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Abstract

A less-explored stressor in intensive recirculating aquaculture systems (RASs) is noise
exposure. The noise profile of RASs, including the level and type of noise sources, can
influence fish production. In such systems, creating an environment that enhances fish per-
formance via improved welfare is recommended. One possible environmental enrichment
method is the use of music. This study aimed to review the effects of acoustic noise as an
environmental stressor and music as a potential performance-enhancing tool in teleost fish.
As complete elimination of sound sources is not feasible, technological solutions may help
improve acoustic environments by considering the perceptual abilities of fish and potential
positive responses to music. It is advisable to design systems in which acoustic stimuli
have beneficial effects on fish welfare and productivity. Given the limited existing research,
further studies are needed to better understand the impact of noise and music in RASs.
Insights from such research could lead to welfare improvements and increased economic
yields in intensive aquaculture, a critical element of future global food security.

Keywords: acoustic music stimuli; noise effect; teleost fish; recirculating aquaculture system

Key Contribution: This review provides a comprehensive overview of noise exposure
as a less-explored environmental stressor in intensive recirculating aquaculture systems
(RASs) and analyzes the potential of using music as a potential environmental enrichment
and performance-enhancing tool in teleost fish. The literature review highlights that the
complete elimination of sound sources is not feasible, but technological interventions can
be used to improve the noise environment by taking into account the sensory characteristics
of fish species. The use of musical stimuli may have a beneficial effect on fish welfare
and production performance, but the available research on this topic is limited. The
results of the study highlight the need for further targeted research that can contribute to
improving fish welfare, increasing the economic efficiency of production and supporting
global food security.

1. Introduction

Providing food in sufficient quantity and quality to meet the ever-increasing global
population is a major challenge. According to forecasts, the world population is expected
to increase to 9.7 billion by 2050 [1]. Sustainable solutions are needed to meet the growing
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food demand resulting from demographic growth. The aquaculture sector is currently, and
is expected to become, an increasingly important and necessary element of the global food
supply in terms of both quantity and quality [2,3].

The most economically feasible way to produce essential animal protein is to develop
fish farming. Advancements in breeding and husbandry technologies are required to
accommodate increased production [4]. The increase in yield achieved by traditional
husbandry and breeding techniques (feeding, mass selection, etc.) is no longer sufficient
to meet the demand for fish meat [5]. Due to the increasing demand for fish meat and
the need to improve the competitiveness of the fish production sector, it is necessary to
further increase the output of existing species, improve the growth rate of fish in intensive
production, and explore the inclusion of new species [4].

Fish welfare is a critical issue in the industry, not only because of its potential to
improve production efficiency and quality but also due to growing concerns about animal
rights [6]. All types of aquaculture systems inherently involve different stressors, and
farmed fish must endure a confined environment throughout their entire production cy-
cle [7]. For these reasons, controlling fish behavioral and physiological stress and avoiding
maladaptive responses to chronic stressors are central goals in the industry [8]. The study of
effects of underwater noise on fish growth performance, physiological state, and behavior
has recently attracted increasing interest, but detailed analysis of sound patterns in different
fish species remains an under-researched area [9].

In parallel, environmental enrichment is also receiving increasing attention in aqua-
culture settings. Environmental enrichment is an optimization process that increases the
complexity and heterogeneity of the cultured environment by introducing new, diverse
stimuli to better meet the physiological, behavioral, and welfare needs of fish [9]. In our
opinion, one possible method is musical stimulation, which, in addition to improving
fish welfare, may also enhance their growth performance, making it a potential tool for
improving production efficiency and economic profitability.

The aim of this study was twofold: (i) to collect and systematize the literature pub-
lished since 2000 on noise sources present in closed, intensive aquaculture systems and
their effects on teleost fish and (ii) to review the possibilities and effects of using acoustic
music as an environmental enrichment tool on the growth performance, physiology, and
behavior of teleost fish.

We believe that a thorough understanding of the acoustic characteristics of recircu-
lating systems, as well as the experiences to date with musical stimulation, is crucial for
improving breeding and husbandry technologies that consider fish welfare, support yield
increases and promote the sustainable development of the sector.

Methodology

On 10 February 2025, we conducted a targeted literature search in three scientific
databases: Google Scholar (https://scholar.google.com/) (accessed on 10 February 2025),
Web of Science (https://www.webofscience.com/wos/woscc/basic-search) (accessed
on 10 February 2025), and PubMed (https://pubmed.ncbi.nlm.nih.gov/) (accessed on
10 February 2025) to identify studies on the effects of noise sources in closed, recirculating
systems (RASs) on teleosts and the use of music as a potential environmental enrichment
tool (Figure 1).
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filtering duplicate (29) and irrelevant
studies based on title/abstract
(17,371)

literature search in scientific databases based on
keywords /2000-2025/
(17,400)

Figure 1. Flowchart of the process of collecting literature examining the effects of acoustic stimuli
applied in a closed, recirculating system on teleost fish.

The search covered the period from January 2000 to February 2025. The follow-
ing keywords were used to identify relevant studies: “noise”, “sound”, “fish”, “RAS”,
“recirculating systems”, “teleost”, “Cyprinidae”, “effect”, “music”, “growth”, “stimuli”
and “soundscape”.

The primary search identified 17,400 hits, many of which were not relevant to the
research focus. Duplicate and irrelevant studies were manually filtered based on title and
abstract. The selected publications were then evaluated based on the following inclusion
criteria: (1) peer-reviewed scientific papers in English (excluding summary articles), (2) pa-
pers on experiments on teleost fish in closed, recirculating systems, (3) papers investigating
the effects of music or sound stimuli, (4) papers focusing on teleost fish studies, including
those that also included other species (e.g., crustaceans) if data on teleost fish could be
clearly distinguished, (5) papers specifically analyzing noise effects or music stimuli related
to recirculating systems. During the screening, the references of the studies that met the
criteria were also reviewed for additional relevant literature.

After the screening process and review of the references, 31 studies published in the last
25 years were selected for detailed analysis. These publications provide a comprehensive
overview of the effects of the acoustic environment of closed, recirculating aquaculture
systems on fish welfare and growth performance, and the potential of musical stimulation
as a non-invasive, potentially welfare-enhancing intervention in the culture of teleost fish.

2. Noise Emission Characteristics of Recirculating Systems and Their
Acoustic Effects

To understand the effects of noise sources in aquaculture systems, it is essential to
know the operation of recirculating aquaculture systems, the characteristics of sound
sources and noise profiles occurring in the RAS environment, and the mechanisms of
underwater sound propagation and their effects on fish acoustic perception.

2.1. Basic Principles of Operation of Recirculating Aquaculture Systems

Recirculating aquaculture systems (RASs), especially closed-loop technologies with a
tank design, have been developed for intensive fish farming, operating with minimal water
exchange. The basic objectives of these systems are to reduce water consumption, precisely
control the physical and chemical parameters of the culture environment and effectively
remove organic and inorganic end products generated during fish metabolism [10]. The use
of biofiltration units is essential for maintaining water quality, which are able to efficiently
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degrade ionized (NH4+) and non-ionized (NH3) forms of ammonia, thereby preventing
the accumulation of toxic substances in the system [11]. The main elements of RASs are the
growing tank, the sump, the biofilter unit, the oxygen supply system (e.g., U-tube aeration),
and the water circulation pump (Figure 2).

growing tanks
. - » - o — | — . - |
b4 b4 PN b

sump biofilter mechanical

vig
<] =

Pv‘\

UV disinfection oxygen enrichment

Figure 2. Principle drawing of a recirculation system.

Temperature control is fish species specific and is achieved by thermostatic systems.
Ozone- or UV-based water disinfection technologies are often used to minimize microbio-
logical risks [12]. The systems typically recycle more than 90% of the water mass through
biological and mechanical filtration stages, ensuring sustainable and environmentally
friendly operation [13].

2.2. Sound Sources and Noise Profiles in Recirculating Aquaculture Environments

The acoustic environment of recirculating aquaculture systems (RASs) is primarily
determined by the noise emissions from mechanical equipment. Dominant sound sources
include pumps (29 Hz), air blowers (59 Hz) and protein separators [14,15]. These devices
typically emit sound in the low frequency range (<2000 Hz), with sound pressure levels
often reaching or exceeding 100-150 dB re 1 uPa. Underwater noise sources can be divided
into three main categories: abiotic (e.g., water turbulence), biotic (e.g., fish sounds) and
anthropogenic (e.g., pumps, aerators, human handling operations) [16]. The operation of
RASs is closely related to anthropogenic noise emissions, as the technological equipment
used in them generates continuous and significant acoustic loads. The sounds thus gener-
ated are predominantly of artificial origin, their spectrum and intensity differ significantly
from the statistically more complex and generally lower-level noise profiles characteristic of
natural aquatic habitats [17,18]. The noise spectrum occurring in RASs largely overlaps the
known hearing range of teleost fish, which can potentially affect the physiological state, be-
havior and hearing of the species [19,20]. Therefore, the investigation of sound sources and
noise profiles of RASs is of paramount importance for fish welfare and breeding efficiency.
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2.3. Characteristics of Underwater Sound Propagation and Its Significance for the Acoustic
Perception of Fish

The propagation of sound underwater differs from its behavior in air as sound waves
propagate as longitudinal waves in the form of pressure changes and particle motion [21].
Both components, pressure fluctuations and particle oscillations, play a key role in the audi-
tory physiology of fish [22]. The propagation of sound waves depends on the water depth,
the physical properties of the medium, and the frequency. The sound intensity encoun-
tered in recirculation systems, especially values up to 135 dB in the range of 25-1000 Hz
and 115 dB in the range of 1-2 kHz, can directly affect the hearing threshold and sen-
sory responses of fish [23]. The “hissing” sound effects produced by microbubbles, as
well as impulsive noises such as overflows and door closings, can further amplify noise
pollution [19].

In addition, structural vibrations generated by electrical devices also contribute to acous-
tic background noise. Fish, especially hearing specialist species, are sensitive to low-frequency
noise transmitted through water, which can affect their behaviour, stress responses, and, in
the long term, their growth performance, feed utilization, and reproduction.

3. Effects of Noise Sources in Aquaculture Systems

All types of aquaculture systems are inherently subject to various stressors and farmed
fish must endure a confined environment throughout their entire production cycle [7]. Noise
sources include water circulation systems, ventilation and other technological equipment, which
generate continuous, mostly low-frequency (<1000 Hz) or intermittent sound effects in the
aquatic environment, resulting in a complex background noise in the system [15,19]. For fish,
these noises can be a disturbing factor, especially in confined spaces where escape or avoidance
is not possible [9,24]. These noise effects depend on the auditory specialization of the species,
the frequency of the noise, the exposure time, and the design of the system (Table 1).
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Table 1. Characteristics of differences in species, sound frequencies, exposure durations and system designs in relation to noise effects on teleost fish.

Frequency Range of the
Measured Noise Spectrum

Exposure Duration

Tank Material and Density

Species

Number of Samples (1)

Reference

above and below 315 Hz
(one-third octave band)

no data

tank material:

enclosed recirculating raceways

fiberglass

concrete culture tanks outdoor open ponds

tank density:
high density (50-100/m3)

Morone saxatilis
Oreochromis niloticus
Salmo salar

no data

0.3-0.4 kHz;
142 dBre 1 puPa

14 days

tank material:
hatchery ponds

tank density:
no data

Pimephales promelas

no data

158 dB re 1 uPa

14 days

tank material:

externally filtered aquaria

all aquaria were planted, equipped with
half flowerpots as hiding places, and the
bottom was covered with sand

tank density:
no data

Carassius auratus
Pimelodus pictus

12

[27]

110-125 dB re 1 uPa;
160-170 dB re 1 uPa

14 days

tank material:
76-L glass
aquaria and 19 L plastic bucket

tank density:
no data

Carassius auratus

no data

[28]

115,130, 150 dB re 1 pPa

8 months

tank material:

round, fiberglass-reinforced plastic

use of insulating washers and PVC pipe
covers for noise insulation

tank density:
density of fiberglass polyester composites:
~1.5-1.9 g/cm?

Oncorhynchus mykiss

700 fish per tank or 10 kg
per cubic meter (kg/m?)
total of 3 tanks

[29]
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Table 1. Cont.

Frequency Range of the

Measured Noise Spectrum Exposure Duration Tank Material and Density Species Number of Samples (1) Reference

tank material:
round, fiberglass-reinforced plastic
use of insulating washers and PVC pipe
ﬁ; j]; ;2 1 tlljg’ 5 months covers for noise insulation Oncorhynchus mykiss 600 [15]
tank density:
density of fiberglass polyester composites:
~1.5-1.9 g/cm3
tank material:
plastic aquarium lined with bubble

119 dB re 1 puPa; wrap, with a layer of sand at the bottom,
115 dB re 1 uPa; lants, and pots .
114 dBre 1 pPa; no data Ic?utcloor porlljd: natural earthen pond Carassius auratis 6 (301
95 dB re 1 uPa
tank density:
no data
tank material:
rectangular flow-through PVC tank
1102%’ 51?30;:20”1;;’ 2 weeks with ceramic aerator Pagrus auratus no data [31]
tank density:
no data
0.025-1 kHz in frequency tank material:
band 112, 119, 146, 131 and square PVC experimental tank
131 (offshore noise); no data Sparus aurata 270 [32]
0.025-1 kHz in frequency tank density:
band 126 (onshore noise) no data
tank material:
glass pool with PVC and insulation
120-140 dB re 1 uPa; pcl)ol bottfogn insfulate? ];,Vit}i
112 dB re 1 pPa; no data a‘ayer of Styrofoam fiberglass Danio rerio 200 [33]
89 dB re 1 uPa and rubber pads
tank density:

no data
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Table 1. Cont.

Frequency Range of the
Measured Noise Spectrum

Exposure Duration

Tank Material and Density

Species

Number of Samples (1)

Reference

100-1000 Hz

no data

tank material:
black, round fiberglass-reinforced
plastic pools

tank density:
no data

Gadus morhua

stress response study: 42
spawning performance
study: 16

[34]

100-500 Hz

no data

tank material:

ultra-high density cement slabs,
50 mm thick walls

high-density polyethylene, wall
thickness of 10 mm

ground bed lined with
polyethylene film

high-density polyethylene
floats and mesh

tank density:
no data

Cyprinus carpio
Salmo salar
Perca fluviatilis
Pagrus major
Palaemon serratus

no data

63,125, 500 and 1000 Hz
(based on one-third
octave band);
140-150 dB re 1 pPa

7h

tank material:
round PVC or fiberglass-
reinforced plastic

tank density:
no data

Sparus aurata

90

127 dB re 1 uPa

8 weeks

tank material:
RAS PVC/fiberglass composite

tank density:
no data

Salmo salar

120

115 dB re 1 uPa;
69 dBre 1 uPa

60 days

tank material:

PVC cylindrical tank surrounded by
stainless steel and insulating materials and
placed on a vibration-damping pallet

tank density:
no data

Micropterus salmoides

600
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Table 1. Cont.

Frequency R.ange of the Exposure Duration Tank Material and Density Species Number of Samples (n) Reference
Measured Noise Spectrum
tank material:
107.7 dB re 1 uPa; circular PVC
115.1 dBre 1 puPa; 50 days Micropterus salmoides 300 [9]
70.4 dB re 1 uPa tank density:
no data
tank material:
PVC
U elbrel leey; 50 days Micropterus salmoides 200 [24]
70.4 dB re 1 uPa .
tank density:
no data
tank material:
PVC cylindrical tanks were placed on a
80-1000 Hz, 117 dB re 1 uPa; 30 days E\Zl(jl:tl})rf atllaO fr damping tray with a rubber Micropt Imoid 300 [38]
1-19 kHz, 117 dB re 1 yPa y g layer icropterus salmoides
tank density:
no data
tank material:
between 1.7-4 kHz MicroRAS unit: circular
(food particles falling Cornell-type polypropylene
into the water); 15 days tank with double drain Salmo salar 2400 [39]

between 6.5-9.4 kHz
(fish feeding sounds)

tank density:
no data
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Anthropogenic activities in aquatic environments in aquaculture systems generate

noise in the frequency range below 1 kHz [40], which is within the hearing range of most

fish species [41]. When species are exposed to noise sources in this frequency range, they

can suffer a number of negative effects. Increased environmental noise levels can affect fish

growth performance, behavior and swimming patterns and physiology and can also cause

hearing loss through changes in hearing thresholds and disease resistance (Table 2).

Table 2. Effects of noise sources on various parameters (growth performance and feed utilization,

behavior and swimming patterns, physiology and neuroendocrine responses, hearing impairment,

disease resistance) in teleost fish.

Aims Results Noise-Causing Device Species Noise Effect Reference
High sound
pressure levels in
the lower-frequency
region are within the
hearing range of
most studied teleost
Low-frequency sounds High-frequency fish species.
were dominant in all underwater noise:
systems measured. The electric motors, High sound
Water noise noise level in the oscillating and pressure levels in the
testing: closed low-frequency panpgeas collapsing air bubbles, high-frequency
—— s, ; 10 dBre 1 pPa higher in aeration and the Morone saxatilis region have a
ySMIN o concrete racewa Oreochromis niloti o 25
concrete and fiberglass Ve water pump. reochromis niloticus detrimental effect [25]
pools and open, Low—frequency noise Salmo salar on the health and
outdoor lakes. was particularly h}gh Low-frequency V\./ell—beu}g of
(130 dB re 1 pPa) in fiberglass noise: water flow, fish species.
tanks when compared with that ~ ground vibration,
in the concrete tanks tank wall vibration, Aerators and other
(110 dB re 1uPa). electric pumps. sound sources in
aquaculture systems can
affect the physiology of
individuals, resulting in
reduced growth
performance and
resistance to disease.
Using Pimephales
promelas, it investigates . .
the immediate effect After noise exposure, hearing
of 24 h exposure thresholds were higher in five
to white noise of the eight fr;quenciesltested Increased stress levels
15245 e 1 ypa) The oxtent of regeneration . White noise. Pimephales promeles  negative impact on el
on hearing thresholds depends on the duration of growth periormance.
and the temporal noise exposure and the
pattern of regeneration frequency range.
following
noise exposure.
Immediately after noise
exposure, both species showed
a significant increase in hearing
thresholds. A hearing loss of
The influence of 26 dB was measured in
intense white noise on  Carassius auratus and 32 dB in
the hearing sensitivity Pimelodus pictus, with the noise
of the non-vocalizing effect being more pronounced
Carassius auratus and in Pimelodus pictus. The extent . . Carassius auratus, q
the vocalizing of hearing lon was not affected  VVhite noise. Pimelodus pictus Hearing loss. [27]
Pimelodus pictus at by the duration of noise
different noise exposure. The regeneration
exposure times capacity was species-specific:
(12 and 24 h). the hearing threshold of
Carassius auratus recovered to
its baseline value within three
days, while this process took
14 days in Pimelodus pictus.
. Carassius auratus, as a hearing
A et i
(el\;;l,u Zl,tilcilr; ilf (siti}e,z; induced by underwater noise
responses and hearing and may suffer significant White noise. Carassius auratus Hearing loss, increased [28]

sensitivity of Carassius
auratus in response

to increased
environmental noise.

hearing loss, which may be
reversible in the case of
prolonged noise exposure,
but requires a long
regeneration time.

stress levels.
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Table 2. Cont.
Aims Results Noise-Causing Device Species Noise Effect Reference
There was no significant
difference in hearing threshold
values between the different
noise treatments.
Hearing damage was not
detectable due to noise
exposure. There was a
significant difference in hearing
thresholds between the two
groups examined.
Evaluation of the There was no significant Aerators, water Difference in hearing
effects of long-term difference in growth rate and air pumps, threshold between
(8 months) noise and mortality within each fishing equipment, individuals in the
exposure on hearing noise treatment. oxygen saturator Oncorhunch ki two groups. o
sensitivity, growth . . . pumps, carbon COTLYNCAIS TYKISs There was a difference =Y
performance and After infection with the dioxide blower, . Y e g—_
survival of pathogen Yersinia ruckeri, there  filter systems, B th thp
Oncorhynchus mykiss. was no significant difference in  maintenance machines. atGho e(;lCY;fsinia ruck?fri
mortality between the noise p g ’
treatments, but there was
a significant difference
between the two groups.
Opverall, the noise levels typical
of recirculating systems did not
have a negative effect on
hearing, growth performance,
survival, stress response and
disease resistance of
Oncorhynchus mykiss.
There were no significant
differences in the parameters
A detailed evaluation examined (final weight, body
of the effects of lengt.hf specific growth rate, Noise levels in intensi
long-term (5 months) condition factor, feed a (:;;‘iuﬁ{fr: . ster?nsswe
noise exposure on conversion, survival). Aerators, water and air hgve o ne a’gve
growth performance, Crowth analysis of individuall pumps, blowers and Oncorhynchus mykiss | %n act on th [15]
condition factor, feed oWt anatysis ol IMAUIVIAUATY  fijter systems. ong-ierm impact on tie
utilization efficiency ma]jkgd fish showe;l that growth and survn{al of
and survival of 1n_dlv1dua_ls placed in a tank Oncorhynchus mykiss.
Oncorhynchus mykiss. with a noise level of 149 dB
grew significantly slower in the
first month, but subsequently
acclimatized to the noise.
Evaluation of the
behavior and hearing .
sensitivity of Carassius ~ 1he noise exposure of the tested
auratus in response to filter types had a negative
underwater noise. impact on the hearing of
Four noise sources Carassius auratus, especially in
were investigated: an the range between 0.1 and
sﬁﬁ;?:ldfil ;tcfa‘?’glgl an g‘f?’llél_{lzgf gﬁiﬁz:;ﬁ;gi{}g}ﬁz&lﬂ Filtration equipment. Carassius auratus Hearing loss. [30]
external filter with stronger noise sources. The
underwater discharge,  hearing threshold was not
an internal filter with  significantly affected by the
ungerwati_rltdlscélarge, background noise of the
and an unfiltere
garden pond. The time garden pond.
of exposure: 14 days.
Fish from aquaculture systems
had significantly higher hearing
. . thresholds at 100, 200 and
Comparison of hearing 400 Hz than their .
sensitivity of wild and  wild-caught counterparts. Auditory evoked Effect on hearing ability:
aquacultured Pagrus potentials (AEPs) in Pagrus auratus change in hearing ’ [31]

auratus to noise. The
time of exposure:

14 days.

Data fitted to a reef-based
model showed that the
detectable reef distance for fish
from aquaculture systems was
reduced to half the distance
estimated for wild fish.

a recirculating
aquaculture system.

threshold level.
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Table 2. Cont.
Aims Results Noise-Causing Device Species Noise Effect Reference
Regarding growth performance,
individuals exposed to offshore
noise showed higher body
weights and lengths compared
to the control and onshore
groups. In the control and
onshore groups, higher serum
Comparative analysis  cortisol, glucose, red blood cell
of thenoise count, hematocrit and The coastal aquaculture
environment of hemoglobin values were environmentq
gélfsggrliﬁr;j;;:i?gse measured, and lower white Simulated n?ifse (onshore noise
blood cell counts wert environment for i
on stress rtleqsponses mggsuidf&diciﬁneg echmnic offshore and S :?f}::(c)ts; ;L?Viﬁanvely [32]
and growt] stress. The offshore grou onshore aquaculture.
performance of Sparus  showed more favoragble \Iz)alues, ?fgg;;ggftf;gd catses
aurata. The time of indicating lower stress levels. ’
exposure: 40 days. Based on the results, marine
background noise positively
affects the growth performance
and well-being of Sparus aurata
individuals, while the noise
profile of inshore aquaculture
systems may trigger
stress responses.
. Danio rerio are able to perceive
Egggg;gogfrsffsds of sound effects even at low ) ) ) Changes in swimming
Danio rerio through volume levels and adapt their High and medium behavior: changes in
. behavior in the short term. noise levels and . . team cohesion,
two indoor High 1 level - Danio rerio : : [33]
) . gher volume levels were environmental swimming speed and
experimental studies. t ily disruptive but background noise osition in the
The time of exposure: dgmporan y cistup 5 ’ p
30 min. id not resultin _ water column.
avoidance behavior.
Artificial noise exposure
induced a transient and Anthropogenic noise:
Study oftheefectof  (0uTE O L oy husbandry activites am acte cortsol stess.
" . . ; an acute cortisol stress
anthropogenic noise returned to baseline within one  (nand feeding), response in Gadus morhua
on stress responses hour after the cessation of the disturbances (talking P ’
and spawning sound stimulus. Daily and walking next to Chronic noise exposure
performance of application of noise of similar the tank, simulated negatively affected the
Gadus morhua. The intensity and frequency during netting in the tank, Gadus morhua quantity and quality of [34]
time Qf expOﬁufS: . the breeding season reduced knocks against the viable embryos.
giggﬁggﬁt 5 min. the number of viable embryos itin}r( W?rllls I’r‘ﬁﬂ;‘l ity)
& LIl o in the breeding population by ancdeeasui gmer'it Sity Adverse gffeqts
several weeks more than 50%. A negative ety infl on reproductive
’ correlation was found between ~ (2erator, water inflow, performance.
oocyte cortisol content and oxygenator).
fertilization rate.
The noise spectrum of the tanks
and net cages of the
Comparative analysis recirculating aquaculture
of the acoustic systems is equal to or close to
environment of the hearing threshold of the
different aquacultqre species studied. Cupri )
systems (commercial Mechanical sound Py prinus gur’lla 10 Increased stress levels,
net cages, earth tanks, The acoustic environment effects of different Iejt;”r{z ;‘%’flt;_:s ’ negative impact on [19]
and recirculating created by the net cages aquaculture systems. Sglmo salgl ’ growth performance.
aquaculture system proved to be the most
tanks made of concrete  variable and intense.
and high-density
polyethylene). The measured noise levels reach
or exceed the hearing threshold
for several species.
Regarding grouping,
low-frequency noise (63 and
125 Hz) immediately reduced
the scattered location of the fish,
Analysis of Sparus returning to the baseline state
aurata behavior after 2 h (indicating
(grouping, mobility, habituation). 1 kHz noise
and swimming height increased scattered location . . Behavior, survival,
changes) undegr theg after 2 h, without any sign of White noise. Sparus aurata adaptive capacity. [35]
influence of white habituation. The motility of the
noise. The time of individuals decreased at 63 Hz,
exposure: 7 h. and their swimming height
decreased at all frequencies
except 125 Hz. The results
showed frequency-dependent
behavioral changes.
Long-term study There was no difference in The noise environment
of noise effects of growth rate and survival Mechanical devices of recirculation systems
a recirculating rate between the noise-exposed  typical of s does not have a
almo salar [36]

aquaculture system in
Salmo salar. The time of
exposure: 8 weeks.

and control groups. There was
a non-significant weight loss in
the noise-exposed group.

a recirculating
aquaculture system.

demonstrably harmful
effect on the early rearing
stage of Salmo salar.




using two
experimental setups: a
noise exposure group
and a control group.
The time of exposure:
50 days.

group than in the control group.
Individuals in the noise
exposure group achieved a
lower average weight and their
specific growth rate decreased.
Overall, it was found that the
noise generated by the aerator
has an adverse effect on the
behavior and growth
performance of

Micropterus salmoides.

performance, behavior
(swimming pattern).
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Aims Results Noise-Causing Device Species Noise Effect Reference
There was no difference in the
average daily feed intake
between the two groups. The
average body weight gain was
significantly lower in the noise
group compared to the control
Analysis of the noise group. Based on the analysis of
exposure of a blood, liver and intestinal
recirculating samples, noise in the
aquaculture system recirculation aquaculture
on the growth, system had a negative effect on
physiological state the antioxidant defense system
O and immune function of Negative effect on
Micropterus salmoides SrafehyeiraE, b, Micropterus salmoides behavior (fish school [37]
using two treatment Noise exposure affected aerators, filters. structure) and growth
groups: noise group behavi 4 school structure: performance.
(recirculating ehavior and school structure:
aquaculture system) the average angle and distance
between the focal fish and its
and control group nearest neighbor were greater
Eﬁtsl;alfgzct%gg?fld in the noise group than in the
exposure: 2 months. S (Zoe:
Overall, it was concluded that
noise exposure in recirculation
aquaculture systems adversely
affects the welfare, growth
performance and behavior of
Micropterus salmoides.
The individuals in the ambient
group reached a higher body
mass than the individuals in the
open aquaculture system group.
Analysis of the The noisy environment had a
development, negative effect on the immune
physiological response, antioxidant enzyme
processes and behavior activity and digestive enzyme )
of Micropterus salmoides ~ function. External noise sources Negative effect
under the influence of influenced the swimming . . on growth
three different sound patterns of the individuals. Using three chfferent performance, behavior
fggiz?lrgﬁirrllts (closed  Orientation (polarity) and igg.r%%l%orercleiPa; Micropterus salmoides (swimming pattern), 9]
cohesion within the group were {157 4B e 1 11Pa immune response,
aquaculture system, more dispersed in the closed 704 dBre 1 pPa antioxidant enzyme
open recirculation and open aquaculture systems activity, digestive
system in a natural than in the ambient group. enzyme function.
pon_d, noise-free Overall, the research
environment). The highlighted that the
time of exposure: development, physiological
50 days. state and behavioral
characteristics of Micropterus
salmoides are influenced by the
acoustic environment of the
aquaculture systems.
In the noise exposure group,
individuals maintained a
greater average angular
deviation and physical distance
from each other than in the
Explored the effect of control group. The kinetic
aerator-generated energy expended during
noise on the feeding was lower in the
swimming, feeding, noise-exposed group. The
and growth swimming pattern of ..
chargcteristics of individuals showed a higher Ijrfgig“/ﬁﬁmpad
Micropterus salmoides value in the noise exposure Aeration system. Micropterus salmoides & [24]
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Table 2. Cont.

Aims

Results

Noise-Causing Device Species

Noise Effect

Reference

Analysis of the effects
of industrial noise in
different frequency
ranges on the growth
performance,
physiology and
collective behavior of
Micropterus salmoides
using three treatment
groups: low-frequency
noise group,
high-frequency noise
group, control group
(natural background
noise). The time of
exposure: 30 days.

Industrial noise in different
frequency ranges had a
negative effect on the growth
performance of fish. In the
control group, the body weight
gain rate and the tail length
width product were higher
compared to the noise groups.
The lowest weight gain was
observed in the low-frequency
noise group. Noise exposure
negatively affected the
digestive capacity of fish,
especially in the groups
exposed to low-frequency noise.

Collective feeding behavior was
significantly modified: the
propagation efficiency of
feeding signals and feeding
intensity decreased in both
noise groups, especially in the
case of low-frequency noise.

Opverall, it was found that noise
exposures at different
frequencies generated in
recirculating aquaculture
systems adversely affect the
growth performance,
physiological function and
group behavior of Micropterus
salmoides, of which
low-frequency noise proved to
be the most harmful.

Different types

of equipment

for recirculating
aquaculture systems.

Micropterus salmoides

Negative impact on
growth performance,
physiological function
and group behavior.

[38]

Mapping the
soundscapes of the
recirculation system in
Salmo salar. The time of
exposure: 15 days.

The sound patterns in the
recirculation system
significantly influenced feeding.
Two main noise sources were
identified: one was the arrival
of the feed at the water surface,
and the other was the behavior
of the fish during feeding.
During the fall of feed pieces on
the water, the sound energy
was concentrated in the
frequency range between 1.7
and 4 kHz, where a decrease in
the peak frequency and an
increase in the amplitude were
observed with an increase in
the number of incoming pellets.
The feeding sounds of the fish
were higher, occurring at
frequencies between 6.5 and

9.4 kHz. During feeding events,
more complex sound patterns
developed, which were
evaluated for the first time
using acoustic indices

in a recirculation

aquaculture system.

The arrival of food at
the water surface the
feeding sounds of fish.

Salmo salar

The Acoustic Complexity
Index (ACI) increased
during feeding, while the
Acoustic Entropy Index
(H) and the Normalized
Difference Soundscape
Index (NDSI) showed a
decreasing trend
compared to non-feeding
periods. The changes in
the identified sound
types and acoustic
indices suggest that not
only the behavior of the
fish, but also the
operation of the system
can be monitored based
on the soundscapes.

[39]

All studies have consistently shown that noise exposure is most damaging to fish in

the frequency range of 100-1000 Hz because most bony fish have the most sensitive hearing

in this range. Noise levels measured in various RASs generally reach a 125-135 dB sound

pressure level in this frequency range, which refers to the sound intensity in water that
fish can perceive well [25,30]. Studies on white noise [21,27,28] have shown that fish expe-
rience the most deterioration in sound perception in this most sensitive range, i.e., their

hearing threshold increases, which makes it more difficult to perceive sounds. Noises

generated in offshore environments are considered to be more complex noises, but these

noises also primarily affect fish in the low frequencies (~100 Hz) [32]. Noise sensitivity is

due to anatomical and neurophysiological differences in the auditory system. In hearing
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specialist species, the Weberian ossicle connects the swim bladder to the inner ear, and
pressure waves reach the otolith receptors more strongly. This allows the species to detect
underwater vibrations in a wider frequency range, resulting in increased sensitivity [17,20].
This increased sensitivity may predispose these species to noise-induced damage to the
otolith receptor and macular hair cells. This may lead to impaired hearing function and
stress-induced growth retardation. In contrast, non-hearing specialist species, which lack
this connection, have a narrower hearing range, i.e., are sensitive to lower frequencies. Thus,
they experience less acoustic stimulation when exposed to noise, but prolonged exposure
may result in increased cortisol levels and changes in neurotransmitter systems [32,42,43].
Noise-induced neuroendocrine activation diverts energy from growth, immune and repro-
ductive processes and may lead to a decrease in resistance to disease in the long term. As a
result, anatomical and neurophysiological differences in the auditory organs of hearing spe-
cialist and non-hearing specialist species determine the direction and extent to which noise
exposure affects the physiological and welfare parameters of the species. In addition to
biological characteristics, the extent of noise sources is also influenced by experimental and
housing conditions. The material of the tank, the acoustic reflectivity of the walls, the water
depth, and the stocking density all shape the propagation and reflection of noise. Based on
all this, the type of noise source determines whether fish are affected in or outside their
most sensitive hearing range. Therefore, detailed mapping of the acoustic characteristics of
RASs is essential for the accurate interpretation of biological responses.

Several studies (Table 2) have investigated how these technological noises affect physi-
ological processes in different fish species, such as growth performance, feed utilization,
behavior, swimming patterns, as well as stress responses and disease resistance (Figure 3).
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Figure 3. Global study of the effects of noise sources on teleost fish for various parame-
ters over the period of 2000-2025. The depth of the colours on the map indicates the num-
ber of published studies (darkest: indicates the most published studies in the given coun-
try; lightest: indicates the fewest published studies in the given countries). The numbers
next to the parameters indicate the number of pub-lished studies globally for each trait.
The pictograms indicate the species studied in the countries indicated for each parameter:
w2 Morone saxatilis Yy Salmo salar WP Oreochromis iloticus WM Oncorhynchus mykiss Y Carassius auratus
w. Pimephales promelas W Micropterus salmoides ZF00 o0 Cyprinus carpio 2D Pagrus major >=Bew Daniorerio
LM Pagrus auratus S Sparus aurata >0 Gadus morhua 3P Pimelodus pictus 249w Perca fluviatis
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Although the results vary depending on the species and experimental setting, the
general trend is that noise exposure mostly has negative effects on fish [9,19,24,25,34,37,38].
In most studies, decreased growth rate, reduced feed intake, and altered behavioral patterns
were observed. However, some studies have not found significant differences in long-term
noise exposure [15,28,29,33,35], suggesting that some species are capable of a certain degree
of habituation. Filiciotto et al. [32] found that there are also differences between different
noise environments. Based on their results, offshore (quiet sea background noise and ship
noise with random variations) noise environments may be more beneficial for the growth of
individuals than onshore (typical noise profile of an open concrete tank) noise environments.
A comparison of offshore and onshore rearing environments for Sparus aurata showed that
onshore noise profiles were associated with increases in cortisol, glucose, hematocrit and
red blood cell count and decreases in white blood cell count, suggesting a pattern of chronic
stress. In contrast, the offshore environment resulted in more favorable physiological values
and improved growth performance [32]. In Gadus morhua, anthropogenic noise caused
an acute increase in cortisol levels, which normalized within one hour after the noise
was removed. Repeated daily exposure during the breeding season reduced the number
of fertile embryos by more than 50%, and a negative correlation was found between
oocyte cortisol levels and fertilization rates [34]. All of this suggests that noise has a
significant impact on reproduction and that reproduction is particularly sensitive to chronic
noise exposure.

The presented studies have shown that the frequency and intensity of noise in RASs
are determining factors: both high- and low-frequency sound effects affect the swimming
patterns and behavior of fish. In the short term, these effects are typically stronger and
during longer noise exposure; it has been observed that some species adapt to different
sound sources [14,28,29,33,35]. All studies examining physiological and neuroendocrine
responses [9,19,25,28,34,37] have shown that both intermittent and continuous noise ex-
posure act as stressors on fish. In general, short-term, sudden noise exposure causes an
increase in cortisol levels in individuals, but they adapt relatively quickly to the stress and
there is no significant impact in the long term.

The mechanism underlying these effects is the activation of the hypothalamus-
pituitary-interrenal (HPI) axis, which causes an increase in the cortisol level and changes in
neurotransmitter systems [32]. An increase in cortisol levels indicates a stress effect which
can also lead to an increase in glucose and lactate concentrations [42,43]. Several studies
have shown a decrease in dopamine activity and changes in serotonergic regulation under
various sound effects, be it noise exposure or musical stimuli, which can lead to distur-
bances in feeding motivation, stress management and behavioral regulation [26,27,32,44,45].
Papoutsoglou et al. [46,47] and Kusku et al. [45] have highlighted in their studies that, in
parallel with the modification of the neurotransmitter system, growth hormone can also
change under the influence of acoustic stimuli. This can indirectly positively influence
growth performance and feed utilization. In addition, Zhang et al. [9] and Hang et al. [37]
in their results in Micropterus salmoides found that chronic HPI activation is associated with
immunosuppression, weakening of the antioxidant defense system and deterioration of
mucosal immunity [9,37]. The body shifts energy from growth and reproduction to main-
taining homeostasis, which is reflected in reduced growth rates, reduced feed conversion,
and reduced reproductive performance [24,34,38].

The effect of noise on hearing sensitivity deserves special attention. Continuous, low-
frequency background noise can damage the auditory organ and cause varying degrees
of hearing loss. The degree of damage depends largely on the hearing capabilities of
the fish species. Hearing specialist species, such as Carassius auratus or Cyprinus carpio,
perceive aquatic sounds in a wide frequency range [27,28] and react with a stress response
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even to low-intensity noise. Carassius auratus, Pimephales promelas, and Pimelodus pictus
are highly sensitive, showing an increase in hearing threshold of up to 25-32 dB to white
noise [26-28,30]. In contrast, non-hearing specialist species, such as Salmo salar, Percidae
or Oncorhynchus mykiss, are less sensitive [15,25,29,31,36], but prolonged, high-intensity
noise exposure can also have negative physiological consequences for them, and hearing
recovery can take several days (>14 days) for both hearing-specialist and non-hearing-
specialist species. Sparus aurata and Pagrus auratus show intermediate sensitivity; however,
impairment of the immune response, oxidative stress or permanent hearing loss in cultured
populations have also been measured in these species [32,35]. Regarding the duration
of exposure, acute exposure (minutes to hours) causes a measurable increase in hearing
threshold and studies show that short-term (24 h) exposure can cause a more permanent
threshold shift, the full regeneration of which can take up to two weeks. In the case of
medium-term exposure (days-weeks), some species partially regenerate; however, continu-
ous noise exposure leads to hearing loss and an increase in stress hormones. The effects
of long-term exposure (months) are species-specific, with no performance impairment
observed in Oncorhynchus mykiss [15], while immune and metabolic damage occurred in
Sparus aurata [32,35]. It can also be seen that the noise effect gradually accumulates and
the length of the recovery period often exceeds the duration of the noise exposure. All
this supports the idea that the effects of noise cannot be generalized to all fish species,
but depend on the anatomical specializations of the auditory system, which determines
whether a given species is a hearing specialist or not. The results of the studies show that
the extent of hearing regeneration depends on the duration of noise exposure and the
frequency range examined.

Only two studies have reported the effects of noise exposure on disease resistance [25,29].
One study [25] reported that noise sources in the RAS reduced disease resistance in different
species. The other study [29] found no difference in mortality between different noise
treatments. Long-term conclusions cannot be drawn from the small number of studies, but
it can be assumed that the effects of different noise exposures on disease resistance may be
species-specific.

According to the studies presented in Tables 1 and 2 and available on the subject,
there are also many differences in system design, which is an important consideration
when setting up an experiment. RASs have the highest noise levels (reaching a sound
pressure level of 125-135 dB), which is particularly dangerous for hearing specialist species.
In contrast, pond systems operate at much lower noise levels (~95 dB), thus reducing
hearing and stress loads. The specific noise profile of offshore cage systems (ships, flow
noise, machinery), in addition to causing hearing damage, also induces oxidative stress,
which directly affects the well-being of fish and their resistance to disease. In laboratory
tanks, pumps and filters generate ~119 dB of noise, which is sufficient to shift the hearing
threshold in noise-sensitive species.

Based on all this, we can conclude that technological noise typically generates under-
water noise levels and frequency ranges that fall within the hearing range of fish. Although
the exact effects of noise on fish are not yet fully understood, the available scientific data
suggest that noise exposure can damage fish hearing, impair growth performance, increase
stress levels, and affect disease resistance. This can also reduce the economic efficiency of
production in the long term in addition to negatively affecting fish welfare.

4. Acoustic Characteristics and Biological Effects of Music on the
Fish Organism

Music is a complex, structured acoustic stimulus that carries information in terms
of frequency, amplitude, and timbre in a temporally ordered manner. Its physiological
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and behavioral effects are realized through the neural processing of individual musical
elements, such as pitch (Hz), intensity (dB), duration, and timbre [48].

Musical stimuli, if they have a periodic structure and tonality, are able to induce
neurosensory processing, which in turn can trigger autonomic nervous system and affective
responses [49]. Experimental animal models (e.g., monkeys) have shown that music with a
slow tempo and harmonious structure can have a calming effect, while dissonant, high-
intensity, fast-paced sound effects can increase stress responses [50].

Different musical styles show different frequency spectra and dynamic profiles. Classi-
cal music, especially Baroque and Viennese classical works (e.g., “Mozart”, “Bach”), offers
structured rhythms and tonal predictability, typically in the frequency range of 100-5000 Hz.
Pop music, which uses simpler melodic lines and electronic timbres, can range in a wider
spectrum, from 60-7000 Hz. Rock and metal music often contains intense volume changes,
distorted sound, and a wide dynamic range, which means increased auditory stimulation.
Ambient music, which synthesizes natural environmental sounds such as rain, waves, or
birdsong, typically consists of low-frequency, repetitive, and harmonic sound patterns
and can have a potentially calming effect in species adapted to acoustic stimuli. During
the perception and processing of music, auditory information is transmitted to emotional
centers via structures in the brainstem and central nervous system. This explains why the
effect of music can extend not only to acoustic perception, but also to behavior, hormonal
levels, and even epigenetic regulation.

5. The Role of Auditory Physiology in the Acoustic Responses of Fish

The auditory system of fish is an evolutionarily adapted, species-specific sensory
mechanism that allows the processing of acoustic information present in the aquatic envi-
ronment. The underwater propagation of sounds is based on longitudinal pressure waves,
which fish can perceive via two main pathways: the otolith system located in the inner ear
and the lateral line organ [17,22]. The otoliths, which are denser than other tissues of the
body of the fish, move in response to water vibrations, and this movement is perceived as
a mechanical stimulus by macular hair cells. The signals thus generated are transmitted
through the acoustic gyrus to the auditory centers located in the medulla oblongata and
midbrain, where the direction, frequency and intensity of the sound are processed [15,51].

Based on their anatomical and functional characteristics, fish can be classified into
two groups according to their auditory sensitivity: auditory specialists and non-auditory
specialists (Figure 4).

NON-AUDITORY SPECIALISTS SPECIES AUDITORY SPECIALISTS SPECIES

N/ A sensory cells

‘eczoms to brain

Figure 4. Auditory sensitivity of fish based on their anatomical and functional characteristics.

Auditory specialist species, such as Cyprinus carpio, Carassius auratus or Siluriformes
spp., possess a Weberian ossicle, which provides a physical connection between the swim
bladder and the inner ear, which enhances pressure stimuli, thus allowing a wider frequency
range (especially in the mid- and high-frequency range) and finer sound differences to
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be detected [17,20]. These species are typically able to detect frequencies between 100
and 5000 Hz, with the highest sensitivity between 500 and 1000 Hz. Shinozuka et al. [52]
studied their ability to isolate and process multiple sound sources at once. They are also
able to distinguish between sounds occurring simultaneously, detect reflections and gain
information about their environment from background noise. In contrast, non-auditory
specialist species, such as Salmonidae or Percidae, mostly sense and detect the low-frequency
vibrations (<500 Hz) of water particles, typically in response to mechanical body vibrations
or through the lateral line organ. Vibrations coming from different directions activate the
hair cells at different angles, which is sufficient for them to hear directional sounds [17].

These neurophysiological and morphological differences fundamentally determine
the responsiveness of different fish species to musical or acoustic stimuli. The physiological
or behavioral effect of musical stimulation can only be achieved if the sensory organs of
the selected species are able to perceive stimuli within the given frequency range. Thus,
species-specific hearing threshold and frequency sensitivities are key factors in evaluating
the mechanism of action of acoustic enrichment.

6. Effects of Musical Stimuli in Aquaculture Systems

The use of musical stimuli in aquaculture offers a new, interdisciplinary approach to
optimizing fish welfare and growth performance. Acoustic stimulation as an environmental
enrichment method is receiving increasing attention in aquaculture research, but there
is still much unexplored territory in this field. Few studies have investigated the effects
of different musical genres and acoustic stimuli on growth performance, feed utilization,
behavior, and physiological status of teleost fish (Table 3).

The studies summarized in Table 3 support that the effect of musical stimuli is species-
specific, context-dependent and significantly influenced by experimental parameters (sound
frequency range, duration of the experiment, light conditions, system) (Table 3). In our
opinion, all these different results can be interpreted as a result of these complex interactions,
so they are not necessarily contradictory to each other, but may result from the biology of
the fish, their sensitivity thresholds and differences in experimental conditions.

The few available studies investigating musical stimuli (Table 3) all demonstrate that musical
stimuli influence fish growth performance, behavior, and physiological processes (Figure 5).
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Figure 5. Global impact assessment of musical stimuli on teleost fish for various parame-
ters over the period of 2000-2025. The depth of the colors on the map indicates the num-
ber of published studies (darkest: indicates the most published studies in the given coun-
try; lightest: indicates the fewest published studies in the given countries). The numbers
next to the parameters indicate the number of pub-lished studies globally for each trait.
The pictograms indicate the species studied in the countries indicated for each parameter:
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Table 3. Effects of musical stimuli on various parameters (growth performance and food consumption, behavioral and swimming patterns, physiology and

neuroendocrine responses), interspecies differences, sound frequencies, exposure durations and system design features in relation to musical stimuli in teleost fish.

e . . . . . Tank Material : Number of
Music Stimuli Music Used Parameters Examined Music Effect Exposure Duration and Density Species Samples (1) Reference
music treatment:
= music categorization:
distinguishing between blues and
classical music .
- reversal learning: reversing tank material:
d}scrirr}inelition learning associations — they rectangular_laboratory
wining I Chmel adapted fectvely o the nodaa  Hsaquariom Cprims i ; s
- e new rules o
auditory discrimination _ sl et dfeafrineiien tanl; density:
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individual was able to do it, the
other two individuals were not
no music:
- behavior: active swimming, )
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Table 3. Cont.
Music Stimuli Music Used Parameters Examined Music Effect Exposure Duration ]31111151( gi ar::irtl;l Species é\; ;n;lf:: 81 f) Reference
music effect:
- improved growth up to 89 days
classical rm[lfica f of the experiment; at the end of
. “Romanze-Andante” from i
music treatment: 2 h of W.A. Mozart “Eine Kleine the e'x'penment, th_ere wasno tank material:
music, 4 h of music, no Nacht Musik” (sol major, significant change in body weight rectangular glass
music (control group) jor, growth performance ic and light interaction: aquarium
light treatment: white K525) performed by . frusic anct gt fteraction: 117 days Sparus aurata 480 [42]
light with an intensity Holland Symphonic physiology - balanced behavior, better feed tank density:
of 80 and 200 Tux Orchestra (Orbish utilization, difference in digestive no data
Publishing Ltd., 1993, enzyme and fatty acid
London, U.K.). composition, reduced brain
neurotransmitter levels
music effect:
= there was no significant influence
on brain neurotransmitters, but
e (e A7 of lower digestive enzyme activity
music: “Mozart”, 4 h of was observed in both tank material:
music: “Romanza”, no classical music: music treatments rectangular glass
music (control group) %IOZ}?E b3 .lilf‘e Iidleme physiology music and light interaction: 106 days aquartum Cyprinus carpio/scaled/ 240 [43]
light treatment: white ANSIUITIEES  E10 con : ity:
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ofgSO and 200 lux ¥ (especially with 200 lux and no data
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- feed conversion was
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3 types of music .
treatment: 30 min . . music: had no effect
of music, 60 min of weight gain tank material:
music, no music specific growth rate white light: had a more favorable effect 70 L aquariums
(control group) no data daily growth rate on specific growth rate and feed 2 months . Carassius auratus no data [54]
light treatment: with feed conversion rate conversion rate tan1d< density:
i - whi survival rate no data
Zr%gtrz(c)lhl)i:}.’ltwmte music and light interaction: had no effect
music and white noise effect:
classical music and = positive influence on
b of {//vvhilge Ir\l/;)ise: growth performance
music treatment: 4 h o; . A. Mozart - higher growth performance in tank material:
music/day: “Mozart” “Romanze-Andante” from growth performance 1sher SToWL p rectangular glass
. 4 e ; i1 hysiolo the white noise treated group '8 g
4 h of music/day: Eine Kleine Nacht Musik” ~ Phy’ 8Y " ” . . . aquarium , _
“Romanza”. white noise, (0l major, K525) central nervous system = Mgzart music effec't. increase in 14 weeks Oncorhynchus mykiss 176 [55]
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Table 3. Cont.
Music Stimuli Music Used Parameters Examined Music Effect Exposure Duration ]31111151( gi ar::irtl;l Species é\; ;n;lf:: 81 f) Reference
classical music, white
noise and water noise: music treatment:
Toccata and Fugue in ftor traini he fish bl .
D minor (BWV 565) - after training, the fish were able tank material:
(J.S. Bach) The Rite of to dlstlpgmsh between two types )
Spring (I. Stravinsky); discrimination of of music (Bach and Stravinsky) gl;ss aquarium
training: up to white noise (50 dB 20 Pa);  musical stimuli - spontaneous sound preference 4 painted white C ) . " .
60 min per day water noise (80 dB 20 Pa) (reinforcing or test: the individuals did not show no data arassius auratus [52]
(intermittent tapping of discriminative) a consistent preference for either .
the water surface with a piece of music; the individuals tank density:
hand, which produced a consistently avoided the no data
high-pitched sound, and noise stimulus
the constant low-pitched
sound of the pump)
classical music and
white noise:
W. A. Mozart
“Romanze-Andante” from
“Eine Kleine Nacht Musik”
music treatment: 4 h of (sol major, K525) music effect:
“nl'l{usm/ da}[’l: ::gloﬁ,rt”' performed by the Holland - Mozart: relaxing effect
OEIEIPAE 7, ~ 13RI Symphony Orchestra — changes in brain il
(between 9.15-13.15), no (Orbish Publishing LTD, neurotransmitter levels, tank matle r1ali
music (control group) : h Y rectangular glass
light treatment: light E2E)p g th perf jmprovement in growth rate, 94d EGRETHTR s ¢ 200 [47]
g I & “Romanza-Jeux Interdits” growth performance body weight and feed ays parus aurata
and dark periods performed by Nicolas de conversion ratios ) tank density:
gbeet‘f;ino?lgioiltii% Angelis (Le Meilleur de la - interaction betwgen music and no data
T dark'%O ] Guitare, Sony BMG, 1998); chlllte noise: music alone
150 Tux) ’ J. S. Bach “Violin Concerto ITale (E(E=(e ErRony
No. 1, Part 1, Allegro
moderato” performed by
Julia Fischer (in A minor,
BWYV 1041) (BMG, 1990);
white noise (0.2-3.7 kHz).
music treatment with music treatment:
different tempos: - slow tempo music: best growth
- slow tempo results observed )
(adagio, growth performance fast tempo music: negative tank material:
music therapy: metronome) body chemical influence on growth performance, 8 week fiberglass tank Pect " 132 »
5haday - medium tempo composition increased stress level, reduced weeks tank densitv: setta maeotica [56]
(moderato) feed conversion feed intake o
- fast tempo (allegro) - slow, medium and fast no data
- no music tempo music: influence on

(control group)

meat fat content
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Table 3. Cont.
Music Stimuli Music Used Parameters Examined Music Effect Exposure Duration ]31111151( gi ar::irti;l Species é\; l:nn;ll):sr 81 f) Reference
classical music and
urban noise:
music treatment:
- Silk Road
(performed by
music treatment: Kltz?ro—Aqua); musical effect:
3 times/day - Sufi Ney - musical stimuli positive effect tank material:
(08.00-08.30; %)erformed by growth performance on growth performance, feed glass aquarium
12.30-13.00, ngin Agar, . feed conversion utilization ability 90 days . Cyprinus carpio var. koi 225 [45]
17.00-17.30), Neyzenbashi behavior _ Urban Noise: negative effect tank density:
no music Flute Maestro, on behavior no data
(control group) Bursa—Turkey);
- Quran
performance
(Surah-55,
Ar-Rahman);
- Urban noise.
classical music
music treiatment: Vg/aldi musical effect: tank material:
. . music selection (andante, . . i lass aquarium
music t}éerapzyl." allegro, larghetto, allegro behavior vsiologicalstate positive effect_ on b'ehav1or and 15 days & q Danio rerio 36 [57]
twice a day, 2 h apart molto): 65-75 dB immunophysiological state immunophysiological state tank density:
(frequency between no data

330-506 Hz)
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The vast majority of studies conducted on teleost fish in recirculating systems have
used classical music (Mozart, Bach, Vivaldi), most commonly melodic pieces by Mozart,
primarily to improve growth performance and feed utilization. These types of music mostly
had a calming and growth-stimulating effect. Several studies have combined musical stim-
ulation with other environmental treatments, such as light treatments or different acoustic
stimuli (e.g., water noise, white noise, urban noise) [42,43,46,47,54,55]. Kusku et al.’s [45]
study highlighted that not only classical but also musical stimuli with other structured
frequency patterns (cultural or religious) can have biologically significant effects [45]. In
contrast, disordered sound effects such as urban noise consistently resulted in negative
responses, while white noise resulted in neutral or no influencing responses [45,52]. Shi-
nozuka et al. [52] showed that Carassius auratus can discriminate musical stimuli from noise;
however, the effect of music on growth performance was moderate, while light intensity
had a more significant influence [52]. In contrast, Vasanta [53], Papoutsoglou et al. [43,46]
and Kusku et al. [45] showed that Cyprinus carpio and Cyprinus carpio var. koi may respond
favorably to certain musical stimuli in terms of growth and stress reduction, but these
responses were not consistent. According to the results of Kusku et al. [45], the use of
traditional musical forms (Sufi Ney, Quran, Silk Road) provided a growth advantage, while
urban noise was detrimental [45]. All these results indicate that fish are able to distinguish
between structured and disordered sounds and respond positively to stimuli falling within
the regular frequency range.

Most studies have shown that the combination of musical stimuli and light treatments
or other acoustic stimuli has a beneficial effect on growth performance, feed utilization effi-
ciency, behavioral stability and stress reduction [42,43,46,47,52]. Most studies highlight the
positive effects of classical musical stimuli, especially slow-tempo, ordered frequency struc-
ture music, resulting in detectable responses at the biological level [42,45-47,52,53,56,57].
Papoutsoglou et al. [46,47] showed in their study that Sparus aurata responds sensitively to
different classical music pieces (Mozart, Bach), which can significantly improve growth
performance and feed utilization [42,47]. The results of Papoutsoglou et al. [55] also demon-
strated that for Oncorhynchus mykiss, the same classical music stimuli had a favorable,
similarly positive influence on growth performance, while the effect of white noise was
negligible on the biological performance of the fish [55]. Similar results were reported by
Barcellos et al. [57] who also found that classical music reduced stress responses and levels
of immunological stress markers in Danio rerio individuals, suggesting that it may also be
an effective environmental enrichment factor at the psychophysiological level [57].

Imanpoor et al. [54] reported different results in their study on Carassius auratus
individuals: they found no significant effect of either musical stimulation or light treatment.
Similarly, Papoutsoglou et al. [43] concluded that although musical stimulation did not
significantly affect stress levels, it had a positive effect on growth performance. In the same
study, it was also observed that even within the same musical category, i.e., classical music,
different pieces of music can elicit different responses.

Catli et al. [56] highlighted the importance of musical tempo as a new aspect: based
on their experiments, slow music increased growth performance, while fast-paced music
induced stress and reduced feed intake in the species Psetta maeotica. Catli et al. [56] and
Kusku et al. [45] also pointed out that an inappropriate acoustic environment, such as
urban noise or fast-paced music, can have a detrimental effect on the physiological and
behavioral parameters of fish [45,56]. In terms of experimental duration, there were experi-
ments with short (30-60 min/day), medium (2-4 h/day) and longer (months) exposure
times. Short-term treatments had mostly positive or neutral effects on Cyprinus carpio and
Cyprinus carpio var. koi [45,46]. Medium-term treatments also induced positive responses in
Sparus aurata, Cyprinus carpio, Cyprinus carpio var. koi and Oncorhynchus mykiss [42,47,53,55].
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In contrast to short and medium exposure times, the initially positive effects disappeared
during continuous exposure over months, suggesting habituation. In the case of Danio rerio,
even shorter treatments of a few weeks were sufficient to induce behavioral and immuno-
physiological changes. The presented results indicate that exposure time and intensity are
species-specific, and continuous exposure over months and excessive intensity may have
the opposite effect. Papoutsoglou et al. [42] showed that the effect of musical stimulation
can change over time: while it induced a positive growth response in the first phase of the
experiment, this effect disappeared by the end of the study, suggesting the possibility of
adaptation to the sound stimulus.

Most of the studies were conducted in intensive recirculating aquaculture systems
(RASs) where music served a stress-reducing function, probably due to the background
noise level (~121 dB). Several studies have shown that light intensity (80-200 1x) and
lighting cycle significantly influenced the effect of musical stimuli [42,43,46,54], and that
certain settings (classical music combined with light intensity of 80-200 lx) resulted in
a synergistic effect in the case of Sparus aurata [42,43]. The technical method of sound
transmission (underwater loudspeaker, equipment integrated into RASs, background
noise management) is also an important experimental factor that may contribute to the
different results.

The results of the presented studies support the fact that music, as a structured
acoustic stimulus, can counteract the negative effects of anthropogenic noise pollution,
contributing to reducing chronic stress, the maintenance of natural behavioral patterns and
the improvement of general animal welfare. Based on the results of the presented studies,
the effect of musical stimuli cannot be generalized and is species-specific. Certain species,
such as Sparus aurata and Danio rerio, are sensitive to musical stimuli, which provide them
with biological benefits. In contrast, in the case of the species Carassius auratus, musical
stimuli did not show a significant effect, while light conditions proved to be a distinct
influencing factor [54]. These results highlight that structured frequency patterns (classical
and cultural music) can potentially reduce stress and enhance growth, while urban noise has
a detrimental effect. However, positive responses can only prevail if the duration, tempo,
light conditions and environmental noise exposure of the musical stimuli are adjusted to
the characteristics of the studied species, since in the case of inappropriate settings, the
effect can neutral or even negative.

7. Implications and Perspectives

In closed, intensive aquaculture systems, the ultimate goal is to sell the produced fish
at a high price while keeping the production cost as low as possible. During production,
increased attention is paid to the welfare of the fish.

Several studies have shown that the source and type of underwater noise, whether
continuous, sudden, or transient, can cause significant stress effects that negatively affect
the metabolism, behavior, and general health of fish [29,34,45]. However, these effects may
be species-specific, as different fish species have different hearing sensitivities and noise
tolerances [29,38]. Based on current knowledge, it can be said that the extent of the impact
of noise exposure and musical stimuli is determined by the intensity, frequency range
and duration of exposure. It is essential to take these factors into account when assessing
the effects of noise pollution in aquaculture systems and musical stimuli. In most cases,
different noise sources and exposure settings are used in research, which makes it difficult to
directly compare the results. In practical applications, the primary consideration should be
that species-specific hearing ranges and noise sensitivity thresholds are accurately mapped.
Based on these, the level of noise pollution of different systems and the critical frequency
ranges can be determined. In addition, real-time monitoring of the noise profile of different
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aquaculture systems is also necessary to determine what noise levels are safe for fish
welfare. Fewer studies examine long-term exposure and often report contradictory results.
Some studies describe habituation [28,29], while others indicate permanent hearing loss,
impaired immune responses or metabolic abnormalities [32,35]. This suggests that noise
adaptation is not a general phenomenon, but is closely related to the acoustic sensitivity
of the species, the duration of exposure and the complexity of the noise spectrum. Based
on all this, we believe that optimizing the acoustic environment is crucial to ensure fish
welfare and increase production efficiency.

The degree of noise exposure is also influenced by the design of the facility: the
material of the tanks, the placement of equipment, the type of substrate, the physical
characteristics of the environment and the frequency and nature of human activities, which
all shape the specific acoustic profile of a given site [14,58]. Noise reduction could be
improved from a technological perspective, such as the use of vibration-damping materials,
noise-isolating elements for pumps, and the development of low-noise motors and filter
systems. The advantages of different systems could be incorporated into the systems, such
as the incorporation of background noise variation typical of the offshore environment and
the use of white noise for habituation purposes in addition to continuous monitoring. The
effectiveness of all of these can be measured by continuously monitoring various stress and
immune parameters (cortisol levels, antioxidant capacity, mucosal immunity). Genetic and
epigenetic studies play a key role in exploring the long-term consequences of noise effects
and the effects of musical stimuli; this research would shed light on how the performance
and resilience of the next generations will develop. Reducing the noise load of recirculation
systems could contribute to reducing the stress level of fish and improving the health and
profitability of the fish stock.

Some studies suggest that as the duration of noise exposure increases, the growth
performance of fish may gradually improve or return to the original level, indicating their
long-term ability to adapt to noise [37]. This phenomenon may theoretically also apply
to musical stimuli, but there is currently insufficient scientific evidence to support this.
Therefore, we believe that future studies should pay special attention to the extent to which
the effectiveness of music as an environmental enrichment tool is affected by the duration
and frequency of application, whether in the case of intermittent or continuous stimulation,
and whether habituation develops. Since music can also be a potential source of acoustic
stress, its effects should also be examined. One possible solution to this could be to combine
different musical styles, for which the learning-related method of Shinozuka et al. [52] can
be used, which showed in basic research that individuals are able to distinguish between
musical styles [52]. Based on the presented studies, we conclude that auditory-based
environmental enrichment, especially classical music with slower tempos and harmonic
musical elements, can have a stress-reducing effect, thereby positively contributing to
animal welfare, especially in intensive aquaculture environments. The most research on
musical stimulation in RASs is based on classical music, primarily on the concept of the
“Mozart effect”. However, the acoustic characteristics and psychoacoustic mechanisms
of other musical genres, such as rock, electronic or ambient styles, are fundamentally
different and are currently an area of research in teleost fish. We believe that a systematic
investigation of the effects of the other previously listed musical types could shed new
light on the applicability of musical environmental enrichment in improving fish welfare
and optimizing production parameters. The existing results draw attention to the fact that
in future experiments it is worth investigating whether the positive effect of the musical
stimulus persists throughout the entire experimental period or whether the response
decreases over time due to habituation. Furthermore, it may be useful to explore the time
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scale on which this habituation occurs and how the effect can be maintained by changing
the acoustic environment.

In most cases, the presented studies highlight the change in cortisol levels in their
investigation as a biomarker of both noise and music effects. Cortisol levels are an im-
portant indicator in these studies, so its examination is essential; however, revealing the
physiological consequences is a more complex process. The mechanistic depth of different
noise effects and musical stimuli cannot be measured solely on the basis of a biomarker as
they act through complex, interconnected neuroendocrine, immunological and behavioral
pathways. There are studies that point to the modification of neurotransmitter systems
(dopamine, serotonin) [37], the weakening of antioxidant defenses [35], and the deteriora-
tion of mucosal immunity [9]. Various studies have shown that musical stimuli can affect
cortisol and growth hormone levels in fish, and can influence food intake dynamics and
activity patterns. Furthermore, there is evidence that music can affect gene expression
patterns in the nervous system, especially at the level of genes involved in stress and be-
havioral regulation, which may indirectly affect the growth performance of fish. Therefore,
we suggest that future studies should include additional parameters in addition to cortisol,
such as glucose and lactate, growth hormone (GH) and antioxidant enzyme activities,
and changes in neurotransmitter systems (dopamine, serotonin). Based on all of this,
future research should include multiple biomarkers in the analysis to gain a mechanistic
understanding of the processes induced by noise and music.

Based on all this, it can be said that despite the progress made in recent years in
the field of studying the effects of noise and music, there is still a significant knowledge
gap. In the case of economically important fish species (Cyprinus carpio, Oreochromis niloticus,
Salmo salar), the precise knowledge of species-specific hearing thresholds and frequency
sensitivities is limited. It is important to note that several studies were conducted under
laboratory conditions, therefore measurements made in field RASs are often not available.
Furthermore, the consequences of long-term, multi-generational effects are poorly under-
stood. In addition, the lack of standardised experimental protocols and noise measurement
procedures makes it difficult to compare the results of different studies.

Based on all this, the implementation of studies in field RASs on a practical scale,
which would allow for the evaluation of the complex biological consequences of noise and
music effects, can be considered an urgent area of research. A key research direction would
be to clarify how sound and music stimuli influence the expression of stress-related genes
and their effects on growth. A key question for future research is what acoustic intensity
and frequency range can be considered safe for fish species, which could even be integrated
into fish welfare protocols.

We believe that future research should primarily focus on mapping and optimizing
the acoustic properties and biological effects of noise generated by various equipment
operating in aquaculture systems in order to ensure the welfare of farmed fish and increase
production efficiency. More detailed knowledge of the noise sources, noise profiles and
acoustic effects of recirculation systems is essential for the development of appropriate
welfare interventions and economically viable solutions.
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