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Abstract: Sound has a potential impact on animal welfare and production, but the impacts of
soundscapes on aquaculture species in different aquaculture production systems have been rarely
studied. This study investigated the impact of varying aquaculture soundscapes on largemouth
bass (Micropterus salmoides). Three soundscapes were administered to replicated tanks: Recircu-
lating Aquaculture System (RAS:107.7 dB re 1 Pa RMS), In-Pond Raceway System (IPRS:115.1 dB
re 1 Pa RMS), and Ambient (70.4 dB re 1 Pa RMS) as the control. The initial weight of fish in the
three groups was 3.59 ± 0.30 g. Following a 50-day experimental period, the average weight of the
Ambient group (14.08 ± 0.13 g) was significantly greater than that of the IPRS group (12.79 ± 0.08 g)
(p < 0.05). Examination of physiological samples revealed that the soundscape negatively impacted
the fish’s immunological, anti-oxidation, and digestive enzymes. Furthermore, the external noise
also influenced the locomotive patterns of the fish aggregations. Fish polarity and cohesion were
significantly more discrete (p < 0.05) in both the RAS (47.79 ± 2.34◦ and 98.52 ± 3.22 mm) and IPRS
groups (48.04 ± 0.70◦ and 87.70 ± 7.31 mm) compared to the Ambient group (42.76 ± 1.42◦ and
85.73 ± 1.57 mm). These results highlight the significant impacts of the aquaculture soundscape on
the development, physiological activities, and behavioral traits of largemouth bass. Future research
should focus on determining and optimizing the impact of different equipment noise to ensure
optimal welfare and production performance in aquaculture systems.

Keywords: noise; largemouth bass; growth; behavioral traits; fish welfare

Key Contribution: The manuscript systematically investigates the impacts of soundscape on the
growth, physiology, and behavior of Micropterus salmoides, filling a knowledge gap in this field. It
reveals the underlying mechanisms of soundscape on farmed fish and provides valuable insights for
noise control in practical production processes.

1. Introduction

Aquaculture has been expanding rapidly worldwide to meet the increasing demand
for freshwater and seafood and to compensate for declining wild fish stocks [1,2]. This
growth has brought numerous environmental challenges, including water pollution, habitat
destruction, and noise pollution [3–6]. Among these issues, noise pollution has emerged as
a growing concern due to its potential impact on the health, growth, and behavior of aquatic
organisms, as well as the broader implications for aquatic ecosystems [7,8]. In particular,
recirculating aquaculture systems (RAS) and in-pond raceway systems (IPRS) have gained
popularity in recent years due to their resource efficiency and reduced environmental
impact [9,10]. However, these systems often generate higher noise levels compared to
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natural or traditional aquaculture environments [11,12], raising concerns about the effects
of noise pollution on the cultured species and the surrounding ecosystem.

The characteristics of soundscape in RAS and IPRS systems lie in their continuous and
high-intensity noise. This noise primarily originates from the operation of equipment such
as water pumps, air blowers, and bubbles generated by aeration systems [13,14]. Different
aquaculture systems may exhibit variations in sound levels, spectra, and temporal patterns,
which could potentially have varying effects on the growth performance, physiological and
behavioral traits of the cultured species [15–17]. Understanding these effects is crucial for
developing effective soundscape management strategies to mitigate the impact on cultured
species and protect the surrounding aquatic ecosystems.

The acoustic frequency of mechanical disturbances in distinct aquaculture modalities
generally falls below 2000 Hz, with sound pressure levels ranging from 100 to 150 dB
re/µ Pa (RMS). Research by Davidson et al. (2007) indicates that low-frequency tonal
sounds generated by nearby blowers and pumps (29 Hz and 59 Hz, respectively) permeate
aquaculture tanks, contributing to the highest range of the sound spectrum [18]. Mean
broadband sound pressure levels differ among intensive aquaculture systems, ranging
from 100 dB re 1 pa in earthen ponds with inactive aerators to 130 dB in variously sized
round fiberglass tanks [16]. The same study reported that sound pressure levels typically
peaked at low frequencies, up to 135 dB re 1 pa at 25–1000 Hz and diminishing to 115 dB
re 1 pa at 1–2 kHz. This auditory range is encompassed within the hearing spectrum
of the majority of bony fish [19–23]. It is presumed that aquaculture systems possess
higher underwater sound pressure levels compared to most natural habitats [24]. As a
result, riverine species, such as largemouth bass, when cultivated in intensive recirculation
systems, encounter more complex acoustic environments than those experienced in their
native habitats. Distancing from noise sources is the most effective strategy to evade
detrimental effects [25,26]. Contrary to fish in natural environments, those in intensive
aquaculture settings have restricted mobility and are unable to efficiently avoid noise
sources.

Certain investigations have examined the influence of sound generated by aquaculture
systems on fish. Filiciotto et al. (2017) discovered that both offshore soundscapes (ship
noise) and terrestrial soundscapes (concrete ponds) significantly impact the oxidative state
and immune stress indices of juvenile snappers [12]. Furthermore, research has demon-
strated that RAS noise adversely impacts the development of rainbow trout and largemouth
bass [11,13,14]. In addition, anthropogenic underwater noise in nature, such as sounds from
offshore piling, shipping, scientific research, and exploration operations [27–29], has also
been shown to stress aquatic organisms, leading to environmental degradation, reduced
reproductive success, altered hunting behavior, increased alertness, and reduced ability to
perceive acoustic signals in the environment [30,31].

Largemouth bass (Micropterus salmoides) represents a vital species in aquaculture
owing to its rapid growth cycle, high adaptability, and nutritional value [32]. While pond
culture remains the dominant production method, there has been rapid development and
widespread application of intensive aquaculture systems with advancing technologies. For
example, to meet market demand for mature bass out of season, the species is cultivated as
larvae in RAS. IPRSs are utilized for bass culture in ponds to enhance muscle nutritional
quality. In this study, we posited that the RAS soundscape (107.7 dB re 1 Pa RMS) and
IPRS soundscape (115.1 dB re 1 Pa RMS) would exert detrimental effects on largemouth
bass, with the magnitude of these effects varying across different aquaculture systems.
We aimed to substantiate this hypothesis by (1) evaluating the impact of soundscapes
on the growth performance and physiology activities of largemouth bass within diverse
aquaculture models and (2) quantifying the influence of soundscapes on the population
polarity and cohesion of largemouth bass.
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2. Materials and Methods
2.1. Fish

This investigation used 300 largemouth bass with an average body length and weight
of 6.78 ± 0.16 cm and 3.59 ± 0.30 g, respectively, obtained from Jianfeng Agricultural
Co., Ltd., Hangzhou, China. Prior to the experiment’s initiation, the fish underwent a
two-week acclimatization period within a RAS system, where the sound level was main-
tained at 70.4 dB re 1 Pa RMS. The dissolved oxygen (DO), nitrite nitrogen (NO2

−-N), and
ammonia nitrogen (NH4

+-N) were maintained around 6.5–7.0, 0.5, and 0.3 mg/L, respec-
tively. NH4

+-N was measured using Nessler’s reagent UV spectrophotometric method,
and NO2

−-N was measured using the N-1-Naphthylethylenediamine dihydrochloride
colorimetric method. Dissolved oxygen (DO) was measured using an AR8606 dissolved
oxygen meter manufactured by Smart Sensor, Suzhou, China.

2.2. Experimental System Setup

The experiment was conducted at the experimental base of Zhejiang University, Jian-
feng Agricultural Development Co., Ltd. (Hangzhou, China). The experimental system
encompassed a RAS, an underwater sound management system, and a video data ac-
quisition system (Figure 1). The RAS provided a stable and reliable environment for the
fish, while the underwater sound management system supplied the soundscape for the
experimental conditions within the aquaculture tank. The video data acquisition system
recorded the activity data of the fish throughout the experiment. The RAS consisted of a
biological filter unit and an aquaculture pond. The aquaculture pond was a circular PVC
structure with a height of 0.8 m and an interior diameter of 1 m. The biological filter unit
consisted of a PVC water tank (1 m × 0.5 m × 0.8 m). It also had germicidal UV lights,
aeration, oxygenation, and nitrification biofilms to remove NH4

+-N and NO2
−-N. The

water circulation in the aquaculture ponds and biofilter units was driven by a whisper-
quiet water pump, with water flow regulated by a flow control valve. The underwater
sound management system consisted of a sound playback device and a sound analysis unit.
Three players, three US-2150 power amplifiers, and nine US-0150 underwater speakers
(80–2000 Hz) positioned at the base of the aquaculture tank constituted the sound playback
unit (LingYan Electronic Technology Co., Ltd., Shanghai, China). The sound analysis
equipment comprised an 8103 hydrophone, an AVANT MI-7008 data acquisition analyzer,
and an AVANT MI-2004 power amplifier (Brüel & Kjaer Co., Ltd., Nærum, Denmark). The
video data acquisition system included video cameras, LED lights, hard disk recorders,
displays, and POE switches. For the purpose of recording the behavioral information of the
experimental fish, cameras were installed on a stainless steel frame above the aquaculture
pond. Noise reduction measures were implemented to mitigate system operation-related
noise interference and external noise: (1) establish the experimental setup in a quiet lab-
oratory; (2) erect a stainless steel framework around the aquaculture tank and envelop it
with noise-absorbing shade fabric; (3) position a PVC shock-absorbing pallet at the base of
the aquaculture tank; (4) utilize liquid oxygen for water oxygenation instead of air pumps;
(5) employ a fixed biological bed for the biological filter rather than a movable one;
(6) cover PVC pipes in the experimental system with sound-absorbing materials.

2.3. Experimental Design

The study comprised three groups: the RAS group, the IPRS group, and the Ambient
group (Figure 2). The RAS soundscape was acquired from the recirculating aquaculture
system of Jinchengfu Fisheries Technology Co., Ltd. (Suzhou, China, 107.7 dB re 1 Pa
RMS). The IPRS soundscape was gathered from the intensive pond of Jianfeng Agricultural
Development Co., Ltd. (Hangzhou, China, 115.1 dB re 1 Pa RMS). The Ambient group
functioned as the control group (70.4 dB re 1 Pa RMS). For each group, three replicate
aquaculture tanks containing 30 fish each were established, with the experiment lasting
50 days. Water quality and environmental conditions during the experiment remained
consistent with those during the acclimation period. The recirculating system maintained
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a water flow rate of 300 L/h, and a daily water exchange of 5% of the total volume was
conducted. Additionally, fecal matter at the bottom of the aquaculture tank was removed on
a daily basis. The fish were provided with an adequate amount of feed twice daily, and any
leftover feed was removed, dried, and weighed to determine the total feed consumption.

Figure 1. Experimental system.

Figure 2. The frequency spectrum of the RAS, IPRS, and Ambient groups.

2.4. Data Collection and Analysis
2.4.1. Growth

To determine the initial body length and weight, 20 fish were randomly sampled
before the experiment. During the experiment, the fish were weighed every 10 days. At the
end of the experiment, a growth assessment was performed on the fish in each tank, while
the current number of fish in each group was also recorded.

FCR, Feed Conversion Ratio = Total feed intake (g)/Weight gain (g);

SGR, Specific growth rate (%/d) = 100 × (lnBW2 − lnBW1)/(T2 − T1);

PER, Protein Efficiency Ratio = Weight gain (g)/Protein intake (g);

HIS, Hepatosomatic Index (%) = (Liver weight/Body weight) × 100;
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SR, Survival Rate (%) = 100 × Nf/Ni;

CF, Condition Factor (%) = (Weight/Lengthˆ3) × 100

where BW1 and BW2 represent the initial and final body weights of each fish (in grams)
and T1 and T2 represent the time corresponding to those weights, Ni and Nf represent the
initial and final number of fish, respectively.

2.4.2. Physiological Performance

Nine fish were randomly selected from each tank, anesthetized with 120 mg/L tricaine
mesylate (MS-222) for five minutes during sampling to obtain blood from the fish’s tail
vein and remove liver and intestinal samples for analysis. Glucose (Glu, catalog num-
ber A154-1-1, OD 505 nm, mmol/L) and immunoglobulin M (IgM, Cat.No. H109-1-1,
OD 450 nm, µg/mL) in the blood, malondialdehyde (MDA, Cat.No. A003-4-1, 532 nm,
nmol/mgprot) and lactate dehydrogenase (LDH, Cat.No. A020-1, OD 450 nm, U/gprot)
in the liver, and lipase (LPS, Cat.No. A054-2-1, OD 570 nm, U/gprot) activity in the
intestine were determined using kits from Jiancheng Bioengineering Institute (Nanjing,
China) and measured using a microplate reader (Multiskan, Thermo Scientific, Waltham,
MA, USA). Lysozyme (LZM, Cat.No. A050-1-1, OD 530 nm, U/mgprot). Amylase (AMS,
Cat.No. C016-1-1, OD 660 nm, U/mgprot), protease (PEP, Cat.No. A080-1-1, OD 595 nm,
U/mgprot), and cellulase (CE, Cat.No. A138, OD 550 nm, U/gprot) in the intestine, catalase
(CAT, Cat.No. A007-2-1, OD 405 nm, U/mgprot), hexokinase (HK, Cat.No. A007-3, OD
340 nm, U/gprot), pyruvate kinase (PK, Cat.No. A076-1-1, OD 340 nm, U/gprot), and
succinate dehydrogenase (SDH, Cat.No. A022-1-1, OD 600 nm, U/mgprot) in the liver,
and polyphenol oxidase (PPO, Cat.No. A136-1-1, OD 420 nm, U/mL) activity in the blood
were determined using assay kits from Nanjing Jiancheng Bioengineering Institute and
measured using a spectrophotometer (Cary 60 UV-VIS, Agilent Technology, Beijing, China).

2.4.3. Behavioral Traits

A deep learning method known as the Mask Region Convolutional Neural Network
(Mask RCNN) model [11] was used to study the largemouth bass’ collective swimming
behavior. (Figure 3). Mask RCNN exemplifies a cutting-edge method for object instance
segmentation that generates segmentation masks for individual fish by devising a model for
the mask area within a convolutional neural network, thereby facilitating the identification
and localization of the experimental fish in each frame [33].

The Mask RCNN model, tailored for largemouth bass, was trained, utilizing a total
of 1575 fish school images derived from nine aquaculture ponds, collected at 10-day
intervals as the training dataset. Assessments of fish group swimming patterns were
conducted by evaluating the angle and distance between the test fish and its nearest
two companions [34,35]. During image data processing, a line connecting the head and
tail of the focal fish was employed to represent its swimming direction. This line also
facilitated the computation of the angle between the swimming direction of the focal
fish and the swimming directions of its two closest neighbors. The line joining the line’s
center and the centers of the two nearest neighbors were used to determine the shortest
distance. By averaging 30 included angles and distances between 30 experimental fish and
neighboring fish in each image, it was possible to determine the average angle and distance
that represent the fish’s swimming capabilities. In each aquaculture tank, 120 photographs
were randomly selected from a 5-min video daily at 03:00, 09:00, 15:00, 18:00, and 23:00. For
the purpose of analyzing fish swimming behavior, 600 photos from each tank were chosen
daily, amounting to a total of 194,400 photographs.
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Figure 3. Measurement of angle and distance between the focal fish and its two nearest neighbor fish.

2.4.4. Data Analysis

Data are depicted as mean ± SD. The normality of the data distribution was assessed
using the Kolmogorov–Smirnov test. Variations in growth, physiological, and behavioral
parameters among treatments were then examined through one-way ANOVA, followed
by Duncan’s test, with significance established at p < 0.05 in all instances. Statistical evalu-
ations were conducted employing IBM SPSS Statistics version 22.0 (IBM) and SigmaPlot
Version 14.0.

3. Results
3.1. Growth

At the beginning of the experiment, the fish in different soundscape groups had an
initial weight of 3.59 ± 0.30 g. Throughout the experiment, the survival rate for each group
remained at 100%. Aquaculture soundscapes led to a decrease in fish weight, with the
average weight of fish in the IPRS group significantly lower than that of the Ambient and
RAS groups (p < 0.05). Figure 4 presents the fish weights measured every 10 days during
the experiment. On day 20, the mean weight of the RAS group started to be notably less
than the Ambient group. On day 30, there were significant differences in average weights
between the Ambient, RAS, and IPRS groups (p < 0.05), with the highest weight in the
Ambient group at 8.97 ± 0.04 g and the lowest in the IPRS group at 8.09 ± 0.05 g. At the
end of the experiment, there was no significant difference in weight between the Ambient
and RAS groups, but the IPRS group had a significantly lower weight of 12.79 ± 0.08 g.
Growth performance and feed utilization are shown in Table 1. Affected by noise, the feed
consumption of the IPRS group significantly decreased, while the RAS group consumed
less than the Ambient group, but the difference was not significant. The IPRS group had
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the lowest WG (g) and SGR (p < 0.05), but the differences in FCR among the groups were
not significant. Similarly, no substantial disparities were observed in PER and HSI among
the groups (p > 0.05).

Figure 4. Percentage difference in mean weights between treatments.

Table 1. Growth evaluation and feed utilization performance of largemouth bass among the three
treatments. Means bearing different superscript letters in the same row are significantly different
(p < 0.05).

Growth Parameters Ambient RAS IPRS

Initial body weight (g) 3.59 ± 0.30 3.59 ± 0.30 3.59 ± 0.30
Final weight (g) 14.08 ± 0.13 b 13.60 ± 0.03 b 12.79 ± 0.08 a

Feed consumption (g) 368.82 ± 5.52 b 352.47 ± 8.83 ab 335.60 ± 4.99 a

WG (g) 10.49 ± 0.13 b 10.01 ± 0.03 b 9.20 ± 0.08 a

FCR 1.17 ± 0.03 1.17 ± 0.03 1.22 ± 0.02
SGR (%) 2.73 ± 0.02 b 2.66 ± 0.01 b 2.54 ± 0.01 a

PER (%) 1.61 ± 0.04 1.61 ± 0.04 1.55 ± 0.02
HIS (%) 0.23 ± 0.01 0.23 ± 0.01 0.19 ± 0.02
CF (%) 1.31 ± 0.06 1.37 ± 0.04 1.34 ± 0.04

Feed consumption is the total amount of feed consumed by each group of fish during the whole experiment.

3.2. Physiological Performance

The results showed that at the end of the experiment, the Ambient group exhibited
superior immune and antioxidant indicators (Table 2), with the serum glucose (Glu) in
the Ambient group notably lower compared to the IPRS group. There were significant
differences in malondialdehyde (MDA) activity among the three treatment groups (p < 0.05),
with the lowest in the Ambient group at 0.92 ± 0.02 mg/mL. In terms of catalase (CAT),
immunoglobulin M (IgM), lysozyme (LZM), and peroxidase (POX) activity, the Ambient
group outperformed the RAS and IPRS groups, but the differences were not significant.
Regarding digestive performance, the RAS group had higher CE activity, and the Ambient
group had higher AMS activity, but neither showed significant differences (p > 0.05). The
IPRS group had higher LPS activity, but its PEP activity was notably lower than that of the
Ambient and RAS groups, at 3.67 ± 0.12 U/mgprot (Table 2). No significant differences in
metabolic performance were observed among the three groups.
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Table 2. Physiological performance of anti-oxidation, immune, digestive enzymes, and metabolic
enzymes indices among the three treatments (entries in the same row with different superscripts
differed significantly).

Variable RAS IPRS Ambient

Anti-oxidation and
Immune

CAT U/mgprot 3.56 ± 0.62 3.79 ± 1.44 4.67 ± 0.14
MDA mg/mL 1.04 ± 0.03 b 1.21 ± 0.04 a 0.92 ± 0.02 c

Glu mmol/L 9.43 ± 0.84 ab 11.28 ± 0.10 a 8.68 ± 0.55 b

IgM mg/mL 0.99 ± 0.21 0.78 ± 0.15 1.02 ± 0.17
LZM U/mgprot 9.16 ± 1.35 9.41 ± 2.69 11.16 ± 1.77

POX ng/mL 16.92 ± 2.31 14.73 ± 0.92 16.81 ± 1.13

Digestive enzymes LPS U/gprot 0.54 ± 0.24 0.66 ± 0.13 0.56 ± 0.10
AMS U/mgprot 1.03 ± 0.14 0.99 ± 0.06 1.05 ± 0.06
PEP U/mgprot 4.78 ± 0.01 a 3.67 ± 0.12 b 4.92 ± 1.12 a

CE U/gprot 6.41 ± 0.34 5.47 ± 0.62 5.73 ± 0.67

Metabolic enzymes HK U/gprot 2.51 ± 0.37 3.26 ± 1.48 1.68 ± 0.38
PK U/gprot 146.37 ± 12.48 107.28 ± 16.53 149.32 ± 9.85

SDH U/mgprot 5.71 ± 0.83 4.90 ± 0.65 4.24 ± 0.58
LDH U/gprot 389.62 ± 39.9 356.56 ± 61.22 346.15 ± 85.15

3.3. Behavior

Affected by different aquaculture soundscapes, the swimming behavior of largemouth
bass exhibited significant differences (Table 3). In terms of the angle between the focal fish
and its closest neighbor, the Ambient group had an average angle of 42.76 ± 1.42◦ over
50 days, significantly smaller than the 48.04 ± 0.70◦ of the IPRS group. During the first
10 days of the experiment, the average angle in the Ambient group was the smallest, but
the differences compared to the other two groups were not significant. The IPRS group had
the largest angle at 50.47 ± 0.38◦, significantly higher than the RAS group (p < 0.05). In
contrast to the fish in the Ambient group swimming as a circle, the IPRS and RAS groups
exhibited more disordered swimming angles. Regarding swimming distance, the average
swimming distance in the RAS group during days 20–30 was significantly higher than
that of the Ambient and IPRS groups (p < 0.05), at 108.22 ± 2.30 mm. In the subsequent
culture period, the average swimming distance in the RAS group was also larger but not
significantly different compared to the other two groups. Throughout the entire experiment,
the average swimming distance of the Ambient group was the smallest, at 85.74 ± 1.57 mm,
significantly smaller than the 98.52 ± 3.22 mm of the RAS group (p < 0.05).

Table 3. Fish school swimming behavior performance in average angle and average distance between
the nearest two fishes for the three treatments. Means bearing different superscript letters in the same
row are significantly different (p < 0.05).

Days Ambient
Angle (◦)

RAS
Angle (◦)

IPRS
Angle (◦)

Ambient
Distance (mm)

RAS
Distance (mm)

IPRS
Distance (mm)

1–10 41.05 ± 3.12 ab 47.89 ± 0.70 a 50.47 ± 0.38 b 85.07 ± 1.56 93.10 ± 7.25 90.15 ± 8.54
11–20 41.85 ± 3.70 47.33 ± 4.37 47.96 ± 1.59 92.22 ± 3.47 107.63 ± 7.21 87.51 ± 5.96
21–30 44.35 ± 7.96 46.62 ± 2.44 46.82 ± 1.10 88.31 ± 0.57 a 108.22 ± 2.30 b 87.86 ± 4.10 a

31–40 44.46 ± 7.76 49.53 ± 1.58 46.88 ± 1.37 80.60 ± 5.19 96.37 ± 1.44 84.39 ± 5.49
41–50 42.89 ± 5.62 47.51 ± 2.05 48.21 ± 3.73 84.44 ± 11.77 91.45 ± 5.16 88.86 ± 11.93
1–50 42.76 ± 1.42 a 47.79 ± 2.34 ab 48.04 ± 0.70 b 85.74 ± 1.57 a 98.52 ± 3.22 b 87.70 ± 7.31 ab

4. Discussion

This study investigated the impacts of soundscape pollution on the growth perfor-
mance, physiological and behavioral traits of largemouth bass in IPRS and RAS aquaculture
systems. The results revealed significant differences in growth, physiological responses,
and behavior among the three experimental groups (Ambient, RAS, and IPRS).
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4.1. Fish Growth

Several scholars have posited that rhythmic music may enhance fish growth and devel-
opment [36–39], while other studies have emphasized the negative impacts of underwater
noise on fish growth. The present study revealed that the soundscapes of RAS and IPRS
impacted the production attributes of largemouth bass. In the RAS group, a significant
difference in average weight compared to the Ambient group was observed on day 20
and day 30. However, as the experiment progressed, the gap between the RAS group
and the control group gradually diminished, and the difference was no longer significant.
This outcome concurs with prior research by Wysocki et al. (2007) and Davidson et al.
(2009), which observed negative short-term consequences of RAS noise on rainbow trout
growth [13,14]; however, there were no considerable differences during extended trials.
Fish’s hearing is affected by noise, resulting in Temporary Threshold Shift (TTS) and Per-
manent Threshold Shift (PTS). The recovery period for a TTS depends on the noise type,
the sensitivity of different fish species to noise, and the degree of threshold displacement;
when noise does not subside, fish may experience a reduced sensitivity to noise following a
recovery period, subsequently diminishing the impact of noise on their growth [40]. After
a month of acclimation, largemouth bass became less sensitive to the RAS soundscape.
In contrast, the IPRS group showed a significantly lower weight than the control group
on day 30, which persisted until the end of the experiment. Although this study did not
implement a strict experimental design to assess long-term growth performance under
IPRS soundscapes, unlike the RAS group, the IPRS soundscape had higher low-frequency
sound pressure levels and feed consumption was significantly lower than the Ambient
group. Previous studies have shown that freshwater stream fish exposed to noise expe-
rience elevated auditory thresholds at 300 Hz and 400 Hz [41]. Furthermore, noise can
also impact the auditory sensitivity of cyprinid fish, with their most sensitive range being
0.8–2.0 KHz [42]. However, further research is needed to determine the auditory sensitivity
and responses of largemouth bass to different sound frequencies and intensities. Therefore,
this could be due to the IPRS soundscape suppressing the appetite of largemouth bass
or because the noise masked essential auditory cues, disrupting the fish’s ability to make
informed decisions and, ultimately, leading to feeding failure [43–45]. In this study, the
reduced feed intake observed in the IPRS group directly resulted in a significantly lower
weight gain for largemouth bass compared to the RAS and Ambient groups.

4.2. Physiological Performance

In this study, fish exposed to the IPRS and RAS soundscapes exhibited higher MDA
activity and Glu content in their serum, suggesting that higher sound pressure levels may
cause oxidative stress responses in largemouth bass and disrupt their glucose metabolism
[46,47]. The Ambient group performed better in indicators such as CAT, IgM, and LZM,
implying that they may have a stronger ability to defend against pathogen invasions and
prevent microbial infections [48,49]. IgM and LZM provide a defense when infection risk
increases and POX can prevent microbial infections and protect fish when injured [50–52].
Through the analysis of largemouth bass’ digestive ability, we found that the PEP activity
in the IPRS group was significantly lower. PEP is associated with various physiological
processes, including learning and memory, emotion regulation, and pain transmission.
Digestive protease activity is crucial for the effective absorption and utilization of ingested
protein [53]. Although we did not find significant differences in FCR and PER between
the IPRS group and the other two groups, the impact of low-frequency noise on the long-
term growth performance and digestive performance of fish is still worth noting. SDH
and LDH play a key role in the energy metabolism process within organisms, represent-
ing information about energy metabolism levels, energy supply status, stress responses
and adaptability, and disease and physiological states. HK and PK play critical roles in
glucose metabolism [54]. The liver enhances glucose utilization by increasing HK and
PK activity, forming ATP to counteract the interference of the external environment on
normal metabolism [55,56]. In this study, there were no significant differences in metabolic
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indicators among the three experimental groups, suggesting that the increase in sound
pressure level did not affect the metabolism of largemouth bass.

4.3. Schooling Ability

The angle and separation between the closest members of a fish school can act as
markers of how the school adjusts its grouping tactics to enhance collective collaboration
and minimize energy use [35,57]. However, noise can distract their attention from essential
tasks and alter their behavior. Higher low-frequency sound pressure resulted in higher
average swimming angles of fish schools, reflecting lower swimming polarity within the
group and a less apparent swimming trend in the same direction. Fish shoal polarity is an
indicator that measures the degree to which shoal members swim in the same direction,
reflecting the shoal’s cooperative behavior and information transmission. When influenced
by environmental factors, shoals with higher polarity can make group decisions more
quickly [34]. The results of this study suggest that the lower polarity of fish schools caused
by higher sound pressure levels may be detrimental to maintaining stability and reducing
energy loss during swimming. This outcome may be due to low-frequency underwater
noise hindering communication signals between fish shoals [58–60], affecting group behav-
ior and, consequently, reducing individual ecological advantages. In addition, the results
of this study showed that higher sound pressure levels resulted in less cohesion of fish
schools and more dispersed distribution in the culture pool. Lower cohesion can affect the
defense strategies and social interactions within fish shoals, which may be influenced by
environmental factors such as water flow, temperature, and shelter. Environmental noise
can also disrupt acoustic information, reducing the cohesiveness of fish shoals [61–63].
Group behavior can improve feeding efficiency [64–66], increase defensive or offensive
capabilities to reduce predation risk [67–70], conserve energy consumption [71–73], and
enhance reproductive efficiency [74]. In intensive aquaculture characterized by constant
water flow, effective collective cooperation can significantly reduce energy consumption,
accelerate growth rates and, ultimately, bring economic benefits [75].

This study has practical implications for the aquaculture industry. Proper soundscape
management in RAS and IPRS systems can potentially improve fish health, increase pro-
duction efficiency, and mitigate the impacts on the surrounding ecosystem. Future research
should focus on developing strategies to minimize soundscape pollution and exploring the
long-term effects of noise pollution on fish populations and aquaculture systems. How-
ever, there are limitations to our study. The experimental period was relatively short, and
further research is needed to investigate the long-term impacts of soundscape pollution
on largemouth bass. Moreover, the study only focused on two aquaculture systems, and
the generalizability of the results to other systems remains to be explored. In conclusion,
our findings highlight the importance of understanding the impacts of soundscape pollu-
tion on the growth, physiology, and behavior of largemouth bass in aquaculture systems.
Further research is needed to optimize soundscape management and promote sustainable
aquaculture practices.

5. Conclusions

In conclusion, the study investigated the impacts of different aquaculture soundscapes
on the growth, physiology, and behavior of largemouth bass. The results demonstrated
that the fish reared in the IPRS soundscape exhibited lower growth performance compared
to the Ambient and RAS groups. The physiological analyses revealed negative impacts on
the fish’s immunological, anti-oxidation, and digestive enzyme activities in the IPRS group.
Moreover, the swimming behavior of the fish was influenced by the soundscapes, with the
IPRS group showing lower swimming polarity and cohesion. To optimize fish welfare and
production performance, it is essential to implement effective soundscape management
strategies in aquaculture systems. Further research should focus on evaluating the long-
term effects of noise pollution, exploring its impacts on other fish species and aquaculture
systems, and developing targeted measures to minimize noise pollution.
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