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Abstract: As a member of Sciaenidae, Chinese bahaba (Bahaba taipingensis) generate sounds using sonic muscles to drive the
swim bladder. In this study, the drumming sounds of Chinese bahaba in two groups differing in body size were recorded in
an indoor aquarium and an outdoor pond. A piecewise exponential oscillation function was developed to synthesize the signals with a good agreement. Statistical comparisons found that the oscillation frequency and damping coefﬁcient (part 1) of
synthesized signals from larger-sized ﬁsh were lower. The results suggest that the acoustic characteristics of Chinese bahaba
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signals are related to ﬁsh morphology as the physiological age alters. V
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1. Introduction
Chinese bahaba (Bahaba taipingensis), also named the giant yellow croaker, is one of the largest of the croakers
(Sciaenidae family) and has a limited geographical distribution. It can only be found in south China, from Pearl River
Estuary, Hong Kong, and Macau, northwards to Yangtze Estuary. Human activities (e.g., overﬁshing, ocean pollution, etc.)
have posed threats to their habitats, causing a signiﬁcant decline in its population. Chinese bahaba has been listed as a
Grade II State Protected Species in China since 19891 and has also been classiﬁed as Critically Endangered (CR), facing an
extremely high risk of extinction in the wild, by the International Union for Conservation of Nature (IUCN Red List)
since 2006.1 Chinese bahaba has high commercial value because its swim bladder is commonly used in traditional Chinese
medicine.
The members of the Sciaenidae family have been found to produce species-speciﬁc sounds for communicative
purposes during reproduction, feeding, etc.2,3 For instance, large yellow croakers (Pseudosciaena crocea) generate monopulse signals during feeding and multi-pulse signals during reproduction.3 Whitemouth croakers (Micropogonias furnieri)
produce disturbance calls, which consist of a burst of pulses produced at short intervals, when held in-hand.4 During the
reproductive season, black drum (Pogonias cromis) produce advertisement calls in the morning and evening.5,6 Similar to
other members of the family Sciaenidae, Chinese bahaba generate different types of sounds. Zhang et al.7 used the passive
acoustic monitoring (PAM) method to collect 246 acoustic signals from 96 individuals of B. taipingensis. They classiﬁed
the signals into seven categories (drumming sounds, humming sounds, cracking sounds, clacking sounds, birds sounds,
cha goo sounds, and other sounds) based on the characteristics extracted from the spectrum. Drumming sounds are used
by the males of the family Sciaenidae during courtship of the females.2,8,9 The typical drumming sounds have repeated
pulses, called pulse-trains. Each pulse attenuates before the next pulse begins. However, according to the data reported by
Zhang et al.,7 the drumming sounds of Chinese bahaba contained 1–3 pulses; most of them (139 of 175) were single
pulses. Due to the rareness of this species, the information on the acoustic signal characteristics, sound production, and
hearing mechanism is very limited, even though this information would be very important for the protection and conservation of this endangered species.
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Research on sound production in sciaenid ﬁshes has been conducted in North and South America, Europe, Asia,
and Australia.4,10,11 A previous study12 demonstrated that the weakﬁsh (Cynoscion regalis) produced sounds through swim
bladder vibration caused by the sonic muscle twitch. A short pulse with two parts was generated in this process. The muscle contraction determines the oscillatory rise of the forced response, and then the pulse subsequently attenuates as the
swim bladder acts as a highly damped oscillator. Many other ﬁsh species, including the Sciaenidae members, use a similar
mechanism that drives swim bladder using the extrinsic sonic muscles for sound production.13 Chinese bahaba has a cylindrically shaped swim bladder attached by the sonic muscle. The swim bladder also has a pair of anterior horns that terminate close to the ﬁsh ear [Fig. 1(A)]. To better understand the relationship between the signal characteristics and sound
production mechanism, it is important to extract the parameters from the signals and quantitatively study the oscillation
and damping processes. Rosenberg14 proposed to use a piecewise function to synthesize the glottal pulse. The method well
demonstrated the effect of glottal pulse shape on voice quality. In this study, we attempted to expand this method by using
a piecewise exponential oscillation function to synthesize the signals based on the sound production mechanism. The oscillation frequency and damping coefﬁcient of the synthesized signals from two ﬁsh groups were calculated and compared.
The study sheds light on the relationship between the sound production mechanism and signal characteristics of this
endangered species.
2. Methods
2.1 Experimental equipment and setups
PAM is a low-cost and non-invasive method to collect long term data in animal bioacoustics research.15 PAM was conducted in the Dongguan Bahaba Taipingensis Nature Reserve, Dongguan, China. Acoustic signals were recorded in a small
indoor aquarium [Fig. 1(B)] and an outdoor pond [Fig. 1(C)]. The size of the indoor aquarium is 420  150  215 cm,
with a depth of approximately 2 m. The walls of the aquarium are made of glass, the thickness of which is around 12 mm.
Two Chinese bahaba with an average weight at 22.8 6 2.0 kg and an average full length at 125 6 7.1 cm were kept in captivity in the aquarium (large-ﬁsh-group, G1). The outdoor pond covers an area around 6300 m2 with a depth of around
2–2.5 m. We randomly selected 26 from 65 ﬁsh in this pond; the average weight and the average full length of these 26
ﬁsh was 10.2 6 1.3 kg and 101.3 6 3.7 cm, respectively (small-ﬁsh-group, G2).

Fig. 1. (A) A photograph of the swim bladder of a wild small Chinese bahaba. (B) Passive recording in the indoor aquarium. (C) Passive
recording in the outdoor pond. (D) The waveform and corresponding spectra of a typical single pulse drumming sound of the Chinese
bahaba. The part of signal in the gray window is used to display the peak amplitude where the signal was separated into two parts. Part 1 is
shown on a white background, and part 2 is shown on a gray background. (E) A typical drumming sound, including the waveforms of the
unﬁltered recorded signals and the ﬁltered recorded signals, as well as the sonogram of the sound.
JASA Express Lett. 1 (1), 011201 (2021)
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A MicroMARS hydrophone (Desert Star Systems, Marina, CA) was used for signal recording. The frequency range
of the MicroMARS hydrophone is from 0.6 Hz to 33 kHz, and the receiving sensitivity range is from 70 to 166 dB re 1 V/
lPa. Throughout the recordings, the preampliﬁer was set at 18 dB. For the indoor recordings, the hydrophone was secured
in the corner of the aquarium [Fig. 1(B)]. For the outdoor recordings, the hydrophone was located at the bottom of the
pond, approximated at a depth of 2.5 m. The sampling frequency was set as 30 kHz for both indoor and outdoor recordings.
We conducted two passive recording sessions, respectively, in the indoor aquarium and outdoor pond during the period
from March to May 2017. Each session lasted for 7 days, and the collected data were saved on an SD card in the
MicroMARS hydrophone. After recording, the data were exported as .wav ﬁles from the SD card and saved in the computer
for later analysis.
2.2 Data analysis
Cool Edit Pro 2.1 software was used to look for the acoustic signals from the recording data. According to the frequency
range of the drumming sounds produced by Chinese bahaba,7 we used a Butterworth low-pass ﬁlter to reduce the background noise with the frequency higher than 1000 Hz. This method could remove the higher-frequency components of the
sounds; however, it is feasible, since the major energy of the sound is within 1000 Hz frequency range and the goal of this
study is to ﬁt the major waveform. Then the acoustic signals can be clearly found according to the waveform and sonogram [Figs. 1(D) and 1(E)]. We normalized the amplitude of the signals and manually extracted each signal from the
recording data and saved it to a single ﬁle. MATLAB (MathWorks, Natick, MA) was then used to analyze each signal in the
ﬁles. We wrote a MATLAB code to calculate the signal characteristics in both the time and frequency domains as well as
using the Curve Fitting Tool (cftool) from MATLAB for ﬁtting the curves.
A piecewise function was used by Rosenberg14 to synthesize the glottal pulse and then well demonstrated the
effect of glottal pulse shape on the voice quality. To study the physical processes of oscillatory rise and oscillation damping, a similar method was developed to synthesize the acoustic signals of Chinese bahaba using a piecewise exponential
oscillation function. T represents the moment when the signal reaches its peak amplitude, which was used to separate the
signal into two parts (parts 1 and 2), and t is the time (s). Part 1 (t < T) describes the process of the oscillatory rise from
the onset of the pulse to the peak amplitude [see Fig. 2(A)], and part 2 (t  T) describes the process of the oscillation
damping from the peak amplitude to the end of the pulse [see Fig. 2(C)]. The piecewise exponential oscillation function
can be written as
(
A þ A1 ect cos ðxt þ /Þ;
t < T;
s¼
(1)
0
0
0 c0 t
0
A þ A 1e
cos ðx t þ / Þ; t  T;
where c and c0 denote the damping coefﬁcients of part 1 and part 2, respectively, which describe the signal amplitude
reduction through time. x and x0 are the oscillation frequencies of part 1 and part 2, respectively, which cannot be
directly measured from the recording signals. / and /0 are the initial phases of part 1 and part 2, respectively. A1 and A01
represent the displacement caused by vibration at the moment t ¼ T for each part.
For each signal recorded in two groups, the nonlinear least-squares method16,17 was used to determine the
parameters in Eq. (1) and ﬁt the curve. The theoretical ﬁtting function was set by a nonlinear synthesis function:
yi0 ¼ f ðyi ; bÞ
0

ði ¼ 1; 2; …; NÞ;

(2)

0 T

where b ¼ ðc; c ; x; x Þ is the undetermined coefﬁcient vector in Eq. (2). The equation for calculating the errors ei
between the original signal parameters and the ﬁtting function was expressed by
ei ¼ yi  yi0 ¼ yi  f ðyi  bÞ

ði ¼ 1; 2; …; NÞ ;

(3)

and then the objective function was established according to the principle of the nonlinear least-squares method:
Q¼

N
X
i¼1

e2i ¼

N
X

fyi  f ðyi ; bÞg2

ði ¼ 1; 2; …; NÞ :

(4)

i¼1

^ x^0 ÞT of the parameter b in Eq. (3) should
To obtain the minimum value in Eq. (4), the optimal estimation ^b ¼ ð^c ; c^0 ; x;
satisfy @Q=@b ¼ 0, and then the undetermined coefﬁcient can be calculated to determine the ﬁtting function, Eq. (2).
@Q=@b ¼ 0 is a nonlinear function that cannot be solved using the linear algebra method. Therefore, we used the
Gauss–Newton iterative method17 to solve the function. Using this synthesized method, the oscillation frequencies and
damping coefﬁcients of 40 randomly chosen signals (20 from each group) were calculated.
Since the parameters vary from signal to signal, an analysis of variance (ANOVA) test was performed to statistically analyze the oscillation frequency and damping coefﬁcient between two groups and to determine whether there is a
signiﬁcant difference between the two sets of data. A signiﬁcance level of 5% was adopted for hypothesis testing
(a ¼ 0:05) here. The previously selected 40 synthesized signals (20 from each group) were used for the ANOVA test.
JASA Express Lett. 1 (1), 011201 (2021)
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Fig. 2. Comparison of the recorded signals to the synthesized signals. The solid lines represent the record signals, and the dotted lines represent the synthesized signals. (A) The waveform of the part 1 signal. (B) The power spectrum of the part 1 signal. (C) The waveform of the
part 2 signal. (D) The power spectrum of the part 2 signal.

OriginPro software (OriginLab, Northampton, MA) was used to perform the one-way ANOVA test and create the box
charts.
3. Results and discussion
Figure 2 displays one of the examples of the comparison between a typical recorded Chinese bahaba signal and a synthesized signal in both the time domain and frequency domain. For the 20 signals randomly chosen from G1, the mean values of R2 of part 1 and part 2 are 0.9712 and 0.9878, respectively. For the 20 signals randomly chosen from G2, the mean
values of R2 of part 1 and part 2 are 0.9551 and 0.9941, respectively (Table 1). The results show that the synthesized signals and recorded signals were well ﬁtted for both parts of the signals from the two groups, indicating the parameters
extracted from the synthesized signals can be used for the quantitative study on the oscillation and damping processes of
sound production in Chinese bahaba.
Qualitative analysis of the signal time-frequency characteristics has been the main focus in previous work.3,7,18
Given this ﬁtting method, the oscillation frequency and damping coefﬁcient in Eq. (1) can be determined and extracted
for quantitative analysis. The mean values of the oscillation frequency and damping coefﬁcient for each part of the signals
from G1 and G2 were obtained, as shown in Table 1. The amplitudes were normalized based on the maximum amplitude
values of each signal. Fig. 3 statistically compared the oscillation frequencies of the signals from G1 against those of the
signals from G2, as well as the damping coefﬁcients of the signals from G1 against those of the signals from G2. For the
ﬁsh in the two groups with different sizes, the oscillation frequencies of part 1 are close to those of part 2, while the
damping coefﬁcients of part 1 are distinctly higher than those of part 2 for the ﬁsh in G2. Similar to other members of
Sciaenidae, sonic muscle and swim bladder play important roles in the sound production.13 The acoustic properties of
these two organs are critical in determining the signal waveform. The process of sonic muscle twitch determines the waveform in part 1, and then the forced response and damping parameters determine the rest of the waveform in part 2.19,20
For the different size ﬁsh in two groups, the larger-sized ﬁsh in G1 generate signals with average oscillation
frequency as 384.3 6 53.6 and 449.2 6 128.4 Hz in part 1 and part 2, respectively, which both are signiﬁcantly lower
(p < 0.01, Table 2) compared to those collected from the smaller-sized ﬁsh in G2 (mean values are 588.6 6 106 and
591.5 6 103.1 Hz, respectively). Additionally, the average damping coefﬁcient of the signals produced by the larger-sized
ﬁsh in part 1 (78.9 6 72.7 s1) is also signiﬁcantly lower (p < 0.01, Table 2) than that of the signals emitted by the
smaller-sized ﬁsh (151.4 6 85.9 s1), while the average damping coefﬁcient of the part 2 produced by the larger-sized ﬁsh
is 82.7 6 58.4 s1, which is close to the parameter from the smaller-sized ﬁsh (70.6 6 28.5 s1). The difference in the
damping coefﬁcient of part 2 between the two groups is insigniﬁcant (p > 0.05, Table 2). Additionally, the center
JASA Express Lett. 1 (1), 011201 (2021)
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 (mean value 6 stanTable 1. The mean values of R2 , oscillation frequency c (mean value 6 standard deviation), and damping coefﬁcient x
dard deviation) were calculated from synthesized signals in each group. (Sample size for each group was n ¼ 20).
G1, large-fish-group

R2 (%)
c (s1)
 (Hz)
x

G2, small-fish-group

Part 1

Part 2

Part 1

Part 2

97.12
78.9 6 72.7
384.3 6 53.6

98.78
82.7 6 58.4
449.2 6 128.4

96.78
151.4 6 85.9
588.6 6 106

97.47
70.6 6 28.5
591.5 6 103.1

frequency of the recorded signals from the larger-sized ﬁsh (mean value was 66.5 Hz) was lower than those from the
smaller-sized ﬁsh (mean value was 94.7 Hz). The results suggest that both neural response ability and the sonic muscle
contractions might be altered as the physical size and physiological age of the ﬁsh change. Sounds are generated by driving
the swim bladders with sonic muscles in many soniferous ﬁsh species.21,22 Chen et al.23 found that the linear relationship
between the weight of the swim bladder and the weight of the large yellow croakers was described by an equation,
y ¼ 0:0146x þ 0:032, where y is the weight of the swim bladder and x is the ﬁsh body weight in large yellow croakers. As
the ﬁsh grows larger (older), the larger body size comes with the longer swim bladder with the thicker wall, as well as the
higher body weight. The previous data on the large yellow croakers18 showed that the older ﬁsh (with larger size) generated signals with lower frequencies compared to the younger ones (with smaller size). Previous research on weakﬁsh24 also
suggested that the larger sonic muscles with longer ﬁbers would take longer to complete a contraction; thus, the sound
produced by the larger ﬁsh has a longer duration and a lower frequency. Therefore, our results of the Chinese bahaba
from both the quantitative analysis based on the synthesized signals and signal processing on originally recorded data are
consistent with the previous ﬁndings in both the large yellow croakers and weakﬁsh, suggesting the signal characteristics
of Sciaenidae members are closely related to the morphological changes in growth. The gas volume in the swim bladders
typically is sufﬁcient to allow the ﬁsh to approach neutral buoyancy. It not only changes with the size and age of the ﬁsh
but also changes with the depth at which the ﬁsh are swimming. In our study, the depth of the indoor aquarium (G1) and
the outdoor pond (G2) is 2 m and 2–2.5 m, respectively (only slightly different). Thus, the potential effects caused by the
depth of the ﬁsh can be considered as limited in this study. Further work is necessary to determine how the signal characteristics change with the depth of the ﬁsh (as the gas volume in the swim bladders changes).
According to the study by Bolgan et al.,11 sound production in sciaenid ﬁshes has only been studied in 24 of the
298 extant species. The previous work only recorded a small fraction of these sciaenid species sounds.4,10 Therefore, it is
critical to gain a better understanding of signal characteristics and sound production in the sciaenid species for aquaculture
production, since sound plays an important role in these ﬁshes during reproduction. Additionally, we still lack scientiﬁc
information on the reproduction, habitats, and migration of the Chinese bahaba (e.g., their spawning grounds, feeding
grounds, nursery grounds, etc.). Understanding the geographical distribution and migration movements of this species is a
key point to the species conservation and management. However, the traditional methods for sample collection (e.g., bottom trawling) could cause environmental damage. Developing a non-invasive acoustic method, such as studying the signal
characteristics, sound production, and hearing of this species, will provide fundamental information to investigate the
behavior and distribution. The acoustic data will contribute toward aquaculture management and wild population protection for this endangered species in the future. The method we used in this study has a signiﬁcant advantage in processing
the signals collected by the low sampling rate. With lower resolution, the signal characteristics could be hard to capture.

Fig. 3. Comparisons of the signals between the large-ﬁsh-group (G1) and small-ﬁsh-group (G2) in oscillation frequency and damping coefﬁcient in each part, as well as the center frequency of the recorded signals between the two groups of ﬁsh.
JASA Express Lett. 1 (1), 011201 (2021)
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Table 2. The ANOVA test results of the oscillation frequency and damping coefﬁcient of the signals in each part between G1 and G2. (The
sample size for each group was n ¼ 20).
p value of c
Part 1
G1 vs G2
Signiﬁcant

0.00647 < 0.01
1


p value of x
Part 2
0.41026 > 0.05
0

Part 1
9

2.9  10 < 0.01
1

Part 2
4.2  104 < 0.01
1

Using this synthesized method, the number of sampling points can be manually set, which can provide a signiﬁcantly ﬁner
spatial resolution and allow us to capture the characteristics of the signals.
It also should be noted that our experimental conditions are limited, since the Chinese bahaba is an endangered
species (Grade II State Protected Species) in China.1 We currently do not have permission to use a large amount of ﬁsh
for research. Therefore, the signals recorded in G1 were only from two ﬁsh, because we were only permitted to move two
ﬁsh and feed them in the indoor aquarium. Most ﬁsh had to be kept in the outdoor pond. Also due to our limited experimental conditions, the swim bladder characteristics of ﬁsh and the physiology of the sounds have yet to be studied. We
only dissected a deceased small wild Chinese bahaba years ago [Fig. 1(A)]. Unfortunately, the photographs we took did
not clearly show the sonic muscles, and the swim bladder characteristics were not measured. Regarding the physiology of
the sounds, they could be produced by a repeated muscle contraction (one contraction for each cycle) as in black drum,
or the sounds could be produced by a single muscle contraction for each pulse as in weakﬁsh. Addressing these questions
will be important when more samples are available to us.
4. Conclusions
This work quantitatively studied the acoustic characteristics of the signals generated by two groups of Chinese bahaba ﬁsh
that differ in size. A piecewise exponential oscillation function derived from speech signal processing was used to synthesize the signals. The synthesized signals closely matched the recorded signals. Based on this, the oscillation frequency and
damping coefﬁcient were extracted for statistical comparison from the signals in the two groups. The data showed that
oscillation frequency (both part 1 and part 2) and damping coefﬁcient (part 1) of the signals from the larger-sized ﬁsh
were lower than those of the signals from the smaller-sized ﬁsh, suggesting that the acoustic characteristics of Chinese
bahaba signals are related to ﬁsh morphology as the physiological age alters. The larger (older) ﬁsh takes longer to contract
a larger sonic muscle with longer ﬁbers, resulting in the signals with low frequencies. The results may lead to a better
understanding of the sound production mechanism and signal characteristics of this endangered species. The method used
in this study is a potentially promising way to determine the characteristics of the signals collected with a low sampling
rate, as well as to study sound production mechanisms in other sciaenids as well as in some other ﬁsh species that produce
sounds by driving their swim bladders with sonic muscles.
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