 (0.9;3.0) 1.88 (1.1;2.8) 0.754 0.286 0.858  
 24 h 1.77 (0.8;2.9) 1.82 (1.0;3.2) 0.262 0.103 0.677  
 7d 2.79 (1.7;4.5) 2.44 (1.0;3.9) 0.249 0.804 0.060  
Table 4
Growth rates 𝑅𝐺𝑅, 𝐴𝐺𝑅 and 𝑆𝐺𝑅 evaluated for weight (𝑊 ) and length (𝐿). Comparison between 
experimental and Control groups at each time point. Normality assessed with Shapiro–Wilk test. 
Statistical test: ANOVA (both groups normal).
 Variable Time Mean Shapiro–Wilk (𝑝) 𝑝-value  
 Ctrl Exp p(Ctrl) p(Exp) (Ctrl vs Exp) 
 𝑅𝐺𝑅𝑊 3 h 3.45 −6.47 0.754 0.286 0.104  
 (%) 24 h −1.44 −9.46 0.262 0.103 0.191  
 7d 55.09 21.55 0.249 0.804 0.001 *  
 𝑅𝐺𝑅𝐿 3 h 1.34 −1.47 0.946 0.463 0.251  
 (%) 24 h −0.30 −1.18 0.834 0.993 0.699  
 7d 16.01 10.98 0.118 0.088 0.109  
 𝐴𝐺𝑅𝑊 3 h 0.496 −1.300 0.754 0.286 0.054  
 (𝑔∕𝑑𝑎𝑦) 24 h −0.026 −0.223 0.262 0.103 0.094  
 7d 0.141 0.062 0.249 0.892 0.003 *  
 𝐴𝐺𝑅𝐿 3 h 0.586 −1.00 0.946 0.463 0.142  
 (𝑐𝑚∕𝑑𝑎𝑦) 24 h −0.016 −0.109 0.834 0.993 0.460  
 7d 0.125 0.073 0.118 0.624 0.024 *  
 𝑆𝐺𝑅𝑊 3 h 0.032 −0.937 0.636 0.232 0.060  
 (% 𝑑𝑎𝑦−1) 24 h −0.046 −0.147 0.053 0.671 0.130  
 7d 0.060 0.022 0.213 0.162 0.0005 *  
 𝑆𝐺𝑅𝐿 3 h 0.065 −0.219 0.361 0.469 0.156  
 (% 𝑑𝑎𝑦−1) 24 h −0.007 −0.023 0.544 −0.999 0.476  
 7d 0.020 0.012 0.066 0.349 0.002 *  
of research on noise effects within controlled laboratory settings or ex-
situ facilities (Olivier et al., 2023; Mosharo and Lobel, 2023). Although 
tank experiments remain subject to inherent limitations compared with 
open-water exposures (Rogers et al., 2016; Popper and Hawkins, 2019; 
Radford et al., 2016; Duncan et al., 2016), these methodological steps 
reduce major acoustic uncertainties identified in previous studies and 
strengthen the interpretation of the observed noise effects on juvenile 
fish.

In this study, we applied a whole-organism approach in juvenile
D. labrax. While this method does not allow tissue-specific resolution, 
it is particularly appropriate during early developmental stages, when 
the small size of individuals limits organ-level sampling. Importantly, it 
provides an integrated overview of the organism’s physiological status, 
capturing changes in key cellular markers and offering insight into the 
ability of young fish to cope with stress. The observed responses may 
reflect the activation of compensatory cellular mechanisms, in line with 
findings reported in other teleosts exposed to environmental stressors 
(Samara et al., 2024; Hayes et al., 2024).

Heat shock protein 70 (HSP70) is a molecular chaperone involved 
in cellular defense. It is essential for proper protein folding and re-
pair and for preventing protein aggregation (Hassan et al., 2019; Hu 
et al., 2022). In fish, its expression has been widely documented in 
response to various stressors, including temperature changes, chemical 
contaminants, environmental disturbances, and anthropogenic noise 
(Tine et al., 2010; Jeyachandran et al., 2023). In the present study, the 
observed pattern indicates a rapid activation of the HSP70-mediated 
response following noise exposure, followed by a progressive return to 
baseline conditions within 24 h. This expression pattern suggests that, 
although noise exposure may have triggered an acute stress response, 
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juvenile D. labrax have the potential to activate compensatory mech-
anisms that could reduce cellular damage and support the restoration 
of homeostasis. Several studies have reported a significant increase in 
HSP production in fish exposed to various environmental stressors, such 
as rising temperatures and heavy metal contamination (Jeyachandran 
et al., 2023). In Lateolabrax maculatus, a strong induction of HSP70 ex-
pression was observed in the first hours of thermal exposure in several 
tissues, including gills, liver, and muscle (Sun et al., 2021), while in
Epinephelus coioides, a time-dependent modulation of liver levels in re-
sponse to acoustic stress has been reported (Lin et al., 2019). Similarly, 
exposure to ship traffic noise resulted in a significant increase in circu-
lating HSP70 in Sparus aurata (Celi et al., 2016). Although differences 
between studies may reflect interspecies variability, developmental 
stage, exposure conditions, and the matrix analyzed, the overall picture 
is consistent with the early activation of the HSP70-mediated response 
following acoustic stress. Superoxide dismutase (SOD) and glutathione 
peroxidase (GSH-Px) are key components of the endogenous antiox-
idant system and sensitive indicators of early cellular responses to 
environmental perturbations. In this study, whole-organism enzymatic 
activity showed a significant increase as early as 30 min after noise 
exposure, suggesting a rapid activation of cellular defenses potentially 
related to a transient redox imbalance rather than direct oxidative 
damage. Overall, the results are consistent with the literature describ-
ing a possible modulation of antioxidant defenses in different species 
exposed to noise, albeit with highly variable patterns. Increases in ROS 
levels have been reported in adult Acanthopagrus schlegelii (Chang et al., 
2018), while similar responses have been observed in juvenile Rutilus 
rutilus and other marine species (Guh et al., 2021; Réalis-Doyelle et al., 
2025). The decrease in enzymatic activity at later time points may 
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suggest a temporal modulation of the antioxidant response, as described 
in Cyprinus carpio (Techer et al., 2017), although such dynamics are 
difficult to generalize. Discrepancies with other studies, such as (Pan 
et al., 2025) on Acipenser sinensis, may be related to methodological 
differences, particularly the use of whole-organism samples compared 
with tissue-specific or blood analyses. Moreover, studies on liver tissue 
(Amorim et al., 2022; Wang et al., 2025) indicate that antioxidant 
responses to noise may vary depending on species and experimental 
conditions. Taken together, these findings suggest that the antioxidant 
system may represent one of the early responses to acoustic stress in 
fish, although this interpretation should be considered with caution 
given biological variability and the lack of direct measures of oxida-
tive damage. In fish, the physiological response to stress is primarily 
regulated by the hypothalamic–pituitary–interrenal (HPI) axis, through 
a neuroendocrine cascade culminating in the release of cortisol, the 
main glucocorticoid in teleosts and a key mediator of homeostasis 
restoration (Mommsen et al., 1999; Herman et al., 2016; Tsalafouta 
et al., 2014). In the present study, the significant increase in ACTH 
and cortisol observed, with different temporal dynamics, is consistent 
with the coordinated but non-synchronous activation of the HPI axis. 
In particular, ACTH appears to reflect an early phase of the stress 
response, while cortisol represents the systemic and integrated com-
ponent of the endocrine response. Overall, these results suggest that 
underwater noise can rapidly activate the neuroendocrine response in 
juvenile fish, in agreement with what has been reported in D. labrax
exposed to piling noise (Debusschere et al., 2016) and in other fish 
species, although with variations related to species, age and charac-
teristics of the acoustic stimulus (Wysocki et al., 2006; Celi et al., 
2016; Johansson et al., 2016; Samaras and Pavlidis, 2022). The dif-
ferences compared to other studies, such as that of Pan et al. (2025) 
in Acipenser sinensis, in which the increase in cortisol was observed 
only after 24 h, suggest that the kinetics of the endocrine response 
may vary significantly as a function of the experimental and biological 
context. In our case, the rapid return to basal levels within 24 h 
is consistent with a transient response, underlining the importance 
of considering multiple markers and different time windows for a 
correct interpretation of the stress response. The activity of hydrolytic 
enzymes, particularly alkaline phosphatase and esterase, involved in 
dephosphorylation and hydrolysis processes and in key functions such 
as metabolism, detoxification, homeostasis, and stress response, was 
also assessed (Vazzana et al., 2020a,b; Parisi et al., 2017). In the present 
study, alkaline phosphatase activity increased in the initial phases of 
acoustic exposure, suggesting a rapid physiological response to the 
stimulus, followed by a progressive trend toward control values at later 
times. Overall, these changes could indicate a transient modulation 
of enzymatic activity in the early stages of acoustic stress. In litera-
ture, increases in alkaline phosphatase activity have been reported in
Oncorhynchus mykiss under thermal stress conditions (Li et al., 2016), 
while more complex and non-linear patterns have been described in 
response to acoustic stress, as observed by Pan et al. (2025) in Acipenser 
sinensis. Furthermore, available evidence suggests a strong species-
specific variability: Wang et al. (2025) reported different responses 
between Acanthopagrus schlegelii and Larimichthys crocea exposed to 
underwater wind turbine noise, indicating that physiological resilience 
may influence the extent of enzymatic variations. Similarly, to what ob-
served for alkaline phosphatase activity, esterase activity also showed 
a significant increase already after the onset of acoustic exposure, re-
turning to control values at subsequent experimental times. This could 
indicate an early and rapid induction of this enzymatic system. Similar 
results have been reported under chemical stress conditions in the same 
species (Sanahuja et al., 2020). Consistent with our data on hydrolase 
activity, Vazzana et al. (2020b) observed a significant increase in the 
levels of these enzymes in the coelomic fluid of A. lixula exposed to 
acoustic stress. In juvenile fish exposed to acoustic stress, such changes 
may reflect the activation of physiological processes involved in the 
handling of reactive metabolites, the modulation of cellular signaling 
10 
pathways related to detoxification, and acute metabolic adjustments 
associated with early stress responses, potentially contributing to the 
maintenance of cellular homeostasis (Rothman et al., 2023). Glucose is 
one of the most widely used biomarkers for assessing the physiological 
response to stress in fish, as its mobilization is closely associated with 
activation of the hypothalamic–pituitary–interrenal axis and cortisol 
release (Mommsen et al., 1999). In the present study, the increase in 
glucose levels observed early in the exposure could reflect an early 
metabolic response to the acoustic stimulus. However, this interpre-
tation remains indirect and does not allow us to definitively attribute 
the hyperglycemia to an increase in energy demand, as the underlying 
metabolic processes were not directly assessed. The literature highlights 
considerable variability in the glycemic response to noise. Buscaino 
et al. (2010), for example, reported non-significant changes in adult
D.labrax and a reduction in glucose levels in S. aurata, while Celi et al. 
(2016) and Filiciotto et al. (2013) observed a significant increase in 
blood glucose levels in S. aurata exposed to different noise sources. 
These differences suggest that the metabolic response may depend on 
multiple factors, including species, developmental stage, characteristics 
of the acoustic stimulus, and duration of exposure. Overall, our results 
indicate that glucose may be a sensitive indicator of early physiological 
changes associated with noise exposure in juvenile D. labrax.

Finally, the growth analysis followed the expected pattern. Although 
no statistically significant differences were found at the 95% confidence 
level (𝑝 > 0.05) for absolute length or weight, the shift in 𝑝-values 
from 30 min to 7 days (𝑝 = 0.059 for weight) suggests a trend 
that might become significant with longer exposure or larger sample 
sizes. This trend becomes evident when the relative growth rate was 
inspected. After 7 days, exposed group experienced minor growth rates 
compared to the control group with statistical significant difference. 
The experimental group exhibited reduced growth rates both for weight 
and length when the temporal information is considered. While some 
species like Micropterus salmoides show clear growth reduction under 
noise (Hang et al., 2021). Studies on D. labrax have often shown stress 
responses to noise without immediate growth effects (Radford et al., 
2016; Santulli et al., 1999). Our data suggest that noise may tran-
siently alter growth rates, a possibility that warrants further long-term 
investigation (Nedelec et al., 2015) including the potential relationship 
between growth rates and fish behavior. The role of swimming patterns 
and fish behavior should be considered as a potential driving factor 
for the lower growth rates reported, additionally and related to the 
biochemical parameters.

5. Conclusion

This study provides new evidence that anthropogenic underwater 
noise can rapidly modulate multiple physiological processes in juvenile 
of D. labrax. The temporal patterns observed across the measured 
biomarkers suggest that acoustic exposure elicits an early physiolog-
ical response involving antioxidant defenses, energy metabolism, and 
endocrine regulation, followed by a progressive attenuation of these 
responses over time. Although several parameters tended to return 
toward baseline values, this pattern should be interpreted cautiously 
and may reflect temporal modulation of the physiological response 
rather than complete recovery or acclimation. Overall, our findings 
indicate that juvenile fish are capable of mounting a rapid and coordi-
nated physiological response to acoustic disturbance, highlighting the 
sensitivity of early life stages to anthropogenic noise. These observa-
tions contribute to a better understanding of the biological effects of 
underwater noise pollution and support the inclusion of physiological 
biomarkers in ecological risk assessments and aquaculture monitoring 
programs. A major limitation of this study is the use of whole-body 
homogenates, a methodological choice dictated by the small size of the 
experimental animals, which precluded the assessment of tissue-specific 
responses. Consequently, the observed changes cannot be attributed to 
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specific organs or physiological systems. Although a significant reduc-
tion in growth rates was detected within seven days, further long-term 
investigations integrating a detailed characterization of fish behavior 
are essential to determine the persistence of these effects and their 
cumulative impact on the fitness and developmental trajectory of juve-
nile D. labrax. Future research should combine multi-tissue approaches 
with molecular, physiological, and behavioral endpoints, supported by 
multivariate analyses, to better resolve the mechanisms underlying 
acoustic stress responses and to clarify their ecological significance for 
marine fish.

CRediT authorship contribution statement

M. Mauro: Writing – review & editing, Writing – original draft, 
Supervision, Methodology, Funding acquisition, Conceptualization. P. 
Giner-Tarazona: Writing – review & editing, Visualization, Methodol-
ogy, Investigation. V. Espinosa: Writing – review & editing, Validation, 
Funding acquisition. V. Puig-Pons: Writing – review & editing, Soft-
ware. S. Morell-Monzó: Writing – review & editing, Software. M. 
Vazzana: Writing – review & editing, Validation, Software, Method-
ology. F. Longo: Writing – review & editing, Validation, Software. 
R. De Luca: Writing – review & editing, Validation, Software. J. 
Ramis: Writing – review & editing, Supervision, Software, Methodol-
ogy, Funding acquisition. P. Poveda: Writing – review & editing, Soft-
ware, Methodology. J. Carbajo: Writing – review & editing, Software, 
Methodology. I. Pérez-Arjona: Writing – review & editing, Writing – 
original draft, Validation, Supervision, Software, Methodology, Formal 
analysis, Conceptualization.

Declaration of Generative AI and AI-assisted technologies in the 
writing process

During the preparation of this work the authors used Gemini AI in 
order to improve and format the LaTex document for the submission 
and to design some images in the Graphical Abstract. After using this 
tool, the authors reviewed and edited the content as needed and take 
full responsibility for the content of the publication.

Funding

The paper was developed in the framework of the project SONORA 
(‘‘Filling the gap: Thresholds assessment and impact beyond acoustic 
pressure level linked to emerging blue-growth activities,’’ under the JPI 
Oceans (2022), Joint call for proposals: Underwater Noise in the Marine 
Environment), with financial support from Ministry of Science and 
Innovation (Spain) MCIN/AEI/10.13039/501100011033/ with FEDER, 
UE projects PID2021-127426OB-C21 and C22, and with Next Gen-
eration EU/PRTR projects PCI2022-135054-2 and PCI2022-135081-2 
and Ministry of University and Research (Italy) with CUP identifier 
F83C22002770006. This work was funded by University of Palermo 
Funds - Eurostart 2025 Call - research project PRJ-2169. The funders 
had no role in study design, data collection and analysis, decision 
to publish, or preparation of the manuscript. The contribution of Dr. 
Morell-Monzó was supported by the Universitat Politècnica de València 
through the Access Contracts for Post-Doctoral Researchers (PAID-10-25): 
MAR.IA – Modelos de inteligencia artificial para el análisis de datos de 
acústica submarina. The contribution of Dr. Puig-Pons was supported by 
the Universitat Politècnica de València through the Access Contracts 
for Post-Doctoral Researchers (PAID-10-22) ‘‘Del SONAR a la nube: 
herramientas para la gestión de pesquerías 𝑦 explotaciones acuícolas’’.

Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to 
influence the work reported in this paper.
11 
Acknowledgments

The authors would like to thank Dr. D. Sánchez-Peñaranda., Dr. 
M. rodilla and Dr. M. Jover for their technical support and valuable 
supervision in the animals handling and maintenance during the de-
velopment of this research. The authors are grateful to B.E.P. for her 
valuable assistance in proofreading the manuscript.

Data availability

Data will be made available on request.

References

Akamatsu, T., Okumura, T., Novarini, N., Yan, H.Y., 2002. Empirical refinements 
applicable to the recording of fish sounds in small tanks. J. Acoust. Soc. Am. 112 
(6), 3073–3082. http://dx.doi.org/10.1121/1.1515799.

Amorim, M.C.P., Vieira, M., Meireles, G., Novais, S.C., Lemos, M.F., Modesto, T., 
Fonseca, P.J., 2022. Boat noise impacts lusitanian toadfish breeding males and 
reproductive outcome. Sci. Total Environ. 830, 154735. http://dx.doi.org/10.1016/
j.scitotenv.2022.154735.

Anderson, P.A., 2013. Sound pressure levels in intensive fish culture units. J. World 
Aquac. Soc. 44.

Ashley, P.J., 2006. Fish welfare: Current issues in aquaculture. Appl. Anim. Behav. Sci. 
104 (3), 199–235.

Banner, A., Hyatt, M., 1973. Effects of noise on feeding and growth of cyprinodon 
variegatus. Trans. Am. Fish. Soc. 102 (1), 134–136.

Barnes, M.E., et al., 2015. Effect of tank noise on the growth and survival of rainbow 
trout. North Am. J. Aquac. 77.

Blom, E.L., Dekhla, I.K., Bertram, M.G., Manera, J.L., Kvarnemo, C., Svensson, O., 2024. 
Anthropogenic noise disrupts early-life development in a fish with paternal care. 
Sci. Total Environ. 935, 173055.

Buscaino, G., Filiciotto, F., Maccarrone, V., Di Stefano, V., Porsia, A., Mazzola, S., 
Santulli, A., 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 (3), 136–143.

Campbell, J., Sabet, S.S., Slabbekoorn, H., 2019. Particle motion and sound pressure in 
fish tanks: a behavioural exploration of acoustic sensitivity in the zebrafish. Behav. 
Process. 164, 38–47. http://dx.doi.org/10.1016/j.beproc.2019.04.001.

Carbajo, J., Poveda, P., Ullah, N., Ramis, J., 2025. Acoustic analysis of fish tanks for 
marine bioacoustics research. J. Mar. Sci. Eng. 13 (7), 1253. http://dx.doi.org/10.
3390/jmse13071253.

Casper, B.M., Smith, M.E., Halvorsen, M.B., Sun, H., Carlson, T.J., Popper, A.N., 2013. 
Effects of exposure to pile driving sounds on fish inner ear tissues. Comp. Biochem. 
Physiol. Part A: Mol. Integr. Physiol. 166, 352–360.

Celi, M., Filiciotto, F., Maricchiolo, G., Genovese, L., Quinci, E.M., Maccarrone, V., 
Buscaino, G., 2016. Vessel noise pollution as a human threat to fish: assessment 
of the stress response in gilthead sea bream (Sparus aurata, Linnaeus 1758). Fish 
Physiol. Biochem. 42, 631–641.

Chahouri, A., Elouahmani, N., Ouchene, H., 2021. Recent progress in marine noise 
pollution: A thorough review. Chemosphere 291, 132983.

Chang, H.Y., Lin, T.H., Anraku, K., Shao, Y.T., 2018. The effects of continuous acoustic 
stress on ROS levels and antioxidant-related gene expression in the black porgy 
(acanthopagrus schlegelii). Zoöl. Stud. 57, e59.

Conrad, J.L., Weinersmith, K.L., Brodin, T., et al., 2011. Behavioural syndromes in 
fishes: A review with implications for ecology and Fisheries management. J. Fish 
Biol. 78, 395–435.

Craven, A., et al., 2009. Assessment of noise exposure in aquaculture systems. Aquac. 
Eng. 41.

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 (3–4), 337–343.

Davis, K.B., Schreck, C.B., 1997. The role of cortisol in the stress response of fish. Fish 
Stress. Health Aquac. 62, 1–20.

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.

de Jong, K., Schulte, G., Heubel, K.U., 2017. The noise egg: a cheap and simple device 
to produce low-frequency underwater noise for laboratory and field experiments. 
Methods Ecol. Evol. 8 (2), 268–274. http://dx.doi.org/10.1111/2041-210X.12653.

Debusschere, E., Hostens, K., Adriaens, D., Ampe, B., Botteldooren, D., De Boeck, G., 
et al., 2016. Acoustic stress responses in juvenile sea bass dicentrarchus labrax 
induced by offshore pile driving. Environ. Pollut. 208, 747–757.

Duncan, A.J., Lucke, K., Erbe, C., McCauley, R.D., 2016. Issues associated with sound 
exposure experiments in tanks. In: Proceedings of Meetings on Acoustics, vol. 27, 
(1), Acoustical Society of America, 070008. http://dx.doi.org/10.1121/2.0000305.

http://dx.doi.org/10.1121/1.1515799
http://dx.doi.org/10.1016/j.scitotenv.2022.154735
http://dx.doi.org/10.1016/j.scitotenv.2022.154735
http://dx.doi.org/10.1016/j.scitotenv.2022.154735
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb3
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb3
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb3
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb4
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb4
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb4
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb5
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb5
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb5
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb6
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb6
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb6
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb7
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb7
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb7
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb7
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb7
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb8
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb8
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb8
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb8
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb8
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb8
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb8
http://dx.doi.org/10.1016/j.beproc.2019.04.001
http://dx.doi.org/10.3390/jmse13071253
http://dx.doi.org/10.3390/jmse13071253
http://dx.doi.org/10.3390/jmse13071253
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb11
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb11
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb11
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb11
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb11
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb12
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb12
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb12
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb12
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb12
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb12
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb12
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb13
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb13
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb13
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb14
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb14
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb14
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb14
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb14
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb15
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb15
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb15
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb15
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb15
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb16
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb16
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb16
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb17
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb17
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb17
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb17
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb17
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb18
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb18
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb18
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb19
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb19
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb19
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb19
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb19
http://dx.doi.org/10.1111/2041-210X.12653
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb21
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb21
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb21
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb21
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb21
http://dx.doi.org/10.1121/2.0000305


M. Mauro et al. Marine Pollution Bulletin 233 (2026) 120176 
Engås, A., Løkkeborg, S., Ona, E., Soldal, A.V., 1996. Effects of seismic shooting on local 
abundance and catch rates of cod (Gadus morhua) and haddock (Melanogrammus 
aeglefinus). Can. J. Fish. Aquat. Sci. 53 (10), 2238–2249.

FAO, 2024. The state of world Fisheries and aquaculture 2024. Blue transformation in 
action. URL: https://digitallibrary.un.org/record/4050926?v=pdf.

Filiciotto, F., Cecchini, S., Buscaino, G., et al., 2017. Impact of aquatic acoustic noise 
on oxidative status and some immune parameters in gilthead sea bream sparus 
aurata (Linnaeus, 1758) juveniles. Aquacult. Res. 48 (4), 1895–1903.

Filiciotto, F., Giacalone, V.M., Fazio, F., Buffa, G., Piccione, G., Maccarrone, V., et al., 
2013. Effect of acoustic environment on gilthead sea bream (Sparus aurata): Sea 
and onshore aquaculture background noise. Aquaculture 414, 36–45.

Fine, M.L., King, T.L., Ali, H., Sidker, N., Cameron, T.M., 2016. Wall structure and 
material properties cause viscous damping of swimbladder sounds in the oyster 
toadfish Opsanus tau. Proc. R. Soc. B: Biol. Sci. 283 (1841), 20161094.

Golden, C.D., Koehn, J.Z., Shepon, A., et al., 2021. Aquatic foods to nourish nations. 
Nature 598 (7880), 315–320.

Guh, Y.J., Tseng, Y.C., Shao, Y.T., 2021. To cope with a changing aquatic soundscape: 
Neuroendocrine and antioxidant responses to chronic noise stress in fish. Gen. 
Comp. Endocrinol. 314, 113918.

Gutscher, H., et al., 2011. Acoustic environment in recirculating aquaculture systems. 
Aquac. Int. 19.

Hang, J., et al., 2021. Effects of underwater noise on the antioxidant responses and 
immune function of juvenile largemouth bass (Micropterus salmoides). Fish Shellfish. 
Immunol. 112, 1–8. http://dx.doi.org/10.1016/j.fsi.2021.02.012.

Hassan, F.U., Nawaz, A., Rehman, M.S., Ali, M.A., Dilshad, S.M., Yang, C., 2019. 
Prospects of HSP70 as a genetic marker for thermo-tolerance and immuno-
modulation in animals under climate change scenario. Anim. Nutr. 5 (4), 
340–350.

Hawkins, A.D., Pembroke, A.E., Popper, A.N., 2015. Information gaps in understanding 
the effects of noise on fishes and invertebrates. Rev. Fish Biol. Fish. 25 (1), 39–64.

Hayes, S.H., Patel, S.V., Arora, P., Zhao, L., Schormans, A.L., Whitehead, S.N., 
Allman, B.L., 2024. Neurophysiological, structural, and molecular alterations in the 
prefrontal and auditory cortices following noise-induced hearing loss. Neurobiol. 
Dis. 200, 106619.

Herman, J.P., McKlveen, J.M., Ghosal, S., Kopp, B., Wulsin, A., Makinson, R., Myers, B., 
2016. Regulation of the hypothalamic-pituitary-adrenocortical stress response. 
Compr. Physiol. 6 (2), 603.

Holmer, M., 2010. Environmental issues of fish farming in offshore waters: perspectives, 
concerns and research needs. Aquac. Environ. Interactions 1, 57–70.

Hu, C., Yang, J., Qi, Z., Wu, H., Wang, B., Zou, F., Liu, Q., 2022. Heat shock proteins: 
Biological functions, pathological roles, and therapeutic opportunities. MedComm 
3 (3), e161.

Jeyachandran, S., Chellapandian, H., Park, K., Kwak, I.S., 2023. A review on the 
involvement of heat shock proteins (extrinsic chaperones) in response to stress 
conditions in aquatic organisms. Antioxidants 12 (7), 1444.

Johansson, K., Sigray, P., Backström, T., Magnhagen, C., 2016. Stress response and 
habituation to motorboat noise in two coastal fish species in the bothnian sea. In: 
The Effects of Noise on Aquatic Life II. Springer, pp. 513–521.

Kastelein, R.A., Jennings, N., Kommeren, A., et al., 2017. Acoustic dose-behavioral 
response relationship in sea bass (Dicentrarchus Labrax) exposed to playbacks of 
pile driving sounds. Mar. Environ. Res. 130, 315–324.

Kathy, B., et al., 2016. Underwater soundscapes of aquaculture facilities. Bioacoustics.
Khan, N., Ray, R.L., Sargani, G.R., Ihtisham, M., Khayyam, M., Ismail, S., 2021. Current 

progress and future prospects of agriculture technology: Gateway to sustainable 
agriculture. Sustainability 13 (9), 4883.

Koolhaas, J.M., Korte, S.M., De Boer, S.F., et al., 1999. Coping styles in animals: Current 
status in behavior and stress-physiology. Neurosci. Biobehav. Rev. 23, 925–935.

Kunc, H.P., McLaughlin, K.E., Schmidt, R., 2016. Aquatic noise pollution: implications 
for individuals, populations, and ecosystems. Proc. R. Soc. B: Biol. Sci. 283 (1836), 
20160839.

Lara, R.A., Vasconcelos, R.O., 2018. Characterization of the natural soundscape of 
zebrafish and comparison with the captive noise conditions. Zebrafish 16 (2), 
152–164.

Lara, R.A., Vasconcelos, R.O., 2021. Impact of noise on development, physiological 
stress and behavioural patterns in larval zebrafish. Sci. Rep. 11 (1), 6615.

Leis, J.M., Siebeck, U., Dixson, D.L., 2011. The acoustic sensory development of pelagic 
fish larvae. J. Fish Biol. 79, 1616–1635.

Li, Z., Liu, Z., Wang, Y.N., Kang, Y.J., Wang, J.F., Shi, H.N., et al., 2016. Effects of 
heat stress on serum cortisol, alkaline phosphatase activity and heat shock protein 
40 and 90 𝛽 mRNA expression in rainbow trout Oncorhynchus mykiss. Biologia 71 
(1), 109–115. http://dx.doi.org/10.1515/biolog-2016-0007.

Lin, Y., Gao, J., Huang, H., Shao, Y.T., 2019. Effect of noise exposure on the expression 
of Hsp70 and Hsp90 in the liver of the orange-spotted grouper epinephelus coioides. 
J. Fish Biol. 94 (5), 819–825.

Lugert, V., Thaller, G., Tetens, J., Schulz, C., Krieter, J., 2016. A review on fish growth 
calculation: multiple functions in fish production and their specific application. 
Rev. Aquac. 8 (1), 30–42.

Mardi, T., et al., 1996. Hearing in fish: Behavioral and physiological profiles. Mar. Biol. 
125.

McCauley, R.D., Fewtrell, J., Popper, A.N., 2003. High intensity anthropogenic sound 
damages fish ears. J. Acoust. Soc. Am. 113 (1), 638–642.
12 
Mommsen, T.P., Vijayan, M.M., Moon, T.W., 1999. Cortisol in teleosts: dynamics, 
mechanisms of action, and metabolic regulation. Rev. Fish Biol. Fish. 9, 211–268.

Mosharo, K.K., Lobel, P.S., 2023. A comparison of underwater speakers for fish playback 
studies. J. Acoust. Soc. Am. 154 (4), 2365–2382. http://dx.doi.org/10.1121/10.
0021371.

Nedelec, S.L., Simpson, S.D., Morley, E.L., et al., 2015. Impacts of regular and random 
noise on the behaviour, growth and development of larval atlantic cod (Gadus 
morhua). Proc. R. Soc. B: Biol. Sci. 282 (1817).

Neo, Y.Y., Seitz, J., Kastelein, R.A., Winter, H.V., Ten Cate, C., Slabbekoorn, H., 2014. 
Temporal structure of sound affects behavioural recovery from noise impact in 
European seabass. Biol. Cons. 178, 65–73.

Olivier, F., Gigot, M., Mathias, D., Jézéquel, Y., Meziane, T., l’Her, C., Bonnel, J., et 
al., 2023. Assessing the impacts of anthropogenic sounds on early stages of benthic 
invertebrates: The ‘‘Larvosonic system’’. Limnol. Ocean.: Methods 21 (2), 53–68. 
http://dx.doi.org/10.1002/lom3.10524.

Opinion, A.G.R., Vanhomwegen, M., De Boeck, G., Aerts, J., 2023. Long-term stress 
induced cortisol downregulation, growth reduction and cardiac remodeling in 
Atlantic salmon. J. Exp. Biol. 226 (22), jeb246504. http://dx.doi.org/10.1242/jeb.
246504.

Øverli, Ø., Sørensen, C., Pulman, K.G.T., et al., 2007. Evolutionary background for 
stress-coping styles: Relationships between physiological, behavioral, and cognitive 
traits in nonmammalian vertebrates. Neurosci. Biobehav. Rev. 31, 396–412.

Pan, Y., Gao, Y., Shi, Y., et al., 2025. Underwater noise impairs the health of juvenile 
hybrid sturgeon based on blood parameters. Aquat. Ecol. http://dx.doi.org/10.
1007/s10452-025-10191-0.

Parisi, M.G., Mauro, M., Sarà, G., Cammarata, M., 2017. Temperature increases, 
hypoxia, and changes in food availability affect immunological biomarkers in the 
marine mussel Mytilus galloprovincialis. J. Comp. Physiol. B 187 (8), 1117–1126.

Parmentier, E., Fine, M.L., 2016. Fish sound production: insights. In: Suthers, R.A., 
Fitch, W.T., Fay, R.R., Popper, A.N. (Eds.), Vertebrate Sound Production and 
Acoustic Communication. Springer International Publishing, Cham, pp. 19–49.

Pelegri, J.L., Marrero-Diaz, A., Ratsimandresy, A.W., 2006. Nutrient irrigation of the 
North Atlantic. Prog. Oceanogr. 70, 366–406.

Poore, J., Nemecek, T., 2018. Reducing food’s environmental impacts through producers 
and consumers. Science 360 (6392), 987–992.

Popper, A.N., Hawkins, A.D., 2019. An overview of fish bioacoustics and the impacts 
of anthropogenic sounds on fishes. J. Fish Biol. 94 (5), 692–713.

Purser, J., Bruintjes, R., Simpson, S.D., Radford, A.N., 2016. Condition-dependent 
physiological and behavioural responses to anthropogenic noise. Physiol. Behav. 
155, 157–161.

R Core Team, 2022. R: A Language and Environment for Statistical Computing. R 
Foundation for Statistical Computing, Vienna, Austria, URL: https://www.R-project.
org/.

Radford, A.N., Lèbre, L., Lecaillon, G., et al., 2016. Repeated exposure reduces the 
response to impulsive noise in European seabass. Global Change Biol. 22 (10), 
3349–3360.

Radford, C., Slater, M., 2019. Soundscapes in aquaculture systems. Aquac. Environ. 
Interactions 11, 53–62.

Réalis-Doyelle, E., Goulon, C., Cattanéo, F., Di Iorio, L., Domaizon, I., et al., 2025. 
The effect of seismic air gun shots on physiology and behaviour of fish lake 
communities. Sci. Rep. 15 (1), 14648.

Rogers, P.H., Hawkins, A.D., Popper, A.N., Fay, R.R., Gray, M.D., 2016. Parvulescu 
revisited: small tank acoustics for bioacousticians. In: The Effects of Noise on 
Aquatic Life II. Springer New York, pp. 933–941. http://dx.doi.org/10.1007/978-
1-4939-2981-8_115.

Ross, N.W., et al., 2000. Identification of esterase and alkaline phosphatase activities 
in Dicentrarchus labrax. J. Fish Diseases 23.

Rothman, D.L., Moore, P.B., Shulman, R.G., 2023. The impact of metabolism on 
the adaptation of organisms to environmental change. Front. Cell Dev. Biol. 11, 
1197226.

Salas, A.K., Wilson, P.S., Fuiman, L.A., 2019. Ontogenetic change in predicted acoustic 
pressure sensitivity in larval red drum (Sciaenops ocellatus). J. Exp. Biol. 222, 
1–12.

Samara, P., Athanasopoulos, M., Markatos, N., Athanasopoulos, I., 2024. From sound 
waves to molecular and cellular mechanisms: Understanding noise-induced hearing 
loss and pioneering preventive approaches. Med. Int. 4 (6), 60.

Samaras, A., Pavlidis, M., 2022. Fish scales produce cortisol upon stimulation with 
ACTH. Animals 12 (24), 3510.

Sanahuja, I., Dallarés, S., Ibarz, A., Solé, M., 2020. Multi-organ characterisation of B-
esterases in the European sea bass (Dicentrarchus labrax): effects of the insecticide 
fipronil at two temperatures. Aquat. Toxicol. 228, 105617. http://dx.doi.org/10.
1016/j.aquatox.2020.105617.

Santulli, A., Modica, A., Messina, C., et al., 1999. Biochemical responses of European 
sea bass (Dicentrarchus labrax L.) to the stress induced by off shore experimental 
seismic prospecting. Marine Poll. Bull. 38 (12), 1105–1114.

Sapolsky, R.M., Romero, L.M., Munck, A.U., 2000. How do glucocorticoids influence 
stress responses? integrating permissive, suppressive, stimulatory, and preparative 
actions. Endocr. Rev. 21 (1), 55–89.

Schreck, C.B., Tort, L., 2016. The concept of stress in fish. Fish Physiol. 35, 1–34.

http://refhub.elsevier.com/S0025-326X(26)00963-X/sb23
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb23
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb23
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb23
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb23
https://digitallibrary.un.org/record/4050926?v=pdf
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb25
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb25
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb25
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb25
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb25
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb26
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb26
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb26
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb26
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb26
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb27
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb27
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb27
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb27
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb27
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb28
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb28
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb28
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb29
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb29
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb29
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb29
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb29
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb30
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb30
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb30
http://dx.doi.org/10.1016/j.fsi.2021.02.012
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb32
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb32
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb32
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb32
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb32
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb32
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb32
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb33
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb33
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb33
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb34
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb34
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb34
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb34
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb34
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb34
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb34
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb35
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb35
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb35
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb35
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb35
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb36
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb36
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb36
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb37
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb37
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb37
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb37
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb37
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb38
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb38
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb38
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb38
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb38
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb39
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb39
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb39
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb39
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb39
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb40
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb40
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb40
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb40
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb40
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb41
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb42
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb42
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb42
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb42
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb42
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb43
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb43
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb43
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb44
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb44
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb44
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb44
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb44
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb45
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb45
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb45
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb45
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb45
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb46
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb46
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb46
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb47
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb47
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb47
http://dx.doi.org/10.1515/biolog-2016-0007
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb49
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb49
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb49
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb49
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb49
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb50
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb50
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb50
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb50
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb50
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb51
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb51
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb51
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb52
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb52
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb52
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb53
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb53
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb53
http://dx.doi.org/10.1121/10.0021371
http://dx.doi.org/10.1121/10.0021371
http://dx.doi.org/10.1121/10.0021371
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb55
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb55
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb55
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb55
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb55
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb56
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb56
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb56
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb56
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb56
http://dx.doi.org/10.1002/lom3.10524
http://dx.doi.org/10.1242/jeb.246504
http://dx.doi.org/10.1242/jeb.246504
http://dx.doi.org/10.1242/jeb.246504
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb59
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb59
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb59
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb59
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb59
http://dx.doi.org/10.1007/s10452-025-10191-0
http://dx.doi.org/10.1007/s10452-025-10191-0
http://dx.doi.org/10.1007/s10452-025-10191-0
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb61
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb61
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb61
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb61
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb61
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb62
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb62
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb62
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb62
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb62
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb63
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb63
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb63
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb64
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb64
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb64
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb65
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb65
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb65
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb66
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb66
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb66
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb66
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb66
https://www.R-project.org/
https://www.R-project.org/
https://www.R-project.org/
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb68
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb68
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb68
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb68
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb68
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb69
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb69
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb69
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb70
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb70
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb70
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb70
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb70
http://dx.doi.org/10.1007/978-1-4939-2981-8_115
http://dx.doi.org/10.1007/978-1-4939-2981-8_115
http://dx.doi.org/10.1007/978-1-4939-2981-8_115
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb72
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb72
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb72
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb73
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb73
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb73
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb73
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb73
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb74
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb74
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb74
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb74
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb74
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb75
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb75
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb75
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb75
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb75
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb76
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb76
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb76
http://dx.doi.org/10.1016/j.aquatox.2020.105617
http://dx.doi.org/10.1016/j.aquatox.2020.105617
http://dx.doi.org/10.1016/j.aquatox.2020.105617
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb78
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb78
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb78
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb78
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb78
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb79
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb79
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb79
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb79
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb79
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb80


M. Mauro et al. Marine Pollution Bulletin 233 (2026) 120176 
Slater, M., Fricke, E., Weiss, M., et al., 2020. The impact of aquaculture soundscapes 
on whiteleg shrimp litopenaeus vannamei and atlantic salmon salmo salar. Aquac. 
Environ. Interactions 12, 167–177.

Spiga, I., Aldred, N., Caldwell, G.S., 2017. Anthropogenic noise compromises the anti-
predator behaviour of the European seabass, Dicentrarchus Labrax (L.). Marine Poll. 
Bull. 122 (1–2), 297–305.

Sun, Y., Wen, H.p., Tian, Y., Mao, X., Li, X., Li, J., et al., 2021. HSP90 and HSP70 
families in Lateolabrax maculatus: genome-wide identification, molecular charac-
terization, and expression profiles in response to various environmental stressors. 
Front. Physiol. 12, 784803. http://dx.doi.org/10.3389/fphys.2021.784803.

Sverdrup, A., Kjellsby, E., Krüger, P.G., et al., 1994. Effects of experimental seismic 
shock on vasoactivity of arteries, integrity of the vascular endothelium and on 
primary stress hormones of the Atlantic salmon. J. Fish Biol. 45 (6), 973–995.

Techer, D., Milla, S., Banas, D., 2017. Sublethal effect assessment of a low-power 
and dual-frequency anti-cyanobacterial ultrasound device on the common carp 
(Cyprinus carpio): a field study. Environ. Sci. Pollut. Res. 24, 5669–5678.

Tine, M., Bonhomme, F., McKenzie, D.J., Durand, J.D., 2010. Differential expression of 
the heat shock protein Hsp70 in natural populations of the tilapia, sarotherodon 
melanotheron, acclimatised to a range of environmental salinities. BMC Ecol. 10, 
1–8.

Troell, M., Naylor, R.L., Metian, M., et al., 2014. Does aquaculture add resilience to 
the global food system? PNAS 111 (37), 13257–13263.

Tsalafouta, A., Papandroulakis, N., Gorissen, M., Katharios, P., Flik, G., Pavlidis, M., 
2014. Ontogenesis of the HPI axis and molecular regulation of the cortisol stress 
response during early development in Dicentrarchus labrax. Sci. Rep. 4 (1), 5525.

Tudorache, C., Braake, A., Tromp, M., Slabbekoorn, H., Schaaf, M.J.M., 2015. Behav-
ioral and physiological indicators of stress coping styles in larval zebrafish. Stress 
18 (2), 121–128.

Varsamos, S., Connes, R., Diaz, J.P., Barnabé, G., Charmantier, G., 2001. Ontogeny of 
osmoregulation in the European sea bass Dicentrarchus labrax L.. Mar. Biol. 138, 
909–915.
13 
Vazzana, M., Mauro, M., Ceraulo, M., Dioguardi, M., Papale, E., Mazzola, S., Bus-
caino, G., 2020a. Underwater high frequency noise: Biological responses in sea 
urchin Arbacia lixula (Linnaeus, 1758). Comp. Biochem. Physiol. Part A: Mol. 
Integr. Physiol. 242, 110650.

Vazzana, M., Mauro, M., Ceraulo, M., Dioguardi, M., Papale, E., Mazzola, S., Bus-
caino, G., 2020b. Underwater high frequency noise: Biological responses in sea 
urchin Arbacia lixula (Linnaeus, 1758). Comp. Biochem. Physiol. Part A: Mol. 
Integr. Physiol. 242, 110650. http://dx.doi.org/10.1016/j.cbpa.2020.110650.

Verdegem, M., Buschmann, A.H., Latt, U.W., Dalsgaard, A.J., Lovatelli, A., 2023. The 
contribution of aquaculture systems to global aquaculture production. J. the World 
Aquac. Soc. 54 (2), 206–250.

Voorhees, J.M., Barnes, M.E., 2017. Acoustic stress in hatchery environments. Aquac. 
Rep. 6.

Wang, Z., Jin, R., Xu, P., Wang, B., Gul, S., Shang, Y., Wang, Y., 2025. Physiological and 
behavioral effects of underwater noise on the large yellow croaker (Larimichthys 
crocea) and the blackhead seabream (Acanthopagrus schlegelii). Aquaculture 602, 
742318.

Wickham, H., 2016. ggplot2: Elegant Graphics for Data Analysis. Springer-Verlag New 
York, URL: https://ggplot2.tidyverse.org.

Wong, M.I., Lau, I.H., Gordillo-Martinez, F., Vasconcelos, R.O., 2022. The effect of 
time regime in noise exposure on the auditory system and behavioural stress in 
the zebrafish. Sci. Rep. 12 (1), 15353.

Wysocki, L.E., Davidson, J.W., Smith, M.E., et al., 2007. Effects of aquaculture produc-
tion noise on hearing, growth, and disease resistance of rainbow trout oncorhynchus 
mykiss. Aquaculture 272, 687–697. http://dx.doi.org/10.1016/j.aquaculture.2007.
07.225.

Wysocki, L.E., Dittami, J.P., Ladich, F., 2006. Ship noise and cortisol secretion in 
European freshwater fishes. Biol. Cons. 128 (4), 501–508.

Zhang, X., Zhou, J., Xu, W., Zhan, W., Zou, H., Lin, J., 2022. Transcriptomic and 
behavioral studies of small yellow croaker (larimichthys polyactis) in response to 
noise exposure. Animals 12 (16), 2061.

http://refhub.elsevier.com/S0025-326X(26)00963-X/sb81
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb81
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb81
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb81
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb81
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb82
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb82
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb82
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb82
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb82
http://dx.doi.org/10.3389/fphys.2021.784803
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb84
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb84
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb84
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb84
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb84
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb85
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb85
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb85
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb85
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb85
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb86
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb86
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb86
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb86
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb86
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb86
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb86
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb87
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb87
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb87
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb88
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb88
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb88
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb88
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb88
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb89
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb89
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb89
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb89
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb89
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb90
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb90
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb90
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb90
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb90
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb91
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb91
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb91
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb91
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb91
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb91
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb91
http://dx.doi.org/10.1016/j.cbpa.2020.110650
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb93
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb93
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb93
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb93
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb93
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb94
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb94
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb94
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb95
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb95
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb95
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb95
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb95
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb95
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb95
https://ggplot2.tidyverse.org
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb97
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb97
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb97
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb97
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb97
http://dx.doi.org/10.1016/j.aquaculture.2007.07.225
http://dx.doi.org/10.1016/j.aquaculture.2007.07.225
http://dx.doi.org/10.1016/j.aquaculture.2007.07.225
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb99
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb99
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb99
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb100
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb100
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb100
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb100
http://refhub.elsevier.com/S0025-326X(26)00963-X/sb100

	Stress in rearing: Biochemical and growth impacts of acoustic exposure in juvenile Dicentrarchus labrax
	Introduction
	Materials and methods
	Experimental plan
	Acoustic emission
	Animal sampling and analysis
	Growth performance
	Statistical analysis

	Results
	Biochemical analysis
	Growth analysis

	Discussion
	Conclusion
	CRediT authorship contribution statement
	Declaration of Generative AI and AI-assisted technologies in the writing process
	Funding
	Declaration of competing interest
	Acknowledgments
	Data availability
	References


