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Abstract: The intensity and frequency of the acoustic signals generated by different behaviors of
largemouth bass (Micropterus salmoides) have different characteristics. The acoustic signals generated
during feeding can be used to analyze the characteristic patterns of their used behavior, which can
provide a theoretical basis for applications such as automatic feeding based on acoustic signals. We
used passive acoustics combined with video to study the feeding acoustic signals of largemouth bass
in a recirculating water culture system (4, 8, 12, and 16 fish/m3). The result of the time–frequency and
power spectrum analysis of the feeding sound signals showed that the short-time average amplitude
of the feeding signal was well distinguished from the background noise, both the swallowing and
the chewing sounds were positively correlated with the culture density, and the correlation between
the swallowing sound and number of fish was stronger; at different culture densities, the short-time
average zero-crossing in the swallowing phase of the largemouth bass suddenly dropped to about
500 and rose to about 1000 in the chewing process. Therefore, both the chewing and the swallowing
sounds can be used as parameters to automatically identify the largemouth bass feeding process
signal. The spectrum entropy in the feeding process of the largemouth bass was maintained at about
4–6 for different culture densities. In the power spectrum, the main feeding sounding frequencies
of the largemouth bass at different farming densities and the distinguishable spectral range of the
background noised ranged from 1 to 20 kHz, the main peak frequency of the feeding sound was
within the range of 1.2 to 3.0 kHz, and the main power value of the power spectrum was positively
correlated with farming density.

Keywords: aquaculture; largemouth bass; feeding behavior; feeding signals

Key Contribution: The acoustic characteristics of Micropterus salmoides feeding were studied using a
passive acoustic technique. The acoustic parameters which can be used for the recognition of feeding
sound are analyzed in the time domain and frequency domain.

1. Introduction

Fish behavior can visually reflect the state of feeding, reproduction, stress, and other
activities in aquaculture [1,2], and an in-depth study of fish behavior can provide important
information and guidance for aquaculture. Vocalization is an important fish behavior, and
acoustic signals accompany different activities such as reproduction, territorial behavior,
foraging, and swimming [3,4]. Fish have a variety of different vocal mechanisms that
can be broadly divided into active and passive vocalizations; for example, fish in the
process of breathing exhibit these vocalizations due to the rhythmic movement of the gill
covers and breathing sounds [5]; Moreover, some male fish living on the bottom with their
bodies or fins touching or hitting the ground create sounds to court female fish [6]. The
signal intensity and frequency generated by different fish behaviors are different; hence,
analyzing and quantifying the feeding sound signals of fish and determining the feeding
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sound characteristics of fish can provide theoretical guidance for the intelligent feeding of
aquatic fish [7–9].

Scholars in the field of aquatic animal behavior detection widely use passive acoustic
technology as a noninvasive behavior detection method [10–12]. They rely on this technol-
ogy to analyze aquatic animal feeding behavior and patterns, and in doing so, they reduce
feed costs and increase farming efficiency [13]. The sound characteristics of Litopenaeus
vannamei are similar when feeding on feeds of different particle sizes, with frequencies
ranging from 5 to 45 kHz, and their feeding sound signals can be collected both in ponds
and in the laboratory [14]. Penaeus monodon produce acoustic signals during feeding that
can be used to identify feeding activity and determine, on a net and pond basis, if this
feeding sound is linearly correlated with feed consumption [15]. The variation in the sound
pressure level during feeding of turbot (Scophthalmus maximus) feeding is 15–20 dB, and this
variation can reflect the variation in the feeding sound intensity and can be used to develop
a fish feeding sound detector [16]. Tilapia feeding sounds range from 0 to 6 kHz, and the
sound power is positively correlated with the feeding vigor, which can be combined with
growth and feeding models to develop appropriate feeding [17].

Many scholars have studied the characteristics of the feeding acoustic signals of
largemouth bass (Micropterus salmoides). By grouping largemouth bass in experiments, Qu
et al. found that the feeding acoustic signals of largemouth bass of different body lengths
could be distinguished from background noise in the frequency range of 1–10 kHz, the
acoustic signal pulse width mainly centered around 3 ms, and the difference at the first
resonance peak was small [18]. Cao et al. [19] showed that the feeding signals of largemouth
bass mainly concentrated in the energy range of 4.2–7.4 kHz via acoustic synchronization,
the feeding interval and swallowing order were positively correlated, and the resonance
peak and Meier’s cepstrum coefficient could be used as the identification parameters of the
largemouth bass feeding sound. However, neither of these studies considered the fact that
the breeding density might affect the feeding sound of largemouth bass. Therefore, we fed
pellet feed to an experimental group of largemouth bass at different culture densities in the
laboratory to record their feeding acoustic signals. We used a sound acquisition device and
a camera to obtain image data to determine the acoustic signal characteristics of largemouth
bass at different culture densities. The results of this study can provide theoretical support
for applications such as automatic feeding based on feeding vocal signals in aquacultures.

2. Material and Methods
2.1. Test Subjects

We selected largemouth bass as the test material for this experiment, and we pur-
chased the fry from Acoman(Shanghai, China) Agriculture Co. We reared the fish in a
1.5 m × 1 m × 1.5 m glass tank with a 1 m3 water volume. Table 1 shows the specific
test grouping. The water temperature of the culture environment during the test was
28.6 ± 2.2 ◦C, the dissolved oxygen level was 5.83 ± 1.69 mg/L, and the pH value was
7.54 ± 1.01. The feeds investigated were special feeds for largemouth bass from Yisheng
Aquatic Co. (Hangzhou, China). During the experiment, we fed each group once (9:00 a.m.)
and twice (9:00 a.m. and 7:00 p.m.), and the daily feeding amount was no more than 5% of
the fish body weight; the weight of the feed was essentially the same for each group.

Table 1. Grouping table of test subjects.

Group Quantity (Fish) Body Length
(cm) Body Weight (g) Breeding Density

(Fish·m−3)

F1 4 26.25 ± 2.63 308.75 ± 26.93 4
F2 8 27.13 ± 2.41 310.86 ± 23.21 8
F3 12 27.42 ± 2.97 319.25 ± 34.68 12
F4 16 27.00 ± 2.76 314.50 ± 31.57 16
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2.2. Acoustic Signal and Video Capture

We used a largemouth black bass acoustic signal acquisition system with a filter
pool and small circulating water system, hydrophone (model: AQH-020; frequency range:
20 Hz–20 kHz, Kyoto, Japan), preamplifier (model: Aquafeeler IV; gain control: 20–70 dB,
Kyoto, Japan), and Roland QUAD-CAPTURE external sound card (model: UA-55, Taiwan
Leland Enterprise Co., Ltd., Taiwan, China). The video recording device was a SPORTS
CAMERA 4K HD antishake digital video camera (model: QOER V70, Shenzhen True
Vision Technology Co., Shenzhen, China). We recorded the largemouth bass feeding
process using the method of sound and video synchronization; additionally, we turned the
circulating water system was turned off during the sound acquisition, and we recorded the
environmental background noise for 5 min before each feeding. The acquisition time was
15 min, the sampling frequency of the recording was 9.6 kHz, the sampling accuracy was
24 bit, the sampling channel was a single channel, and the signal gain was 50 dB. We saved
the acquired audio and video onto a computer, and we subsequently processed the audio
and video with Matlab 2019a, version 9.6.0.1072779 and Adobe Audition version 13.0.1.35,
for signal preprocessing and feature analysis, respectively.

2.3. Determination of Feeding Signals

In the sound signal acquisition process, the fish gradually adapted to lying still in the
tank after the hydrophone entered the water. After 5 min of signal acquisition, feed was
put into the tank (near the hydrophone); it was found that the largemouth bass started to
feed within a short time after feeding, and the feeding vocal signal could be detected at
this time.

By observing the waveform graph of each group of signals collected, there was almost
no vocal signal in the 5 min before baiting. Combined with the videos, it can be determined
that largemouth bass started to swim in search of feed and subsequently ingested after
baiting. Figure 1 shows the changes in waveform graph, spectrogram, and relative sound
pressure comparing before and after feeding. It can be found that the energy during the
feeding period of largemouth bass was higher than that during the nonfeeding period,
indicating that a certain number of feeding vocal signals were generated during the feeding
process, and no other noise interfered with the feeding process. The vocalization signals
were selected from the waveform plots that determined the feeding.

2.4. Acoustic Signal Preprocessing

The collected acoustic signals contained noise, which would have reduced the experi-
mental data accuracy if directly used. Therefore, we performed preprocessing operations
before extracting the characteristics of the largemouth bass acoustic signal. We mainly used
the preprocessing method according to Cao et al. [19] to enhance the high-frequency part of
the signal using a pre-emphasis digital filter to smooth the spectrum in the whole frequency
band from low to high frequency with a pre-emphasis factor of 0.87. After that, we framed
and windowed the acoustic signal. The shape and length of the window function were two
important parameters for the time domain analysis of the ingestion signal. The Hamming
window could eliminate the side flaps, and the main flaps were relatively narrow; hence,
the continuity between the beginning and end of the signal frames was stable. Then, a
subspace speech enhancement algorithm combined with a high-throughput algorithm was
used to noise reduce the ingestion acoustic signal.
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Figure 1. Comparison of waveform (a), spectrograms (b), and relative sound pressure (c) before and
after feeding (unreduced noise).

2.5. Extraction of Ingestion Sound Signal Features

The acoustic signal itself was a time domain signal, and a complete largemouth bass
feeding acoustic signal mainly consisted of two parts: swallowing and chewing sounds.
For the complete feeding sound signal, the time-domain features such as the short-time
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average amplitude, short-time average zero crossing rate, and spectral entropy and power
spectrum frequency-domain features could be extracted.

2.5.1. Power Spectrum

The power spectrum represents the variation of the acoustic as a function of frequen-
cies, and we applied the Welch power spectrum estimation method to conduct the feature
analysis. Welch’s method [20] is more traditional than the direct power spectrum methods
and computationally less expensive and robust [21]. The latter are used with too large or
small information data without spectral line fluctuations and poor resolution conditions.

Given a discrete acoustic feeding signal XN (n), the signal is divided into L segments,
and each segment is M in length. Each segment can overlap with each other, and assuming
that the overlap ratio between each segment is 50%, the number of segments is

L =
(N −M/2)

M− 2
. (1)

The data in the i-th are noted as

xi
N =

[
n +

(i− 1)M
2

]
. (2)

Figure 2 shows the process the fast Fourier transform. Windows w(n) were added
to each segment, and Fourier transform (FT) was performed; the windowed FFT is
expressed as

Xi

(
ejw

)
=

M−1

∑
n=0

xi(n)w(n)e−jw . (3)Fishes 2023, 8, x FOR PEER REVIEW 6 of 16 
 

 

 
Figure 2. Schematic diagram of the fast Fourier transform of ingestion acoustic signal. 

The power spectrum of each segment 𝐼𝐼𝑖𝑖(𝑒𝑒𝑗𝑗𝑗𝑗) may be expressed as 

𝐼𝐼𝑖𝑖(𝑒𝑒𝑗𝑗𝑗𝑗) =
1
𝑀𝑀𝑀𝑀

�𝑋𝑋𝑖𝑖(𝑒𝑒𝑗𝑗𝑗𝑗)�2, (4) 

where U is the normalization factor. 
The formula of the power spectrum 𝑆̂𝑆𝑥𝑥(𝑒𝑒𝑗𝑗𝑗𝑗) after averaging may be expressed as 

𝑆̂𝑆𝑥𝑥(𝑒𝑒𝑗𝑗𝑗𝑗) =
1
𝐿𝐿
�

1
𝑀𝑀𝑀𝑀

�𝑋𝑋𝑖𝑖(𝑒𝑒𝑗𝑗𝑗𝑗)�2
𝑀𝑀=1

𝑛𝑛=0

. (5) 

2.5.2. Short-Time Zero-Crossing Rate 
The symbolic vocal change in the discrete signal amplitude is called the zero crossing, 

and the number of trans-zeros per unit time is called the average number of zero crossings. 
The signal energy frequency during the largemouth bass feeding was lower than the 
background noise energy frequency; thus, this feature could be used as an acoustic 
characteristic of the group of fish. 𝑍𝑍𝑛𝑛 indicates the short-time zero-crossing rate of the 
largemouth black bass sound signal 𝑥𝑥𝑛𝑛(𝑚𝑚) 

𝑍𝑍𝑛𝑛 =
1
2 � |sgn[𝑥𝑥𝑛𝑛(𝑚𝑚)]  −  sgn[𝑥𝑥𝑛𝑛(𝑚𝑚 −  1)]|,
𝑁𝑁 − 1

𝑀𝑀=0

 (6) 

where sgn [] is the sign function: 

sgn[𝑥𝑥] = � 1, (𝑥𝑥 ≥ 0)
−1, (𝑥𝑥 ＜ 0). (7) 

2.5.3. Short-Time Average Amplitude 
The complexity of the acoustic signal analysis stems from the fact that the fish feeding 

signal is a random non-smooth signal; hence, we analyzed the change in its amplitude 
from the time-domain perspective. Additionally, the short-time average energy was too 
sensitive to the high level; thus, we used the short-time average amplitude instead. We 
obtained the n-th frame of the acoustic signal by dividing the time-domain signal of the 

Figure 2. Schematic diagram of the fast Fourier transform of ingestion acoustic signal.

The power spectrum of each segment Ii
(
ejw) may be expressed as

Ii

(
ejw

)
=

1
MU

∣∣∣Xi

(
ejw

)∣∣∣2, (4)

where U is the normalization factor.
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The formula of the power spectrum Ŝx
(
ejw) after averaging may be expressed as

Ŝx

(
ejw

)
=

1
L

M=1

∑
n=0

1
MU

∣∣∣Xi

(
ejw

)∣∣∣2. (5)

2.5.2. Short-Time Zero-Crossing Rate

The symbolic vocal change in the discrete signal amplitude is called the zero crossing,
and the number of trans-zeros per unit time is called the average number of zero crossings.
The signal energy frequency during the largemouth bass feeding was lower than the back-
ground noise energy frequency; thus, this feature could be used as an acoustic characteristic
of the group of fish. Zn indicates the short-time zero-crossing rate of the largemouth black
bass sound signal xn(m)

Zn =
1
2

N−1

∑
M=0
|sgn[xn(m)]− sgn[xn(m− 1)]|, (6)

where sgn [] is the sign function:

sgn[x] =
{

1, (x ≥ 0)
−1, (x < 0)

. (7)

2.5.3. Short-Time Average Amplitude

The complexity of the acoustic signal analysis stems from the fact that the fish feeding
signal is a random non-smooth signal; hence, we analyzed the change in its amplitude
from the time-domain perspective. Additionally, the short-time average energy was too
sensitive to the high level; thus, we used the short-time average amplitude instead. We
obtained the n-th frame of the acoustic signal by dividing the time-domain signal of the
largemouth bass acoustic shape into frames and adding the window function; then, the
following equations were satisfied:

xn(m) = w(m)x(n + m) 0 ≤ m ≤ N − 1, (8)

w(m) =

{
1, m = 0 ∼ (N − 1)
0, m = other values

, (9)

where n = 0, T, 2T, . . . , N is the frame length, and T is the frame shift length. Let the
short-time average amplitude of the n-th frame of the sound signal be expressed by N; then,
the short-time average amplitude of the largemouth bass feeding sound is calculated as

Mn =
N−1

∑
m=0
|xn(m)|. (10)

2.5.4. Spectral Entropy

Spectral entropy is a popular and simple method derived from Shannon’s information
entropy to perform narrow-band signal detection, and it has demonstrated success in
speech and animal vocalization detection [22]. The time-domain signal can be converted
to a frequency-domain signal using Fourier transformation, and the frequency-domain
parameters have higher noise immunity than the time-domain parameters. The spectral
entropy, as a kind of signal frequency-domain feature, indicates the information order
degree [23]. The spectral entropy is not affected by the signal size but is only related to the
signal-to-noise ratio, which is expressed by the FFT, where the subscript n indicates the
n-th frame, and k indicates the k-th spectral line. The short-time energy in the frequency
domain is

En =
N/2

∑
k=0

Xn(k)X∗n(k). (11)
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The normalized spectral probability density function for each frequency component is
defined as

pn(k) =
Yn(k)

∑N/2
I=0 Yn(l)

=
Yn(k)

En
. (12)

The short-time spectral entropy of the largemouth bass feeding signal frames is calcu-
lated as

Hn = −
N
2

∑
I=0

Pn(k) ln(pn(k)). (13)

2.6. Statistical Analysis

To determine the change pattern of each characteristic parameter with the acoustic
signal of the largemouth bass feeding, we used SPSS STASTIC 22 to conduct the statistical
analyses. We mainly used a one-way ANOVA linear analysis to analyze the main power
value of the power spectrum and culture density, the Pearson correlation coefficient to
analyze the correlation between the short-time mean amplitude and culture density, and the
LSD method to conduct a one-way multiple comparison significance analysis to compare
the differences between the groups.

3. Results
3.1. Power Spectrum

Figure 3 shows the power spectra of the largemouth bass feeding at different culture
densities. After analyzing the power spectrum of multiple groups, we found that the power
spectrum of the background noise ranged from −160 to −120 dB, the frequency range of
the largemouth bass feeding sound signal was 1–20 kHz, and the power ranged from −160
to −55 dB, but its larger energy was generally concentrated at 1.2–5.4 kHz (see dotted box
in Figure 1). The higher power value of the group with more tails can be seen in the image.
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Figure 3. Comparison of feeding acoustic power spectrum of largemouth bass under different
breeding densities.

We randomly selected 20 feeding sound signals in each group of largemouth bass for
the power spectrum analysis, and we extracted the typical power spectrum parameters,
including the feeding sound vocalization frequency range of the largemouth bass and the
main peak frequency found with the power spectrum and statistical analysis. Table 2 shows
the statistical characteristics of the power spectra of the largemouth bass with different
culture densities.
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Table 2. Statistical characteristic values of power spectrum of largemouth bass at different culture densities.

Group Breeding Density (Fish·m−3) Frequency Range of Feeding
Vocalizations (kHz)

Power Spectrum Main Peak
Frequency (kHz) Main Power Value (dBre 1 µPa)

F1 4 1–20 2.21 ± 1.31 a −72.61 ± 3.34 d

F2 8 1–20 1.96 ± 0.99 a −66.54 ± 3.69 c

F3 12 1–20 1.72 ± 0.56 a −63.81 ± 2.89 b

F4 16 1–20 1.76 ± 0.58 a −59.07 ± 1.89 a

Note: values with different letters within the same column indicate significant difference (p < 0.05).

As shown in Table 2, the main feeding sound frequencies and the distinguishable
spectral range of the background noise of the largemouth bass at different culture densities
ranged from 1 to 20 kHz. The results of a statistical analysis on the characteristics of
the feeding sound signals of the largemouth bass at different culture densities in the
distinguishable frequency range revealed that the main peak power of the power spectra of
different culture densities was significantly different (p < 0.05), whereas the differences in
the main peak frequencies of the power spectra were not significant (p > 0.05). The main
peak frequencies mainly appeared in the range of 1.2–3.0 kHz; therefore, when conducting
the frequency domain analysis, the power value can be used as a quantitative parameter to
measure different breeding densities. We performed a regression analysis on the different
breeding densities and main power values and found that with the increase in breeding
densities, the main power value of the feeding acoustic signal also increased, and the main
power value (y) in the frequency range of 1–20 kHz and the breeding density (N) showed a
linear relationship, y = 2.140 log10 (N) − 8.577, R2 = 0.7160 (>0.7), indicating an accurate
linear fit.

3.2. Short-Time Zero Crossing Rate

Figure 4 shows the results of quantifying the feeding behavior of the fish under
different culture conditions based on the short-time average zero-crossing rate. As can be
seen in Figure 3, certain fluctuations in the short-time average zero-crossing rate of the
fish in different culture densities were maintained when they were not feeding, and, after
the fish started feeding, the zero-crossing rate rapidly dropped from the mean value of
1500 to the mean value of 500 in the nonfeeding state, which was maintained for a period
of time. After this, the zero-crossing rate rose to the mean value of 1000, at which time
the fish finished swallowing, started chewing the feed, and finished the feeding process.
At this time, the mean value of the zero-crossing rate fluctuated from 500 to 1000. The
feeding sound belonged to the low-frequency signal, and the zero-crossing rate of the
low-frequency signal was low, whereas the zero-crossing rate of the background noise was
relatively high. Because the difference between the zero-crossing rate of the swallowing
and chewing parts was not too obvious, identifying the two sounds with the short-time
average zero-crossing rate was not possible, but the short-time average zero-crossing rate
could reflect the change in the largemouth bass feeding behavior.
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3.3. Short-Time Average Amplitude

We randomly selected one feeding signal from each culture density group, and Figure 4
shows the quantification results of the feeding behavior of the largemouth bass at different
culture densities based on the short-time average amplitude. The short-time average ampli-
tude can visually reflect the change in energy, which can be used to judge the occurrence of
feeding behavior of largemouth bass. The difference in the short-time average amplitude
of the swallowing sound compared with the chewing sound was more obvious in one
feeding process. The short-time average amplitude of the feeding sound of the largemouth
bass greatly varied with the different culture densities, and Figure 5 shows that the time
of swallowing, chewing, and the whole feeding process of the largemouth bass increased
with the increase in culture density. Therefore, the short-time average amplitude can be
used as an acoustic feature to distinguish the swallowing and chewing sound signals from
the background noise.
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Figure 5. Short-time average amplitude of largemouth bass feeding call (A is the ingestion stage;
B is the chewing stage): F1 represents the experimental group of breeding density of 4; F2 represents
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We randomly selected the short-time average amplitude of each group of 10 feeding
audio signals to extract the short-time average amplitude of the swallowing and chewing
process, and then the average value was obtained to compare the correlation between the
short-time average amplitude and the breeding density. It is obvious from Table 3 that the
correlation coefficient of the short-time average amplitude of the signal of largemouth bass
swallowing and the number of fish reached 0.880, whereas the correlation coefficient of
the chewing sound signal and the number of fish was only 0.487. Moreover, the positive
correlation coefficient of the swallowing sound and number of fish was generally in the
range of 0.5 to 1, which means that the correlation was stronger, and the correlation
coefficient of the chewing sound signal and the number of fish was in the range of 0 to 0.5,
which means that the correlation was weaker. Thus, the correlation between the swallowing
sound and number of fish was stronger and superior to that between the chewing sound
and the number of fish.

Table 3. Correlation analysis between short-term mean amplitude of feeding sound and breeding
density of largemouth bass (p < 0.05).

Group Breeding Density
(Fish·m−3)

Acoustic Signal

Swallowing Chewing

F1 4 0.18 ± 0.06 d 0.07 ± 0.03 b

F2 8 0.43 ± 0.23 c 0.17 ± 0.08 a

F3 12 0.80 ± 0.17 b 0.14 ± 0.05 a

F4 16 2.50 ± 0.31 a 0.16 ±0.11 a

Correlation
coefficient 0.880 0.487

Note: values with different letters within the same column indicate significant difference (p < 0.05).
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3.4. Spectral Entropy

Figure 6 shows the results of quantifying the feeding behavior of the fish under
different cultures based on the signal spectral entropy. A more obvious difference existed
between the feeding sound and noise at the beginning of the largemouth bass feeding.
The spectral entropy value of the noise segment before feeding was maintained at about
8, and the entropy value essentially fluctuated above and below 5 during the feeding
period. Moreover, the amplitude of the signal of largemouth bass in the feeding stage
was essentially the same, fluctuating between 4 and 6, and it was different from the
environmental noise. These results indicate that spectral entropy value can represent the
differentiation of the largemouth bass feeding process and can be used to identify the
feeding signal.
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4. Discussion

Conducting acoustic studies on aquatic organisms is difficult because of the complexity
of the water environment and because fish do not have vocal cords; thus, their vocal
mechanisms are different from those of terrestrial animals. Largemouth bass produce many
feeding acoustic signals after feeding, and, according to the vocal mechanism, most of
them are passive vocalizations. Scholars who conducted studies on the vocal mechanisms
of fish found that eight main types of fish vocalizations exist: drumming, cavitation,
hydrodynamic, aeration, percussion, string, respiration, and friction mechanisms [24].
Largemouth bass mainly use their upper and lower jaws and pharyngeal teeth to produce
their feeding sounds [25]. Figure 7 highlights the swallowing and chewing organs in
red. According to the characteristics of the largemouth bass swallowing sound signal, the
cavitation mechanism is more consistent with the swallowing sound vocal characteristics;
when the upper and lower jaws of the largemouth bass open, the gill cover will be tightly
closed, causing the inner pressure of the mouth to be lower than the outer pressure, which
causes the feed to be sucked into the mouth due to the pressure difference. The chewing
sound is mainly caused by the grinding of feed in the mouth by pharyngobranchial teeth
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and pharyngeal teeth, accompanied by the expulsion of broken feed from the gill. Therefore,
the masticatory sound is regulated by a friction mechanism and cavitation mechanism [26].
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The feeding signal frequencies of the largemouth bass at different culture densities all
ranged from 1 to 20 kHz; thus, the feeding sound frequencies may not have been related to
the culture density and may have only been related to the fish species, which is consistent
with the experimental findings obtained by Ren et al. [27] using rhododendron. Lagardère
et al. [28] extracted feeding signal frequencies for turbot experiments that were essentially
consistent with our findings, whereas Qu et al. [18] and Cao et al. [19] found that the
frequency range of the feeding acoustic signals was 1–10 kHz, which is slightly different
from our results. The former used the frequency range of feeding sound of largemouth
bass based on resonance peak analysis, while the present experiment uses power spectrum
analysis to find the distinguishable noise range of 1–20 kHz; the latter selected larger fish
sizes than the present experiment. Hence, it is conjectured that the frequency range of
feeding sound may be inversely proportional to the size of the fish. This was probably
because the authors of both experiments did not analyze the background noise and high-
frequency band signals. However, Qu et al. found the same locations of spectral peaks as us.
Additionally, they found that the highest energy feeding vocal range of turbot and rainbow
trout was 7–9 kHz and 4–6 kHz [15], and the reason for this difference may be due to the
different vocal mechanisms of various fish. The main peak value obtained from the power
spectrum increased with an increasing culture density, which Qu et al. also found [18],
but their main power value was considerably higher than ours, and the reason for this
difference was the difference in culture density. Moreover, in addition to other scholars,
we demonstrated a positive correlation existed between the main peak value of the power
spectrum and the culture density [17,18]; therefore, this could provide information about
the density of the fish population density.

Mallekh et al. [16] suggested the potential role of the acoustic characteristics of fish
feeding in controlling feed allocation in aquacultures. As we demonstrated, the short-time
mean amplitude, short-time mean zero-crossing rate, and spectral entropy can be used
as acoustic parameters to identify the largemouth bass feeding process [29,30]. The mean
amplitude of the largemouth bass rearing short time differed significantly among the
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different experimental groups, which was mainly caused by the different breeding densities
of the fish. In addition, the amplitude of the swallowing sound signal was considerably
higher than that of the chewing sound signal, which, as demonstrated by the results
of existing studies [31], was due to the different transmission media of the two types of
sounds in the largemouth bass. In the experimental group of largemouth bass with different
breeding densities, the short-time mean zero-crossing in the swallowing phase was about
500, and, in the chewing phase, it was about 1000; both showed a consistent trend over
time. Additionally, a dolphin’s zero-crossing rate was also stable at a fixed value at the time
of whistling [32]; thus, the short-time mean zero-crossing rate was species-dependent. In
addition, the spectral entropy values of the feeding sounds at different breeding densities
were consistent. If we can rely on features such as the short-time average amplitude,
zero-crossing rate, and spectral entropy to establish the identification model of the feeding
sounds of largemouth bass, we can effectively save costs, and this can also provide a strong
research basis for the classification of hunger level based on feeding sounds later [33–35].
We were unable to determine the effect of feed particle size on the feeding signal, and
whether a high culture density would also block and attenuate the signal transmission
in practice. To use the feeding vocal signal for automatic feeding in aquacultures, the
characteristics of the vocal signal of largemouth bass at different growth stages and the
effect of different sizes of pellets on the feeding sound of largemouth bass need to be
considered in the future.

5. Conclusions

We successfully found that the short-time average amplitude of feeding signal can be
distinguished from the background noise in the time-domain characteristics. The swallowing
and chewing sounds are positively correlated with culture density, and the swallowing sound
correlation is better. The average zero crossing of largemouth bass in different breeding
densities suddenly decreased to about 500 during the swallowing stage, and increased to
about 1000 during the chewing stage. The two can be used as the characteristic parameters
of automatic signal recognition of largemouth bass during feeding. The spectral entropy
amplitude of largemouth bass in feeding stage of different breeding densities was maintained
at about 4–6. In the power spectrum, the main frequency spectrum of feeding sound and
background noise of cultured density largemouth bass were both in the range of 1–20 kHz,
and the main peak frequency of feeding sound was in the range of 1.2–5.4 kHz. The main
power value of the power spectrum was positively correlated with the culture density and the
linear relationship was y = 2.140 log10 (N) − 8.577, R2 = 0.7160.
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