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Editorial

Underwater Acoustic Technologies for Sustainable Fisheries

Jianfeng Tong 1,*, Yong Tang 1 and Tohru Mukai 2
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mukai@fish.hokudai.ac.jp

* Correspondence: jftong@shou.edu.cn

Underwater acoustic technologies have emerged as indispensable tools for advancing
research, management, and conservation across aquatic ecosystems. Their capacity to
reveal critical information on animal behavior, migration patterns, population dynamics,
and habitat use underscores their value not only for sustainable fisheries but also for the
protection of threatened and endangered species. In the face of growing pressures from
anthropogenic impacts and climate change, such technologies represent essential means of
supporting resilient and sustainable aquatic systems. This Special Issue aims to showcase
cutting-edge applications of underwater acoustic technologies, from supporting sustain-
able fisheries to improving acoustic monitoring precision and efficiency and advancing
broader ecosystem research, highlighting their growing importance in aquatic science
and conservation.

This Special Issue brings together nine significant contributions that collectively high-
light the potential of underwater acoustic technologies to advance sustainable fisheries and
inform aquatic ecosystem studies. Through case studies and comprehensive reviews, these
studies enhance our understanding of aquatic organisms and provide practical tools and
methodologies for fisheries’ resource assessment and species-level ecological research. By
illustrating applications ranging from target strength estimation and broadband acoustic
techniques to behavioral analysis, these contributions demonstrate the versatility and
growing importance of acoustic approaches in aquatic science and conservation.

Target strength (TS) is a fundamental parameter in fisheries’ acoustic assessments, as
it directly influences the species identification and the estimation of biomass. Accurate
TS measurements are therefore essential for reliable resource assessment and the effec-
tive application of acoustic techniques in fisheries research. In this Special Issue, three
studies focus specifically on improving TS estimation and understanding the factors that
affect acoustic scattering. These contributions collectively address technical challenges in
broadband quantification, validate theoretical models such as the Kirchhoff–Ray Mode
(KRM) against empirical data, and provide specific TS–body length relationships essential
for accurate biomass assessment. Ai et al. (article 1) developed a broadband scattering
quantification method for single fish using split-beam echosounders, integrating echo field
theory, transducer equivalent circuits, and signal processing to enhance the generalizability
across sonar systems and reduce the reliance on calibration standards. Zhu et al. (article 2)
examined the TS in Japanese mackerel (Scomber japonicus), assessing the effects of freezing
on swimbladder morphology and TS and demonstrating strong agreement between ex
situ measurements and KRM model simulations, while providing empirical broadband
TS–length relationships. Meng et al. (article 3) analyzed the TS in large yellow croaker
(Larmichthys crocea), revealing its dependence on the tilt angle, frequency, and body length,
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and establishing least-squares fitted TS–length equations superior to conventional b20
values for accurate acoustic assessment. Collectively, these studies highlight how biologi-
cal and environmental factors—including swimbladder integrity, tilt angle, and sample
preservation—affect acoustic scattering, providing a robust foundation for species-level
identification and quantitative fisheries resource evaluation.

Building on the foundational role of TS in quantitative assessments, underwater
acoustics also provide powerful tools for investigating fish distributions and monitoring
ecological change at broader ecosystem scales. Recognizing the crucial intermediary role of
Antarctic silverfish (Pleuragramma antarcticum) in the Antarctic food web, Lee et al. (article
4) investigated their spatiotemporal distribution in the Ross Sea, using the KRM backscat-
tering model to estimate the TS and mean volume backscattering strength (MVBS) to reveal
vertical and horizontal patterns. Their findings showed that most juveniles concentrated
around 100 m depth, near sea ice and polynya waters, while also highlighting the need for
refined algorithms to separate silverfish from krill. Li et al. (article 5) explored the temporal
and spatial dynamics of fish resources in the confluence of Poyang Lake and the Yangtze
River during the early stage of China’s ten-year fishing ban. Acoustic surveys indicated
higher fish densities in the confluence zone during the high-water period and aggregation
in deeper river channels during the low-water period. The study revealed increases in both
fish density and body length, providing strong evidence for the policy’s effectiveness in
stock recovery. They also pointed out the ongoing challenge in accurately estimating the
fish total length from the TS, emphasizing the need for incorporating diverse equations
that consider the fish shape, swimbladder size, and transducer–fish positional relationships
for enhanced accuracy in future research. The review by González-Máynez et al. (article 6)
strongly supports the relevance of such studies in fresh and shallow waters. It indicates
that inland waters, including lakes, rivers, streams, and reservoirs, play a significant role
in sustaining riverine fish abundance and serve as crucial reservoirs of biodiversity. The
review further highlights the practical benefits of acoustic methods in these environments,
noting that echosounders can be readily installed on small boats, thereby presenting new
opportunities for evaluation. Additionally, it underscores the value of acoustic methods for
providing non-invasive long-term observations in sensitive regions such as Marine Pro-
tected Areas (MPAs). This characteristic makes acoustic approaches particularly applicable
for assessing the impact of conservation measures such as fishing bans.

The studies discussed above primarily employed scientific echosounders. In addition,
acoustic cameras represent another important technological approach in fishery acoustics.
Wang et al. (article 7) assessed the use of an acoustic camera named Adaptive Resolution
Imaging Sonar (ARIS) for monitoring large jellyfish in Liaodong Bay. Their results demon-
strated the ability of acoustic imaging to identify species based on the size, shape, and
movement, while yielding abundance estimates substantially higher than those from net
sampling. The method also proved advantageous in shallow, turbid, or nighttime condi-
tions, despite some limitations related to blind zones and the minimum detectable size.

Extending the application of acoustic camera technology, Shen et al. (article 8) com-
bined artificial intelligence with another type of acoustic camera, the Dual-frequency
Identification Sonar (DIDSON), to develop a fish target identification and counting method.
This approach, utilizing the YOLOv5 deep learning model combined with the DeepSort
tracking algorithm, achieved high identification accuracies and significantly reduced the
processing time compared to manual or traditional software analysis. By minimizing hu-
man effort and bias, this study highlights the potential of combining acoustic imaging with
AI to enhance the precision, efficiency, and objectivity of aquatic ecosystem monitoring
and management.
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Passive acoustic monitoring is another acoustic technology that significantly con-
tributes to aquatic ecosystem research, expanding beyond active fishery acoustics. This
approach, which involves listening to the sounds produced by aquatic animals, provides in-
valuable insights into their presence, behavior, and the health of their environment without
direct physical intervention. Chen et al. (article 9) provide a compelling example of passive
acoustic monitoring through their study on the vocalization patterns and echolocation sig-
nals of the endangered Yangtze Finless Porpoise in captivity. They showed that the signal
characteristics vary with behavioral states, enabling precise target discrimination. These
insights are valuable for conservation, guiding strategies to reduce human disturbance
and assess interactions with fishing gear, and demonstrate the broader potential of passive
acoustics for monitoring endangered species and supporting ecosystem management.

Collectively, the studies presented in this Special Issue highlight the pivotal role of
underwater acoustic technologies in supporting sustainable fisheries. From precise biomass
estimation using echosounders to species identification and behavioral monitoring via
acoustic cameras and non-invasive assessment of endangered species through passive
acoustic monitoring, these contributions demonstrate how acoustic approaches can en-
hance both resource management and ecological understanding. Looking ahead, continued
advances in acoustic instrumentation, modeling, and artificial intelligence will further
strengthen the capacity for the effective long-term monitoring of fish populations and
aquatic ecosystems. By improving species discrimination and enabling automated data
processing, these technological developments pave the way for broader applications. Cou-
pling underwater acoustics with emerging observation platforms—including aquaculture
net–cage monitoring systems, autonomous aerial, surface, and underwater vehicles, and
moored or drifting buoys—will enable more comprehensive and adaptive monitoring of
aquatic ecosystems. Such developments have the potential to advance ecosystem-based
management and reinforce the role of acoustics in achieving sustainable fisheries under
changing environmental conditions.
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Abstract: The utilization of broadband quantization data increases the possibility of practical applica-
tions for fish target recognition based on the acoustic scattering theory. However, the quantification
of broadband data is more complex than that of narrowband systems, requiring consideration of the
broadband characteristics of split-beam transducers, seawater absorption, and circuits. This paper
elucidates the scatterer acoustic field equation, transducer power equation, and signal processing
flow in split-beam broadband quantization technology for engineering applications. A broadband
calculation model based on transducer parameters is proposed to enhance the generalization ability of
broadband quantization technology to different types of sonar. The classical echo integration method
is combined with Fourier transform to meet the requirements of target strength (TS) estimation
under broadband signals. This paper includes a series of experiments to prove the rationality and
effectiveness of the method. The results demonstrate that the provided calculation model can more
accurately reflect the backscattering characteristics of the scatterer, but certain errors remain. This
article analyzes the sources of errors and validates the effectiveness of the new TS calculation method.

Keywords: split-beam echosounder; broadband technology; target strength; Helmholtz-Thevenin
circuit; echo integration; Fourier transform; fisheries acoustics

Key Contribution: By combining scatterer acoustic field theory, an equivalent circuit for the transducer,
and digital signal processing technology, the broadband TS calculation principle for fish is derived in
detail, and a new broadband TS estimation method is proposed.

1. Introduction

Acoustic detection technology based on scientific echosounders is widely used in the
field of fishery resource investigation [1–9]. This type of echosounder performs vertical or
horizontal detection underwater by transmitting and receiving acoustic waves [1]. The sound
pressure is converted to an electrical signal by the transducer and amplified by the circuits,
and echo integration is used to analyze the target scattering characteristics [2–8]. The split-
beam method is an improvement based on single-beam technology [9] and it is one of the
mainstream methods for measuring the backscattering cross-section of marine organisms [5,7].
The principle is that by splitting the receiving plane array into four quadrants [2,3,5–7], and
then employing the principle of time delay positioning [10], Assuming that the values of
the beam pattern at all angles in space are known, the influence of the beam pattern can be
removed based on the calculated target position [2,5–7]. In principle, the TS of the detected

Fishes 2024, 9, 12. https://doi.org/10.3390/fishes9010012 https://www.mdpi.com/journal/fishes5
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object can be calculated through a single echo calculation. Simrad EK500 and EK60 are
narrow-band split-beam echosounders commonly used in fishery acoustic surveys [5,11–13].
Among these, the EK500 operation manual proposes TS calculation based on the power
budget equation. The formula is deformed based on the radar equations, and the TS value is
derived, based on the spherical scattering cross section [14]. The spherical scattering cross
section corresponds to the radar scattering cross section in the radar equation [15,16], which
needs to be divided by the spatial angle to convert it into the acoustic backscattering cross
section [17]. Lunde derived the calculation formulas of narrow-band devices such as EK500
and EK 60 in detail by using acoustic models [11]. Although the formula is reasonable, the
definition of transducer array gain G is too complex. Most calculation methods rely on
equipment and calibration parameters [1,3,5,6,11–13] and do not mention the processing of
the beam pattern. EK80 is currently one of the most mainstream broadband split-beam echo
sounders and is considered to be the next-generation device to replace EK60 [12,13]. Most
broadband split-beam research is based on this assumption. Lars Nonboe Andersen provided
a comprehensive introduction to the quantitative processing of broadband data using the
EK80 broadband system [7]. The TS calculation formula was derived based on Lunde’s
formula, which lacks an analysis of the processing of the beam pattern under the broadband,
and the transducer gain parameter G in the equation relies on the broadband calibration of
the standard scattering sphere [7,12,13,18]. The calibration of broadband equipment is more
complicated. Due to the multiple resonances of the sphere within the broadband [19], a rigid
sphere of specific material is generally selected as a reference, ensuring the effectiveness of
the calibration of the broadband equipment [20]. Dezhang Chu also stated that during the
process of designing calibration experiments for broadband systems, calibration is essential
in order to obtain high-quality acoustic data [21]. Broadband systems bring more information
to fishery acoustics [7,12,22], but data processing is complex and unclear. Although most
of the formulas have been proven to be reasonable [7,11], the current calculation methods
for broadband systems do not provide a complete acoustic scheme. An over-reliance on
calibration information makes it impossible to obtain a valid absolute estimate of the TS
value in some scenarios in which there are no standard scatterers. To combine broadband
technology with split-beam echo sounders, this article takes the scientific echosounder EK80
as the research object and carries out the following research.

The main purpose of this article is to:

1. Derive the radiation and single target scattering model of the circular piston trans-
ducer under far-field conditions. The calculation formula for the backscattering
cross section under a single target is given by combining the Helmholtz-Thevenin
equivalent circuits model and the acoustic parameters of the transducer.

2. Establishes a processing flow for broadband data under a single target and derives
the echo integration under broadband based on Fourier transform.

3. Using EK80 as the experimental object, this research designs several transducer
parameter test experiments and a copper ball TS measurement experiment to compare
and verify the accuracy of the calculation model.

2. Materials and Methods

2.1. Single-Target Scattering Model and Backscattering Cross Section in the Far Field

The derivation is based on the free field. Both the scatterer and the transducer satisfy
far-field conditions, and the finite amplitude effect is ignored [23,24]. The transducer is a
transceiver and satisfies reciprocity.

Figure 1 shows a simplified detection scenario in a typical monostatic configuration,
where the transducer is a circular piston transducer, and the spherical coordinate system is
established based on the equivalent acoustic center of the transducer plane. Considering

6
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absorption loss, the sound pressure p of the reference point (r, θ) in the sound field is shown
in Equation (1) [25].

p(r, θ) = jρwcwku0a2e−jkr 10−αr/20

r
J1(kasin(θ))

kasin(θ)
(1)

'

Figure 1. Schematic of a single fish backscatter acoustic system, with an electroacoustic transducer as
the transmitter and receiver of the acoustic signal.

Among these, ρw is the density of water, cw is the sound velocity of water, k is the
wave number, u0 is the particle vibration velocity, a is the diameter of the transducer, α Is
the absorption coefficient of the medium, and J1 is the first-order Bessel function. For the
convenience of subsequent analysis, we take the reference distance r0 and set the sound
pressure amplitude as p0, ignoring the time-harmonic factor e−jkr, to obtain the radiation
sound pressure amplitude of the transducer in the sound field as shown in Equation (2) [24],
Equation (3) is the expression of the beam pattern [25].

|p(r, θ)| = p0
10−αr/20

r
b(θ) (2)

b(θ) =
J1(ka sin(θ))

ka sin(θ)
(3)

It is assumed that the object in Figure 1 is a single object of any shape or material, or a
collection of various types of objects of different types of materials. The overall volume
is limited to meet the requirements that it should be smaller than the first Fresnel zone of
the sound beam, which can be completely engulfed by the sound beam. Objects that meet
these requirements can be considered as a single target for analysis, and their scattering
characteristics can be regarded as scattering from point-like objects [17]. It is assumed
that the far field conditions for point scattering are met. Taking the backscattered sound
pressure amplitude pbs0 at the reference distance r0 as the initial value before the spherical
diffusion of the sound pressure, the scattered wave is received by the transducer in the
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form of a plane wave. Then the sound pressure pbs generated by the scatterer at the sound
center of the transducer can be obtained, as shown in Equation (4).

pbs =
pbs0

r
10−αr/20 (4)

Based on the physical definition of the backscattering cross-section mentioned previ-
ously [26], Equation (5) can be obtained.

pbs0

|p(r, θ)| =
√

σbs

r0
(5)

According to Equations (2)–(5), the final amplitude of sound pressure generated on
the surface of the transducer can be obtained using Equation (6).

pbs = pbs0
10−αr/20

r
= p0

10−αr/10

r2 b(θ)
√

σbs (6)

To calculate the backscattering cross-section of the target, Equation (6) is deformed,
and the backscattering cross-section with respect to the square ratio of the sound pressure
amplitude is obtained, as shown in Equation (7).

σbs =

(
pbs
p0

)2 r410−2αr/10

b2(θ)
(7)

Equation (7) is then converted into TS [17,26], as shown in Equation (8).

TS = 20log (pbs)− 20log (p0) + 40log(r) + 2αr − 20log (b(θ)) (8)

Theoretically, by measuring the emission sound pressure value and the scattering
sound pressure value, calculating the spatial coordinates of the scattering target, and finally
combining them with absorption loss of the medium, the backscattering cross section can
be acquired, and then the TS can be obtained. In the next section, the connection between
the sound pressure amplitude and the circuit system will be introduced and the theoretical
calculation equation of the TS in broadband scenarios will be provided.

All the symbols and variables in Section 2.1 are presented in Table A1 in Appendix A,
containing units and a brief description.

2.2. Equivalent Model of Helmholtz-Thevenin Circuit for Transducers

In order to obtain the relationship between the ratio of sound pressure to the circuit,
we must focus on describing the conversion performance of the acoustic and electrical
signals of the transducer, which is defined as the sensitivity of the transducer. It is assumed
that the transducer satisfies reciprocity, is passive, that the voltage it transmits and receives
is linear in relation to the sound pressure, and that the free-field condition is satisfied. The
transmitting sensitivity su and receiving sensitivity mu of the transducer are defined by
voltage as follows [27,28]:

su =
p0

VT
, mu =

Vo

pax
(9)

where p0 is the axial sound pressure value generated at the reference point at VT voltage,
and Vo is the open-circuit voltage generated at the equivalent axial sound pressure pax. The
non-axial incident sound pressure will be affected by the beampattern of the transducer’s
receiving array. According to the reciprocity of the transducer [11], the beampattern when
transmitting is consistent with the beampattern function expression when receiving, so the
axial sound pressure amplitude is equivalent to

pax = pbsb(θ) (10)

8
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According to the Equation (10), the formula for the backscattering cross-section can
be expressed with the transmitting sensitivity, receiving sensitivity, beam pattern, and
sampled voltage, as shown in Equation (11).

σbs =

(
Vo

sumuVT

)2 r410−2αr/10

b4(θ)
(11)

Usually, the transducer works together with the matching circuit in the receiving state.
In order to obtain the voltage in Equation (11), it is necessary to combine the transducer
and its matching circuit for analysis.

The left side of Figure 2 shows a simplified circuit when the transducer is in the
transmitting state [5,7,11]. The equivalent impedance of the transducer is ZT , in which
the resistance RT of the transducer is the real part of the impedance. The active power
transmitted by the circuit can be expressed as Equation (12),

ΠT =
|VT |2

2|ZT |2
RT (12)

Figure 2. Helmholtz-Thevenin equivalent model for the transceiver circuit, in which the dotted line
indicates the transducer. In the transmit mode, the transmit circuit can be regarded as a voltage
source. In receiving mode, the voltage VR across the resistor RE of the matching circuit is sampled.

The transmit power can usually be measured using the power detection circuit. The
amplitude of the transmit voltage obtained by deforming Equation (12) can be expressed
as Equation (13).

VT =

√
2|ZT |2ΠT

RT
(13)

To take the effect of non-ideal impedance into consideration when the transducer is
receiving in the working state, the match circuit impedance ZE = RE + iXE needs to be
considered as consistent [24]. The right side of Figure 2 shows the receiving equivalent
circuit. The voltage collected on the equivalent resistance of the matching circuit is set to
VR. Then, the modulus value of the open-circuit voltage can be expressed as Equation (14):

Vo =

∣∣∣∣VR
RE

·(ZT + ZE)

∣∣∣∣ (14)

Usually, in order to ensure that the phase of the sampled electrical signal at each
frequency is consistent with the phase of the received sound pressure, and to ensure that
the time-domain waveform of the surface sound pressure of the transducer is consistent
with the time-domain waveform of the electrical signal of the transducer under broadband
signals, the matching circuit impedance ZE is designed to minimize the impact caused
by the reactance of the transducer [29]. Under ideal conditions, the parallel network of a
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transducer that completes impedance matching can be regarded as pure resistance RTE,
and its open-circuit voltage can be expressed as Equation (15).

Vo =

∣∣∣∣VR
RE

∣∣∣∣RTE (15)

In summary, the backscattering cross section of the target is shown as Equation (16).

σbs =
|VR|2R2

TERT

2s2
um2

u|ZT |2|RE|2ΠT

r410−2αr/10

b4(θ)
(16)

The impedance factor is defined as FImpe, and the logarithms of the transmit and
receive sensitivity are expressed as Su and Mu:

FImpe =
R2

TERT

2|ZT |2RE
2

(17)

Su = 20log(su), Mu = 20log(mu) (18)

Combining Equations (8) and (16)–(18), the TS can be obtained as shown in Equation (19):

TS = 20log(VR) + 10log
(

FImpe
)− 10log(ΠT)− Su − Mu + 40log(r) + 2αr − 40log(b(θ)) (19)

In the actual measurement process, the impedance factor can be calculated by mea-
suring the impedance of the transducer and the impedance of the matching circuit. The
receiving sensitivity and transmitting sensitivity of the transducer are obtained by mea-
suring the sound pressure at the acoustic axis of the specific transmitting and receiving
circuit, using an oscilloscope and another transducer [30]. These parameters are usually
provided in the transducer’s parameter manual. The beam pattern function can be obtained
by measuring the echo level of a standard metal ball at different angles [5], or by using a
standard sound source [6] and fitting the obtained data through polynomial fitting.

Under a broadband signal, frequency variables can be introduced into the above
equations, and considering the difference in the transducer beam pattern at different
frequencies, the TS Equation (20) under broadband can be obtained,

TS( f ) = 20log(VR( f )) + 10log
(

FImpe( f )
)− 10log(ΠT( f ))− Su( f )− Mu( f )

+40log(r) + 2α( f )r − 40log(b(θ, ϕ, f ))
(20)

This expression only provides theoretical support for the estimation of broadband TS.
The echo integration method must be further derived in the actual calculation process.

All the symbols and variables in Section 2.2 are presented in Table A2 in Appendix A,
containing units and a brief description.

2.3. Echo Integration and Voltage Estimation under Broadband

Ignoring nonlinear effects and assuming that the power value and sound intensity
satisfy a proportional relationship, the echo integration [tivs] under narrowband signals
can be defined as the integral of the square of the received voltage over time [8,26]. For
the convenience of analysis, it is assumed that the echo from the target has a constant
amplitude A, frequency f, and phase ϕ, as shown in Equation (21).

v(t) = Acos(2π f t + ϕ) (21)

Among these, f = 1/T, where T is the period of the narrowband signal. The reference
resistance Rre f is set to 1 Ω. When the integration time τ is much larger than the period T,

10
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due to the periodicity of the cosine signal, the power Πre f can be derived from the echo
integration, as shown in Equation (22).

Πre f =
[tivs]
τRre f

≈ 1
TRre f

∫
T

v2(t)dt =
A2

2
(22)

Based on the calculated power and combined with the above equation, the TS of the
fish can be calculated. Compared with the original signal, the echo from fish usually shows
an expansion of pulse width and a fluctuation in amplitude over time [31–33]. During the
calculation of echo integration, the original signal is windowed to obtain the average TS
value of the target within the time window [11].

This can then be extended to broadband signals. Assuming that there is an ideal signal,
f1 ∼ fm covers m frequency points, each signal duration is T, and T satisfies T � 1/ fi for

the frequencies of these signals to meet the periodic conditions derived in Equation (22), as
shown in Equation (23).

sideal(t) =

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

A1cos(2π f1t + ϕ1), 0 < t ≤ T
A2cos(2π f2t + ϕ2)

...
, T < t ≤ 2T

Amcos(2π fmt + ϕm), (m − 1)T < t ≤ mT

(23)

Regardless of the pulse width change in the echo signal, when limT→0, the weighted
average of each interval integral value over time can be obtained, as shown in Equation (24).

[tivs]
T

= lim
T→0

A2
i

T

(
sin4π fiT

4π fi
+

T
2

)
=

A2
i

2
(24)

In this way, the broadband echo integral is obtained under ideal condition. However,
in actual engineering applications, the time window cannot be infinitely close to zero;
therefore, it seems impossible to discretely sample the signal and perform echo integration
for each frequency. According to Fourier transform properties, the rotation factor e−j2π f t

of the Fourier transform can be used to estimate the amplitude squared of each frequency
of the all the echoes at each frequency [34]. The Fourier integral of the above signal is
expressed as Equation (25).

S( f ) =
∫

mT

sideal(t)e−j2π f tdt (25)

When f �= fi, the integral value is 0 due to the orthogonality of the rotation factor and
the signal, and when f = fi, the integral value is shown as Equation (26).

S( fi) =
AiT

2
ejϕ

j2π
(26)

Taking its modulus, we can obtain an expression for the energy meaning of Ai.

Ai
2 =

16π2|s( fi)·s∗( fi)|
T2 (27)

In engineering applications, an LFM signal is introduced as a broadband signal for
analysis, and the expression of a typical LFM signal can be obtained in the real number
domain [35], as shown in Equation (28):

sLFM = Acos
(

2π f0t +
πF
T

t2
)
= Acos(2π( f 0 +

F
2T

t)t) (28)

11
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Its equivalent frequency fe = f0 +
F

2T t and the duration of all signals in a narrow band
can be regarded as an infinitely small value close to 0. The signals are time-varying in
frequency, so the results obtained using the traditional echo integration method include the
weighted average of all frequencies, which does not reflect the broadband characteristics of
the target. The Fourier integral is used to estimate the amplitude of the broadband signal,
and then the target broadband voltage response can be obtained.

In engineering, the received signals are sampled and quantified to obtain a discrete
sequence of analog signals. Assume that the received LFM signal can be expressed as
Equation (29), where An is the time domain response from the target.

x[n] = Ancos
(

2π fnn
fs

+ ϕn

)
(29)

Since the transmitted signal is an LFM signal and the frequency is time-varying, for
the convenience of analysis, the signal is subsequently converted into Fourier series form
and subjected to Hilbert transform. Since the Fourier transform of LFM includes a Fresnel
integral [36], the LFM frequency domain amplitude is instable, as shown in Figure 3; thus,
DFT cannot be used directly to obtain the frequency domain response. In order to obtain
the frequency domain response, this paper sets the ideal signal sent as the reference signal
and the amplitude of the reference signal to 1 and then performs the same processing, as
shown in Equations (30) and (31).

xcomplex[n] =
N−1

∑
i=1

Aiexp
(

2π fin
fs

+ ϕi

)
= An exp(

2π fnn
fs

+ ϕn) (30)

xre f [n] =
N−1

∑
i=1

Ciexp
(

2π fin
fs

+ ϕ‘
i

)
= 1· exp(

2π fnn
fs

+ ϕ′
n) (31)

Figure 3. The upper left image shows the time domain form of the original LFM pulse, with a
frequency range of 160 kHz~260 kHz, and the upper right image shows the frequency domain form
of the original LFM pulse. The lower left image shows the signal after pulse compression. In order to
show the changes in amplitude after pulse compression, the image was not normalized. The image
on the lower right shows the spectrum after pulse compression processing. The amplitudes in the
figure are reference values, without specific units.

Ai, Ci in the above formula are amplitudes in the form of a Fourier series, which are
coupled with the sampling time and sampling frequency [37]; therefore, the time domain
window length and sampling frequency of the received signal and the reference signal
need to be consistent.
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Usually, the reference signal is pulse compressed with the received signal and itself,
as shown in Equations (32) and (33). This is performed to improve the signal-to-noise
ratio [38]. The overall amplitude of the spectrum changes, and the pulse width in the time
domain is compressed, as shown in Figure 3.

ypc = xcomplex
[
n
] ∗ conj

(
xre f

[−n
])

(32)

yre f = xre f
[
n
] ∗ conj

(
xre f

[−n
])

(33)

Attention: symbol * represents convolution operation in this paper.
The same reference signal is used for pulse compression. According to the convolu-

tion theorem and the principle of linear superposition [34], dividing the DFT results can
eliminate the changes in spectrum amplitude caused by pulse compression. In this way,
the amplitude ratio at each frequency can be obtained with Equation (34).

Xresponsor( f ) =
DFT

(
ypc

)
DFT

(
yre f

) =

∣∣∣∣∣
N−1

∑
i=1

Ai
Ci

δ( f − fi)ej(ϕi−ϕ′
i)

∣∣∣∣∣ (34)

When the time domain amplitude of the reference signal is an arbitrary value, the l2
norm of the reference signal can be used to normalize the time domain of the reference signal:

Vnorm[n] = Vre f [n]

√√√√ N∥∥∥Vre f [n]
∥∥∥

2

(35)

According to Equations (29)–(35), the broadband amplitude of the received voltage
can be expressed by Equation (36):

VR( f ) =
DFT

[
VR[n] ∗ conj

(
Vre f [−n]

)]
DFT

[
Vre f [n] ∗ conj(V re f [−n]

)
]

√√√√∥∥∥Vre f [n]
∥∥∥

2
N

(36)

The overall process of calculating TS is summarized in Figure 4.

Figure 4. Overall data processing block diagram of a broadband split-beam echosounder. Before
performing TS measurement, the data shown on the left side of the figure must be measured. The TS
calculation includes a filtering algorithm, a positioning algorithm, and seawater absorption coefficient
calculation. Due to space limitations, this is not explained in the text.
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Among the calculations, the FIR filter is a commonly used noise reduction method [7,39].
The full beam is used for echo integration to obtain an estimate of TS. The phase difference
of the half-beam is used to obtain the target position in the beam pattern, and the influence
of the beam pattern on the full-beam TS estimation is removed [2,6,7]. In order to realize the
above calculation process, experiments need to be designed to measure the above parameters.

All the symbols and variables in Section 2.3 are presented in Table A3 in Appendix A,
containing units and a brief description.

3. Results

3.1. Transducer Sensitivity and Impedance Parameters

The experiment used the EK80 split beam echosounder system and selects the ES200-
7C split beam broadband transducer with a nominal frequency of 200 kHz as the experi-
mental object. The transducer manufacturer, Simrad AG (now Kongsberg Maritime AG), is
located in Horten, Norway. Its parameters are shown in Table 1.

Table 1. Partial parameters of the ES200-7C transducer.

Parameters Values

Transducer ES200-7C
Nominal frequency (kHz) 200

Frequency range (kHz) 160~260
Beam type Split-Beam

Nominal beam width (◦) 7
Nominal Impedance (Ω ) 75

Diameter (mm) 120

The sensitivity parameters and impedance under broadband were tested by the manu-
facturer [40], and the results are shown in Figure 5.

  
(a) (b) 

Figure 5. (a) The impedance of the ES200-7C transducer; (b) the sensitivity of the ES200-7C, which
includes receiving sensitivity and transmitting sensitivity.

The impedance of the ES200-7C transducer near the nominal frequency is about 75 Ω,
and the impedance is significantly greater than 75 Ω at low and high frequencies far from
the center frequency. The real and imaginary reactance of the impedance vary significantly
with frequency. In a circuit, resistance dissipates energy, and reactance changes the phase
of the signals at different frequencies. For the transmission circuit, digital signal processing
technology can be used to perform amplitude compensation or phase compensation to
maintain good phase and amplitude consistency in the final transmitted signal [41].For
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the receiving circuit, a matching impedance network is built to reduce the impact of the
nonlinear response of the transducer in the frequency domain, so that the sampled signal
can be approximately proportional to the sound pressure value [29].

3.2. Matching Circuit Impedance Inversion Measurement

Since the broadband impedance data of the matching circuit inside the EK80 processor
is not publicly available, a broadband sound source detection experiment must be designed
to estimate the impedance of the EK80 matching circuit. This experiment was conducted in
an anechoic pool with a length of 7 m, a width of 6 m, and a depth of 5 m. The sound source
and standard hydrophones used the same model of hydrophones, and their parameters are
shown in Table 2.

Table 2. Hydrophone parameters were used in the experiment.

Parameters Values

Hydrophone type Standard hydrophone
Model TC4038-4

Effective frequency (MHz) 0.02~0.8
100 kHz receiving sensitivity (dB re 1V/μPa @1 m) −238.09
300 kHz receiving Sensitivity (dB re 1V/μPa @1 m) −237.81

Transmitting sensitivity (dB re 1μPa/V @1 m) 100~120
Horizontal directivity pattern (◦) 360

Vertical directivity pattern (◦) 120

The signal source uses DSG815, which can send AM, FM, and pulse signals in the fre-
quency range of 9 kHz~1.5 GHz. The oscilloscope uses DS1102 with an analog bandwidth
of 100 MHz, which can cover the bandwidth involved in this experiment.

The impedance can be calculated from the receiving sensitivity, sampling voltage
value, and transducer impedance curve, as shown in Equation (37).

RE =
VRRT

mu pr − VR
(37)

The parameters for the transmit signal and acquisition settings are shown in Table 3.

Table 3. Experimental emission signal parameters and oscilloscope sampling frequency.

Parameters Values

Signal type Linear FM
Pulse duration (ms) 1

Frequency range (kHz) 160~260
Transmitting amplitude (V) 3

Receiving amplifier gain (dB) 120
Oscilloscope sample frequency (MHz) 1

In order to estimate the equivalent impedance curve of the receiving matching circuit,
the transducer was placed in the receiving state, and the EK80 system sampling voltage and
standard hydrophone sound pressure were recorded. The experimental design is shown in
Figure 6.
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Figure 6. The dx and ds are set to 5 m, the sound source is in the axial direction of ES200-7C, and the
hydrophone is placed near ES200-7C. Both are within the far-field range of the sound source. The
sound pressure is kept consistent, according to the directivity of the sound source.

The sound source emits a broadband signal, and the transducer collects it using passive
mode. The time domain voltage value sampled by the hydrophone is converted into the
frequency domain sound pressure value pax( f ) using DFT and the sensitivity parameters,
and then the voltage value sampled by the EK80, and the sound pressure value collected
by the hydrophone are brought into the above formula. The calculated results are shown in
Figure 7.

 
Figure 7. The matching impedance of the transducer calculated from the test data.
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The impedance trend of the matching circuit is relatively consistent with that of the
transducer. The changes in impedance near the frequency of 180 kHz to 220 kHz are small,
and above 220 kHz the impedance changes significantly. Over most of the frequency range,
the overall impedance value hovers in the range of 5350 to 5400 Ω.

3.3. Transducer Beam Pattern Measurement

Using the previous instrument, we continued to measure the beam pattern of the
transducer in a broadband scenario, and the experimental design is shown in Figure 8.

 
Figure 8. Beam pattern measurement experimental design. The distance d is set to 5 m to meet the
far-field conditions of the transducer.

The transducer sends an LFM signal, the parameters are consistent with Table 3, and
the hydrophone is used to record the sound pressure values at different angles. The received
sound pressure values are subjected to discrete Fourier transform to obtain the sound
pressure components at each angle. By taking the maximum point of the sound pressure
ratio at the center frequency as the sound axis direction, the beam patterns at different
frequencies can be obtained. The transducer is then rotated 90◦ and the measurement is
repeated to obtain a beam pattern in the orthogonal direction.

The beam width measurement results are obtained from both directions, and the
partial measurement results of the acoustic axis offset are shown in Table 4. The off-axis
deviation in both directions can be calculated by the difference between the maximum
value of the beam pattern and 0◦, and the beam width is obtained from the difference
between the left and right sides at −3 dB.
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Table 4. Transducer beam pattern measurements result.

Frequency
(kHz)

Alongship
Beamwidth (◦)

Athwartship
Beamwidth (◦)

Alongship
Axis Bias (◦)

Athwartship
Axis Bias (◦)

160 8.21 8.12 −0.04 0.05
165 7.82 7.76 −0.06 0.04
170 7.46 7.38 −0.05 0.06
175 7.12 7.08 −0.04 0.05
180 6.74 6.70 −0.05 0.04
185 6.47 6.46 −0.06 0.04
190 6.28 6.26 −0.06 0.06
195 6.14 6.08 −0.06 0.05
200 5.93 5.96 0 0
205 5.84 5.89 −0.04 0.02
210 5.66 5.70 0.01 0.03
215 5.46 5.58 0 0.04
220 5.40 5.51 0.02 0.02
225 5.36 5.44 0.01 0.03
230 5.30 5.31 0.01 0.03
235 5.18 5.18 0.03 0.02
240 5.10 5.13 0.03 0.02
245 5.05 5.07 0.01 0.02
250 4.98 5.01 0.04 0.04
255 4.92 4.96 0.02 0.01
260 4.85 4.92 0.03 0.02

During the measurement process, the beam pattern measurement results indicated
a certain deviation in the acoustic axis. In the calculation the deviation parameter of the
acoustic axis must be introduced, the measured beam pattern is polynomial fitted using the
angle of two directions as independent variables, and the following beam compensation
relationship is obtained [5], as shown in Equation (38), and Equation (39) describes the
two variables.

b
(
θathwart, θalong

)
= 10−0.0753∗[(Fathwart)

2+(Falong)
2−0.18(Fathwart)

2·(Falong)
2] (38)

Fathwart =

∣∣θathwart − θathwart,bias
∣∣

θathwart,beamwidth
2

, Falong =

∣∣∣θalong − θalong,bias

∣∣∣
θalong,beamwidth

2

(39)

It should be noted that to simplify the compensation of the beam pattern, spherical
coordinates are not used here, but angles in two azimuths are used, and the conversion of
the angles in spherical coordinates is expressed as Equation (40).

{
θathwart = arctan2(tanθsinϕ)

θalongship = arctan2(tanθcosϕ)
(40)

When calculating the compensation value of the beam pattern, it is only the necessary
to us the calculated azimuth angles of the target in two orthogonal directions.

3.4. Copper Ball Broadband TS Measurement

For broadband measurement, the scattering of metal balls is considered simple and
ideal, and their frequency response is relatively stable in broadband. By measuring the
TS of a standard scattering sphere, the rationality and effectiveness of the TS estimation
algorithm can be evaluated [20]. This experiment was conducted in an anechoic pool with
length, width and depth of 7 m, 6 m, and 5 m, respectively.
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Before the experiment, it was necessary to measure the underwater parameters and
the standard scattering sphere parameters and to set the emission signal parameters. The
parameters calculated by consulting the literature are shown in Table 5 [21,42].

Table 5. Water parameters, copper ball parameters, and emission signal parameters; some parameters
were directly derived from the literature or were calculated according to methods therein.

Parameter Values

Water Parameters

Temperature (◦C) 23.2
Salinity (‰) 0
Depth (m) 2.0

Density
(
kg/m3 ) 0.9975

Sound velocity (m/s) 1486.5

Copper Parameters

Material Copper
Diameter (mm) 63

Density
(
kg/m3 ) 8947

Compressed wave speed 4760
Shearing wave speed 2288.5

Transmit Parameters

Type Linear FM
Pulse duration (ms) 1.024

Frequency range (kHz) 160~260
Transmit power (W) 150

Ping interval (ms) 200
Max range (m) 10

The layout of the experimental equipment is shown in Figure 9. The copper ball
and transducers were, respectively, loaded onto the traveling vehicle using a rotating
function. In order to verify the rationality and effectiveness of the broadband split beam
TS algorithm, we set the straight-line distance between the ball and the transducer to 5 m,
keeping the distance unchanged, and conducted an axial TS test. This was used to verify
the performance of the algorithm without the influence of the beam pattern. The transducer
was then rotated at intervals of 1◦ so that the copper ball was positioned at different angles
of the beam pattern to verify the performance of the split-beam positioning algorithm in
estimating the intensity of the nonaxial targets.

 

Figure 9. Experimental design for copper ball broadband TS measurement.
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We used the algorithm derived in this article to directly estimate the TS of the original
split-beam four-channel signal collected by the EK80, obtaining the TS data at different
angles and their mean square error at different frequencies in the same image, as shown in
Figure 10.

Figure 10. Broadband TS calculation and the corresponding mean square error of the copper spheres
at different angles.

It was discovered that in the low-frequency range, the measured datasets were rela-
tively stable, and the data dispersion was low. As the frequency increased, the dispersion
of the measured values gradually increased. Similar situations were also reported in the
literature [7,12,43].

The reason why these data fluctuate with the frequency may be explained as follows:

1. As the operating frequency of the transducer increases, the sensitivity of the transducer
to changes in the surrounding environment increases [44].

2. Under water, the higher the frequency, the shorter the wavelength, and the higher
the roughness of the target surface compared to the wavelength. Even for standard
spheres, there may be subtle differences in scattering characteristics on different
surfaces [5,20].

For point 1, it is assumed that the distribution of the coupled parameters is based
on the law of large numbers and the disturbance to the signal occurs in the Gaussian
distribution. Multiple pings of the original signals that meet the requirements can be
weighted and averaged before broadband TS estimation is performed to obtain values that
are closer to the true value [45].

For point 2, The waiting time after any movement operation during the measure-
ment process can be extended, and the smoothness of the surface and the overall shape
characteristics of the sphere to be measured can be ensured to meet the standards.

Due to the lack of professional instruments for measuring the differences in copper
ball surfaces and the lack of additional tests for copper balls, this paper adopted the first
method mentioned above to average the original collected signals.
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The standard sphere TS can be calculated from the parameters in Table 5 [46,47]. The
EK80 software also provides an estimate of TS during the data collection process. The
method described in the article, the EK80 measurement data, and the theoretical TS data of
the standard sphere were used for comparison. The results are shown in Figure 11.

Figure 11. Comparison between the measured and reference values of copper ball broadband TS.

It can be seen that both methods show relatively consistent TS estimation performance,
but there is a certain deviation from the standard value. The estimates exhibit smaller
deviations in the frequencies from 190 kHz to 220 kHz. Far from the nominal frequency,
the deviations are larger and exhibit more fluctuations. The mean square error of the EK80
algorithm is slightly larger than that of the algorithm mentioned in the article. This may
be due to the need for recalibration as a long time has passed since the equipment was
last calibrated.

4. Discussion

The broadband quantification process for echo signals is much more complicated than
that under narrowband conditions, requiring the consideration of more parameters and
the use of circuit analysis and complex analysis to complete quantitative analysis [7]. Com-
pared with traditional methods, this method provides a more complete discussion of split
beam technology and broadband technology. Although the steps seem more cumbersome
and require professional instruments and equipment to measure various parameters of the
transducer and medium parameters, the model proposed in the article can theoretically be
adapted to all equipment based on split-beam technology or sonar equipment including po-
sitioning and power measurement functions. Although the variables are strictly controlled
and possible disturbances in the measured values, including digital FIR filtering, matched
filtering, and multiple ping data mean filtering, are taken into account, there is still a certain
level of error compared to the theoretical value. The main sources of measurement errors
are as follows:
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1. EK80 did not provide data at the original sampling rate, but instead provided data
after two decimations. The equivalent sampling frequency was only 187.5 kHz. When
the pulse width is limited, the frequency resolution is low [37], and accurate frequency
estimation results of voltage amplitude cannot be provided.

2. Some impedance parameters and sensitivity data are sourced from factory test reports,
during long-term use, some changes may occur [5,27], resulting in errors in estimated
values at some frequencies.

3. The signal propagation medium is time-varying and will be affected by the physical
environment, including weather changes and vehicle shaking, causing fluctuations in
the measurement results [48].

4. During long-term use the oxidation and unevenness of the surface become inconsistent
with the copper ball in the reference data [20].

Regarding the first point, Jech compared two narrowband devices EK60 and EK500.
Compared with EK500, the sampling rate of EK60 decreased, and the smoothness of the
calculated TS also decreased [49]. This may be improved by increasing the sampling rate.

Regarding the second point, the transducer will change with the physical conditions.
Dealing with time-varying nonlinear systems is complicated. The most effective and simple
solution at present is to regularly re-measure the parameters mentioned in the method.

Regarding the third point, one can refer to the acquisition scheme for narrowband
echo sounders provided in Ref. [48]. There is less research on broadband, which may be
related to the complexity of broadband equipment.

Regarding the fourth point, chemically stable and high-hardness spheres should be
used where possible. Chu et al. found that net pockets will affect the sound scattering
characteristics [21]. Therefore, it is necessary to ensure that the way the sphere is suspended
in the water will not affect the sound scattering characteristics. The production method of
a net bag for hanging metal balls can be found in Ref. [5].

The above-mentioned errors are difficult to perfectly solve in the actual measurement
process. The increase in sampling rate will incur storage and calculation problems [7].
Parameter calibration requires the use of professional instruments and specific experimental
environments for measurement. Judging from the copper ball test results, the error is
slightly smaller than that of the built-in algorithm of the EK80 software, which proves the
rationality and effectiveness of the method proposed in this article.

From the analysis of the previous demonstration process, this broadband TS calcula-
tion method can be applied to any broadband split-beam transducer that can locate targets
within the beam. In the field of fishery acoustics, a large number of studies are based on
TS. The development of multi-frequency and broadband technologies in recent years has
brought new possibilities to TS-based target recognition. At present, due to the particularity
and complexity of broadband equipment, many problems remain to be solved before it can
be fully promoted and used. It is hoped that the new method proposed in this article can
be applied to diverse equipment, and that more acoustic equipment will be available in the
future to provide new and valuable enhancements to fishery acoustics.
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Appendix A

The names, symbols, and units of physical quantities must be precisely defined to
ensure effective scientific communication. However, different fields of study, such as
physics, electrical engineering, radar, and sonar, often use different terms and symbols, and
the same symbols can be used for different items, even within the same field. In summary,
scientists and researchers often exhibit preferences for specific terms and symbols. The
following terminology is mainly based on the suggestions of MacLennan [50] and follows
the SI units. A symbol should uniquely represent a term.

For the convenience of reading, the following table lists each variable in the formula
in section order, with a brief explanation.

Table A1. Symbols, units, and descriptions for Section 2.1.

Symbol Unit Description

ρw kg/m3 Density of water
u0 m/s Particle vibration speed
a m Transducer diameter
k rad/m Wave number

cw m/s Underwater sound speed
α dB/m Absorption coefficient

p(r, θ) Pa The sound pressure of the transducer at any position in the field
r m Distance from the equivalent sound center of the transducer

p0 Pa Axial sound pressure amplitude at the transducer
reference distance

pbs0 Pa Backscattering sound pressure at reference distance
from scatterer

b(θ) None Transducer beam pattern
pbs Pa Scattered sound pressure at transducer reference distance
σbs m2 Backscattering cross section
TS dB re 1m2 Target strength

Table A2. Symbols, units, and descriptions for Section 2.2.

Symbol Unit Description

su 1 μPa/V@1m Axial emission voltage sensitivity at reference distance
mu 1V/μPa @1m Axial received voltage sensitivity at reference distance
pax Pa Equivalent axial sound pressure
Vo V Open-circuit voltage when the transducer is receiving

VT V The voltage loaded across the transducer in the
transmitting state

VR V The sampling voltage of the sampling circuit in the
receiving state

ΠT W Transmit power
ZT Ω Transducer impedance
RT Ω Transducer resistance
ZE Ω Receiver circuit impedance
RE Ω Receiver circuit resistance

FImpe Ω−1 Impedance factor

Su dB re 1 μPa/V@1m Logarithmic representation of transmitted
voltage sensitivity

Mu dB re 1V/μPa @1m Logarithmic representation of received
voltage sensitivity
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Table A3. Symbols, units, and descriptions for Section 2.3.

Symbol Unit Description

v(t) V Assumed target echo voltage function
Πre f W Assumed target echo power

sideal(t) None Ideal wideband signal in time domain
S( f ) None Ideal wideband signal in frequency domain

t s Time variables in continuous time domain
T s Single frequency signal period
τ s Integration time variable

f or fi, fn Hz The signal frequency in the discrete frequency domain
Fband Hz Broadband signal bandwidth

n None Sequence index under time domain discretization
N None Finite sequence length under time domain discretization

An, Ai or Ci None Corresponding amplitude in time domain or frequency domain

x, y etc None Intermediate variable sequence during derivation in
time domain

Xresponsor( f ) None Intermediate variable sequence during derivation in
frequency domain

Vnorm[n] None Normalized reference voltage discrete sequence
Vre f [n] None Reference voltage discrete sequence
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Abstract: Antarctic silverfish (Pleuragramma antarcticum) play a crucial intermediary role in connecting
top predators and krill in the food web of the Antarctic Ocean. Despite their crucial role, research on
their abundance is lacking. In this study, we estimated the abundance of juvenile Antarctic silverfish
as foundational data for predicting their abundance. The density of juvenile Antarctic silverfish
was estimated using an acoustic backscattering theoretical model. The mean volume backscattering
strength was used to investigate the vertical and horizontal distributions of juvenile Antarctic
silverfish in the Antarctic Ross Sea. The survey area was located near Cape Hallett, Antarctica, where
Antarctic krill (Euphausia superba), ice krill (E. crystallorophias), and Antarctic silverfish coexist. The
survey was performed four times using the Korean Antarctic research ship, RV Araon (R/V, 7507 GT).
Frame trawls were conducted to identify the length and weight of the target fish species in the survey
area. Captured Antarctic silverfish captured measured 3–9 cm. The maximum target strength (TS)
was −92.93 dB at 38 kHz, −86.63 dB at 120 kHz, and 85.89 dB at 200 kHz. The average TS was
−100.00 dB at 38 kHz, −93.00 dB at 120 kHz, and −106.90 dB at 200 kHz. Most juvenile Antarctic
silverfish were found at a depth of 100 m and were distributed closer to sea ice. Between nearshore
and polynya waters, the fish demonstrated a proclivity for polynya waters.

Keywords: Antarctic silverfish; hydroacoustic; mean volume backscattering strength

Key Contribution: Antarctic silverfish play a crucial intermediary role in the food web of the Antarc-
tic ecosystem, making it a highly important species. Assessing the resources of Antarctic silverfish
is vital, particularly using underwater acoustics as a technique. Target strength (TS) is a crucial
factor in evaluating resources through acoustics, and we estimated the TS of Antarctic silverfish,
elucidating their spatiotemporal distribution. This paper contributes to a better understanding of the
Antarctic ecosystem.

1. Introduction

Antarctic silverfish (Pleuragramma antarcticum) is an important fish species in the
Antarctic Ross Sea owing to its wide distribution and high abundance, serving as prey
for both marine mammals and birds [1]. It also plays an important role in the food chain
of the Ross Sea by feeding on Antarctic krill (Euphausia superba), linking top predators to
krill [2–4]. Therefore, Antarctic silverfish have a significant impact on the abundance of top
predators and krill in the Antarctic.
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Antarctic silverfish is the only notothenioid species with an entire pelagic life cycle [5].
It also has a larval stage of more than one year, which is longer than that of other fish
species. The larvae are initially distributed in surface waters, and as they mature, they
disperse into deeper waters [6,7].

Antarctic silverfish can be classified into three age groups based on their length [3,8,9].
Specimens between 0.8 and 3 cm in length are classified as post-larvae, and those between
3 and 10 cm in length as juvenile fish. Specimens larger than 11 cm in length are classified as
adult fish. Juvenile Antarctic silverfish is highly abundant in Antarctic waters, accounting
for 98% of the total plankton [10].

The abundance of a target species is generally predicted based on the abundance of its
juveniles. Therefore, estimating the abundance of juvenile Antarctic silverfish is a crucial
factor in predicting the overall abundance of Antarctic silverfish.

Among various methods used to determine the density and distribution of organisms,
the hydroacoustic technique is the most effective method for surveying waters with limited
access and time limits, like those in Antarctica. To extract echo signals from the target fish
species using the hydroacoustic technique, it is important to discern the target strength
(TS) of the target fish species. The acoustic scattering model is most commonly used
to measure the TS of fish species, as this model takes into account several variables,
such as size, swimming angle, size of the swimbladder, and usage frequency, as well as
morphological characteristics of the target fish species. In the acoustic scattering theoretical
model (Kirchhoff–Ray mode), TS can be estimated by calculating the sum of the volumes of
the fish body and swimbladder, approximated as cylindrical shapes. This theoretical model
is a method of estimating acoustic backscatter strength by separating specific anatomical
structures of the target species, which is generally more precise than estimating strength
using only the organism’s shape [11].

Abundance estimation of a target species using acoustic techniques can be calculated
by dividing the volume backscattering strength (Sv) collected in the field by the target
strength (TS) of the target species. However, given the diversity of species in the ocean, it
is essential to first identify the target species and then separate their signals for accurate
analysis. There are two methods for separating the signals of the target species: time-varied
threshold (TVT), which uses one frequency, and mean volume backscattering strength
(MVBS), which uses more than two frequencies [12].

In this study, we measured the TS of juvenile Antarctic silverfish using an acoustic
backscattering theoretical model to estimate the spatiotemporal distribution of juvenile
Antarctic silverfish. We utilized MVBS to determine the vertical and horizontal distributions
of juvenile Antarctic silverfish in the Antarctic Ross Sea. We believe this study can provide
foundational data for predicting the abundance of Antarctic silverfish.

2. Materials and Methods

2.1. Survey Regions and Acoustic Data Collection

The study area was in the waters near Cape Hallet, Antarctica, where Antarctic krill
(E. superba), ice krill (E. crystallorophias), and Antarctic silverfish coexist. Furthermore,
the survey area is a known nursery ground for Antarctic silverfish [13]. The survey
was conducted four times: from 16 February to 10 March 2018; 21 December 2018 to
18 January 2019; 3 March to 7 April 2020; and 6 December to 22 December 2020 (Table 1). The
acoustic transects in each survey were 6, 12, 12, and 10, respectively. The Korean Antarctic
research ship, the icebreaker RV Araon (R/V, 7507 G/T), was used for the survey. Acoustic
data were collected while maintaining a vessel speed of 7–10 knots (Figures 1 and 2).
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Table 1. Survey period.

Survey Rounds Survey Period Survey Transects

1st 16 February 2018–10 March 2018 06
2nd 21 December 2018–18 January 2019 12
3rd 3 March 2020–7 April 2020 12
4th 6 December 2020–22 December 2020 10

Figure 1. Location map of the acoustic survey transects in the Ross Sea. (a) February 2018, (b) De-
cember 2018, (c) March 2020, and (d) December 2020. The black dots represent icons generated for
drawing lines, while the lines symbolize acoustic survey transects.

2.2. Sample Catch Data

It was necessary to determine the length and weight of the target fish species to
evaluate species density via hydroacoustics. Therefore, quantitative fishing gear to collect
the target fish species in the survey area was required. Since the shape of the net structure
changes depending on the speed of the survey vessel, a small midwater trawl with a frame
trawl of 2 m × 2 m was used. The frame was made of stainless steel with a diameter
of 100 mm. For stable fishing gear deployment, five buoys were installed on the top for
buoyancy, and four 100 kg weights were attached to the lower bar for reinforcing weight
and stability (Figure 3). The net was manufactured in duplicate by using double-walled
nets of approximately 7 m; the outer net protected the inner net from breakage. The mesh
sizes of the inner and outer nets were 5 and 10 mm, respectively. The square frame net was
used as fishing gear to collect fish larvae and specimens.
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Figure 2. Location map of the acoustic survey transects in polynya waters. (a) December 2018,
(b) March 2020, and (c) December 2020.

Figure 3. Frame midwater trawl and attached buoys.

Collections via the frame trawl were carried out on the Ross Sea ice shelf, located
offshore of the continental shelf in relatively shallow water with a depth ranging from
600 to 700 m [14]. A total of eight voyages were carried out between 7 and 16 December
2020 (Figure 4). While maintaining a vessel speed of 2–3 knots, the net was towed for more
than 30 min, and acoustic data were collected simultaneously.
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Figure 4. Location map of the frame midwater trawl stations conducted in the Ross Sea.

2.3. The Kirchhoff–Ray Mode (KRM)

The Kirchhoff–Ray mode (KRM) model was applied to estimate the acoustic scattering in-
tensity of Antarctic silverfish in the Antarctic Ross Sea. The KRM model (Equations (1) and (2))
can identify and quantify the shape of the fish body to estimate acoustic scattering strength [15].

LFISH = LBODY = f ( fr, θtilt, Sb, ρw, ρb, cw, cb) (1)

TS = 10log10|LFISH |2 (2)

where fr is the frequency, θtilt is the angle between the body axis and the incidence angle,
Sb is the body shape of the fish approximated as a cone, ρw is the density of the medium
(seawater), ρb is the density of the fish body, cw is the velocity of sound of the medium
(seawater), and cb is the velocity of sound of the fish body.

The TS using the KRM model calculates the posture angle from −60◦ to 60◦ at 1◦
intervals. The maximum and average values of TS were evaluated; the average values
(Equations (3) and (4)) were calculated using the probability density function (PDF), while
assuming an average posture angle and standard deviation of −5◦ and 15◦, respectively,
for common fish. The TS of each posture angle calculated every 1◦ was replaced by the
scattering cross-section, multiplied by the PDF of the posture angle of −5 ± 15◦, and then
the average TS was calculated using the sum [16]:

σbs =
∫ π/2

−π/2
σ(θ) f (θ)dθ (3)

TSavg. = 10log10 σavg. (4)

where σ(θ) is the backscattering cross-section at each swimming angle θ, and f(θ) refers
to the frequency of occurrence of each swimming angle. Additionally, the TS relation for
Antarctic silverfish can be expressed by Equations (5) and (6). Equation (6) assumes that
the reflection intensity is proportional to the second power of the length:

TS = alog10 L + b (5)

TS = 20log10L + TS10 (6)

31



Fishes 2024, 9, 47

where a is a slope, b is an intercept, and L indicates length (cm).
The KRM model estimates acoustic scattering strength by calculating the sum of the

approximate volumes of the fish body and the swimbladder. However, in the case of
Antarctic silverfish, the formula for the swimbladder was removed when applying the
model, as this species does not have a swimbladder [13]. For the density and sound velocity
ratios of the target species, this study utilized the findings of a previous study, which were
1.012 and 1.015, respectively [17].

Since contour data are required to use the KRM model, photographs were taken by
enumerating Antarctic silverfish. The pictures of the samples were analyzed using a digitizing
software program (Getdata Ver. 2.26, https://getdata-graph-digitizer.software.informer.com;
accessed on 14 December 2023) to collect body shape coordinates by dividing the sides of the
fish body into 0.2 mm intervals. This information was applied in the KRM model.

2.4. Data Processing

Acoustic data acquired through a scientific echosounder often include various acoustic
noises, leading to the degradation of the normal echo signal. The noise in the acoustic data
of this study included background, transient, and impulse noises (Figure 5). Background
noise occurs when the survey depth is out of the detection range of the used frequency, and
the acoustic intensity is relatively strong. Noise was removed by considering the values of
the data samples in the horizontal and vertical ranges. Background noise was removed
by converting the value of the data sample to −999 dB if the signal-to-noise ratio (SNR)
value was greater than the threshold value(δ) when artificial noise was subtracted from the
data sample in the specified area; this method is called TVT (Table 2). The SNR at the ping
(i) and range sample (j) is defined as follows:

SNR(i, j) = Sv, corr(i, j)− Snoise(i, j)

i f SNR(i, j) ≤ thresholdSNR′ (7)

Figure 5. Examples of noise processing in the echogram. The intensity is indicated by the color, with
red representing high intensity and blue indicating low intensity.
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Table 2. Background noise parameters.

Frequency 120 kHz 200 kHz

Horizontal extent (ping) 20 20
Vertical units samples samples

Vertical extent (samples) 5 5
Vertical overlap (%) 0 0

Maximum noise (dB) −125 −250
Minimum SNR 10 10

Transient noise is electrical noise caused by various on-board electrical equipment and
is characterized by a regular drizzling pattern [18]. Transient noise was removed as follows:
when a range of ~7 pings in the horizontal direction of the data sample was set, and the
median value of the area was subtracted from the center data sample in the specified area,
the noise was removed if the value was greater than the threshold value (Table 3).

Svi,j −
∼

Svm,n > δ. (8)

Table 3. Transient noise parameters.

Frequency 120 kHz

Exclude above Fixed depth surface exclusion at 10 m
Exclude below Minimum integration stop depth

Exclude below threshold (dB at 1 m) −170
Vertical window units Samples

Vertical window size (samples) 5
Horizontal size (ping) 7
Vertical size (samples) 9

Calculations per sample 63
Percentile 50

Threshold (dB) 10
Noise sample replacement value Percentile

percentile 10

Impulse noise occurs due to interferences from acoustic equipment installed on other
ships and is characterized by irregular, thick rain patterns. Impulse noise was removed
using the following process: after each sample value of the horizontal range variations was
subtracted from the central data sample of the specified area, a value was obtained. If the
value was greater than the threshold value, the noise was removed; this method is called
the two-sided comparison method (Table 4).

Svi,j − Sv(i+n), j > δand

Svi,j − Sv(i−n), j > δ (9)

Table 4. Impulse noise parameters.

Frequency 200 kHz

Exclude above Surface
Exclude below Bottom

Exclude below threshold (dB at 1 m) −150
Vertical window units Samples

Vertical window size (samples) 3
Horizontal size (pings) 3

Threshold (dB) 10
Noise sample replacement value Mean
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The frequency difference was the difference in the MVBS. The acoustic backscatter
strength of the target species was extracted to obtain a positive value; low frequencies were
subtracted from high frequencies. The acoustic scattering strength of the scatter predicted
by the KRM model was calculated to be −92.69 dB at 120 kHz and −90.46 dB at 200 kHz
when considering the minimum length (3 cm), and −69.95 dB at 120 kHz and −70.72 dB at
200 kHz when considering the maximum length (9 cm). Therefore, the MVBS200kHz–120kHz
range of Antarctic silverfish in the echograms of the two frequencies received from the
same seawater volume was from 2.23 to −0.77 dB. The frequency difference was applied
to the results of the collections in December 2020. The acoustic backscatter strength of
Antarctic silverfish was greater at 200 kHz than at 120 kHz.

To calculate the MVBS200kHz–120kHz within the same seawater volume after removing
the noise from the sea surface and seafloor, the cell size (width × length) per frequency
was applied to 1 ping × 1 m and integrated to generate a new echogram. A data range
bitmap that set the frequency difference range of Antarctic silverfish was created. A mask
operator was used to separate the echo signal from Antarctic silverfish by superimposing
the echoes that matched the cell size with 120 kHz frequency at 200 kHz. Matched echoes
were considered to be fish.

To estimate the density of juvenile Antarctic silverfish using acoustics, volume backscat-
tering strength (Sv) data extracted from the scientific echosounder at 1 n.mile intervals were
converted to nautical area scattering coefficients (NASCs). The relationship for converting
Sv to NASC can be found in Equation (10):

NASC = 4π18522
∫ r2

r1

Svdr (10)

Since the NASC value is the linear sum of the signals received from aquatic organisms
in the water volume, the density of the target organisms (ρ, g/m2) can be calculated by
dividing the average NASC value in the obtained seawater volume by the TS of the target
fish; the TS and backscattering cross-section according to the length (L, mm) of the target
organisms can be expressed in Equations (12) and (13), respectively:

NASC = ρ·TS (11)

TS = 20log(L) + TSmm (12)

σ = 4π10
TS
10 (13)

Additionally, the length (L, mm)–weight (w, mg) relationship of the target organism
can be found in Equation (14):

ω = αLb (14)

Here, the backscattering cross-section and length–weight function of the target organ-
ism were obtained from the catch data collected at the same time as the acoustic survey. The
density of the target species (ρ) (Equation (15)) can be calculated by dividing the average
NASC within the seawater volume at 1 n.mile intervals by the backscattering cross-section
(σ) of the target species and multiplying it by its weight. The remainder on the right side of
Equation (15), except for NASC, is the conversion factor (CF) that calculates density from
acoustic data, considering the backscattering cross-section and length–weight of the target
species. Average values were utilized for the backscattering cross-section and weight of the
target species.

ρ =

(
NASC

σ

)
·ω =

αLb

4π10TS/10 · NASC (15)
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The average target species density (ρ) of the entire survey area represents the weighted
mean of the average density data per vessel, as shown in Equation (16):

ρ =
∑N

i=1 ρ·ni

∑N
i=1 ni

(16)

where ρi is the mean density of the ith vessel, ni is the number of the ith vessel (elementary
distance sampling unit, EDSU), and N indicates the number of vessels.

3. Results

A distribution survey of Antarctic silverfish was performed using a frame trawl in the
Antarctic Ross Sea in December 2020. The individuals captured in the fishing gear were
juvenile Antarctic silverfish. Antarctic silverfish were most abundantly caught at station 5,
with a total of 46 individuals. (Table 5). The catch ratio of Antarctic silverfish was >53% at
station 1 (Figure 6). The variation in the lengths of the fish obtained using the fishing gear
is shown in Figure 6. Antarctic silverfish caught had a length of 3–9 cm. Fish with a 5 cm
body length were found in the highest proportion, accounting for approximately 53% of
the captured fish, whereas 6 cm fish were captured in the lowest proportion (Figure 7).

Table 5. Trawl time, station, location, number caught, and catch rate.

Station
Date

(DD.MM.YYYY)
Latitude

(◦)
Longitude

(◦)
Number Caught

(N)
Antarctic Silverfish Ratio

(% by Number)

1 12.07.2020 74◦56.9′ S 164◦06.8′ E 15
53.3
333
3

2 12.09.2020 74◦48.2′ S 166◦00.4′ E 106
3 12.11.2020 74◦34.0′ S 171◦00.1′ E 123 15.4
4 13.12.2020 77◦22.4′ S 176◦17.9′ E 155 1.3
5 14.12.2020 75◦26.4′ S 176◦17.9′ E 150 30.7
6 14.12.2020 74◦31.5′ S 179◦11.0′ W 103 1.0
7 15.12.2020 76◦40.0′ S 179◦11.9′ W 7 14.3
8 16.12.2020 77◦41.6′ S 179◦00.3′ W 28 21.4

Figure 6. Distribution of caught species according to trawl station.
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Figure 7. Antarctic silverfish sampled in December 2020 using frame midwater trawl. (a) Total length
distribution. (b) Photograph of sampled Antarctic silverfish.

The maximum TS of Antarctic silverfish, calculated from the theoretical model of
hydroacoustic scattering in line with their variation in posture angle [−45◦ to +45◦], refers
to the highest value between such posture angles of −45◦ to 45◦; the average TS is the value
calculated using PDF for a posture angle of −5 ± 15◦ [16]. The relationship between the
total length and maximum TS of Antarctic silverfish was as follows:

TS = 52.13log10 TL − 119.00 at 38 kHz,
TS = 52.10log10 TL − 112.67 at 120 kHz
And TS = 46.32log10 TL − 107.24 at 200 kHz

The relationship between the total length and average TS was as follows:

TS = 47.74log10 TL − 118.44 at 38 kHz,
TS = 47.65log10 TL − 115.43 at 120 kHz
And TS = 41.37log10 TL − 110.21 at 200 kHz

The maximum TS of the reference TS, which was calculated with the frequency-specific
TS proportional to the second power of length, was −92.93 dB at 38 kHz, −86.63 dB at
120 kHz, and −85.89 dB at 200 kHz; the average TS of Antarctic silverfish was −100.00 dB
at 38 kHz, −93.00 dB at 120 kHz, and −106.90 dB at 200 kHz.

The vertical distribution of the NASC values for Antarctic silverfish in the nearshore
waters of the Antarctic Ross Sea is shown in Figure 8. The detection range at a frequency of
200 kHz was considered in 10 m intervals from a depth of 15 m to a depth of 155 m. The
vertical distribution in February 2018 showed low NASC values in all water layers. The
vertical distribution in December 2018 showed the highest value of 4.29 m2/nm2 at a depth
of 25 m. The NASC values in March 2020 were highest at the surface with 8.3 m2/nm2,
but NASC values lowered with increasing depth. The values in December 2020 were
highest at the surface, and higher values were found at depths of 50 and 60 m. Most high
NASC values were found within 20 m. The vertical distribution of NASC values of the
Antarctic silverfish in the polynya area in the Antarctic Ross Sea was as follows: strong
NASC values were found at the surface in December 2018; in March 2020, NASC values
tended to increase with depth. NASC values in December 2020 were found to be high at a
depth of 20 m and higher at depths of 50 and 80 m. Both nearshore and polynya waters
showed a strong distribution at the surface.

The horizontal distribution of the fish is shown in Figures 8 and 9, where the color of
the circle indicates the size of the NASC (Figures 9 and 10). In February 2018, NASC values
in the Ross Sea were generally low in intensity. The NASC values for juvenile Antarctic
silverfish in the Ross Sea in December 2018 were stronger near the sea ice, and the strongest
intensity was found near −75◦ latitude and 172◦ longitude. The NASC values for juvenile
Antarctic silverfish in the Ross Sea in March 2020 were generally low, similar to the values in
December 2018. The horizontal distribution of juvenile Antarctic silverfish in the Ross Sea
in December 2020 was mostly even, and a strong intensity was found between −74◦ and
−75◦ latitude. The distribution of juvenile Antarctic silverfish was stronger in December
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compared with February and March. The horizontal distribution of juvenile Antarctic
silverfish in the polynya waters in December 2018 was found to be mostly low, with higher
intensity in the north of the survey area. In March 2020, the horizontal distribution of
juvenile Antarctic silverfish in the polynya waters was largely in the north of the Drygalski
Trough, located at −75◦ latitude and 163–164◦ longitude. In December 2020, the horizontal
distribution of juvenile Antarctic silverfish in the polynya waters showed a strong intensity
near −78◦ latitude and 168–176◦ longitude, while the average NASC of the fish species per
vessel was generally even.

Figure 8. Vertical distribution of Antarctic silverfish NASC values. (a) Ross Sea and (b) polynya waters.

Figure 9. Horizontal distribution of Antarctic silverfish NASC values in the Ross Sea. (a) February
2018, (b) December 2018, (c) March 2020, and (d) December 2020.
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Figure 10. Horizontal distribution of Antarctic silverfish NASC values in polynya waters. (a) Decem-
ber 2018, (b) March 2020, and (c) December 2020.

In February 2018, the average density of the fish species in the nearshore waters of
the Antarctic Ross Sea was 0.004 (g/m2). In December 2018, the average density of the fish
species was 0.058 (g/m2) in the nearshore waters of the Antarctic Ross Sea and 0.008 (g/m2)
in the polynya waters. In March 2020, the average density of the fish species in the Antarctic
Ross Sea was 0.029 (g/m2) in the nearshore waters and 1.468 (g/m2) in the polynya waters,
confirming that the density was 50 times higher in the polynya waters than in the nearshore
waters. In December 2020, the average density of the fish species in the Antarctic Ross Sea
was 0.269 (g/m2) in the nearshore waters and 0.337 (g/m2) in the polynya waters. Higher
densities were found in the polynya waters compared with nearshore waters, except in
December 2018.

4. Discussion

Based on the same length, juvenile Antarctic silverfish have similar acoustic backscatter
strength to Antarctic krill and show similar primary distribution depths to ice krill [19]. The
current study examined post-larval Antarctic silverfish of 3–10 cm in length. The lengths of
the collected krill were substantially different from those of Antarctic silverfish, and the
acoustic scattering strengths were therefore also assumed to differ substantially (Table 6).
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Table 6. Length distribution of Antarctic krill, ice krill, and Antarctic silverfish, sampled in Decem-
ber 2022.

Antarctic Krill
(Euphausia superba)

Ice Krill
(Euphausia

crystallorophias)

Antarctic Silverfish
(Pleuragramma

antarcticum)

Minimum length (cm) 3.14 1.77 3.42
Maximum length (cm) 4.95 3.92 9.40
Average length (cm) 4.10 2.79 4.83
Standard deviation 3.24 4.51 0.96

By comparing the MVBS (200–120 kHz) difference in the range 3–5 cm, where the
lengths overlapped, the difference of MVBS (200–120 kHz) between Antarctic silverfish and
Antarctic krill (E. superba) became similar as the lengths increased (Figure 11). Therefore,
future studies should be conducted on the acoustic backscatter strength of Antarctic silver-
fish, Antarctic krill, and ice krill to develop algorithms that can more clearly distinguish
the three species. Additionally, krill are characterized by large-scale clustering, whereas
juvenile Antarctic silverfish tend to be more dispersed [20,21]. Therefore, studies of their
clustering or dispersion patterns may also be helpful in distinguishing them.

Figure 11. Comparison of the MVBS (200–120 kHz) values in the range of 3–5 cm among Antarctic
silverfish, Antarctic krill, and ice krill.

The fishing gear used in the December 2018 survey was a frame trawl, which is
designed to prevent the net from being damaged by vessel speed and currents. The length
of Antarctic silverfish caught in this survey was 3–9 cm. Unlike previous studies focusing
on post-larval and adult Antarctic silverfish, this study only targeted juvenile fish [22].
However, it was not easy to handle large sampling equipment, such as frame trawls, and
move to target depths in Antarctic waters [23]. In the future, frame trawls may need to be
equipped with real-time monitoring depth sensors to determine depth movements.

In a previous study by La Mesa et al. [3] that targeted Antarctic silverfish and estimated
acoustic scattering intensities, the fish were divided into adult fish and larvae to estimate
the acoustic scattering features; however, as the sample size employed in the current study
corresponds to the size classified as fish larvae in the previous study, only acoustic scattering
features of fish larvae were compared. In previous studies, the body shape of Antarctic
silverfish is described as a spherical shape based on body depth, and the current study
extended this into a cylindrical shape for body depth and width. The ratio of body width
to depth of the Antarctic silverfish was approximately 0.08; since body width is relatively
small, we assumed that there would be a large difference in acoustic scattering intensities. A
previous study and the present study showed that acoustic scattering intensities increased
in line with higher frequencies, which is a feature of fish species without a swimbladder [21].

O’Driscoll et al. [21] indicated that adult Antarctic silverfish are mainly distributed
at depths of 100–400 m, whereas juvenile fish are mainly distributed in shallow waters at
a depth of 80 m. Since echo signals were identified by applying the acoustic backscatter
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strength of juvenile Antarctic silverfish in the current study, we assumed that the echo
signals did not appear in deeper waters.

Vacchi et al. [10] showed that Antarctic silverfish spawn near sea ice. In the present
study, a large number of fertilized eggs of Antarctic silverfish were found near Terra
Nova, the survey area. Antarctic silverfish were found to be distributed near sea ice. The
phenomenon is speculated to be due to the fact that this research was conducted during
the Antarctic summer when Antarctic silverfish is attracted by the influx of phytoplankton
caused by warmer temperatures and melting sea ice.

Polynya is a geographical term indicating an ice-free area in polar oceans where
sea ice is present and remains ice-free almost all year round. In this area, the biomass
growth and primary production of phytoplankton increase due to the restrictions from
physical phenomena such as wind, glaciers, and heat. In the survey area, the Terra Nova
Bay polynya and the Ross Ice Shelf polynya are formed, which may explain the high
distribution of Antarctic silverfish near polynya. Furthermore, both the Ross Ice Shelf
polynya and Terra Nova Bay polynya are reported to produce the maximum amount of sea
ice in March [24], which may explain the high fish distribution near the polynya in March
2020. In other survey periods, such as February and December 2018, the sea ice area in
the Antarctic Ross Sea was the least developed of the corresponding months from 1981 to
2010 [25]. In particular, the sea ice rarely developed in February compared with December,
which may explain the low density of Antarctic silverfish due to less development in its
spawning ground.

5. Conclusions

In this study, the vertical and horizontal distribution of juvenile Antarctic silverfish
was investigated using the MVBS method. The study area encompassed regions where
Antarctic silverfish coexist with Antarctic krill and ice krill. The frequency range applied
was based on the estimated acoustic backscattering strength of Antarctic silverfish using the
KRM. The analysis of the acoustic backscattering strength of juvenile Antarctic silverfish
using the KRM model revealed that as the frequency increased, the TS also increased.
For species like Antarctic silverfish, which lack swimbladders, the swimming angle is an
essential variable influencing TS. However, research on the swimming angle of juvenile
Antarctic silverfish is currently limited. Therefore, it is essential to investigate the swimming
angle of Antarctic silverfish schools in the future. The spatiotemporal distribution results
indicate that they predominantly inhabit the upper 80 m of the water column, with higher
intensity observed near ice-covered areas. Antarctic silverfish is a species known to spawn
near ice, suggesting a need for specific research on the relationship between Antarctic
silverfish and sea ice in the future. This study estimated the TS of Antarctic silverfish, and
it confirmed that the difference in MVBS between Antarctic krill and ice krill is distinct.
Despite these differences, the echogram analysis still occasionally misidentified krill as
Antarctic silverfish. However, the distribution patterns of Antarctic silverfish and krill were
markedly different. Consistent with the findings of the previous study, this study similarly
reveals that krill forms schools, while juvenile Antarctic silverfish exhibit a dispersed
distribution pattern [21]. Although an analyst can manually exclude krill based on these
patterns, problems arise due to notable variations in results depending on the analyst.
Therefore, it is necessary to develop algorithms for the precise determination of Antarctic
silverfish distribution patterns in the future. We believe this study can offer foundational
data on the abundance of juvenile Antarctic silverfish.
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Abstract: The Yangtze finless porpoise (Neophocaena asiaeorientalis asiaeorientalis, YFP) possesses the
ability to detect distance through echolocation signals, and its sonar signal signature is adjusted to
detect different targets. In order to understand the vocal characteristics of YFPs in different behavioral
states and their differential performance, we recorded the vocal activities of YFPs in captivity during
free-swimming, feeding, and nighttime resting and quantified their signal characteristic parameters
for statistical analysis and comparison. The results showed that the number of vocalizations of the
YFPs in the daytime free-swimming state was lower than that in the feeding and nighttime resting
states, and the echolocation signals emitted in these three states showed significant differences in the
−10 dB duration, −3 dB bandwidth, −10 dB bandwidth, and root-mean-square (RMS) bandwidth.
Analysis of the resolution of the echolocation signals of the YFPs using the ambiguity function
indicated that their distance resolution could reach the millimeter level. These results indicate that
the echolocation signal characteristics of YFPs present diurnal differences and that they can be
adjusted with changes in their detection targets. The results of this study can provide certain scientific
references and foundations for the studies of tooth whale behavioral acoustics, and provide relevant
scientific guidance for the conservation and management of YFPs.

Keywords: Yangtze finless porpoise; echolocation signal; behavioral state; diurnal variation;
ambiguity function

Key Contribution: In this study, we analyzed and compared the vocalization pattern and echoloca-
tion signal characteristics of the Yangtze finless porpoise (Neophocaena asiaeorientalis asiaeorientalis) in
captivity during free-swimming, feeding, and nighttime resting, as well as the discriminative ability
of their echolocation signals, to explore the differences in the changes in the echolocation signals of
the YFPs in different behavioral states with a view to providing certain references for acoustic studies
of the YFPs’ biological behaviors.

1. Introduction

The Yangtze finless porpoise (Neophocaena asiaeorientalis asiaeorientalis, YFP) is a small
toothed whale endemic to China. It is distributed in the middle and lower reaches of
the Yangtze River, as well as Dongting Lake and Poyang Lake. It serves as an important
indicator species for the health of the freshwater ecosystem of the Yangtze River and the
status of its biodiversity [1]. YFPs were listed as critically endangered (CR) by the Species
Survival Commission of the World Conservation Union (IUCN/SSC) in 2013 [2]. With only
1249 of their species remaining in the wild by 2022, their conservation remains important [3].
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YFPs have evolved an effective echolocation system to adapt to the freshwater living
environment, which mainly allows them to carry out activities necessary for survival
such as localization and navigation, inter-individual communication and exchange, prey
hunting, and escaping from enemies [4–6]. However, a number of human water-related
activities generate tremendous noise [7,8], which affect YFPs’ sonar activities to a certain
extent and even threaten their survival activities. There is an urgent need to study the
echolocation behavior of this group of toothed whales, which are frequently affected by
human activities and are in endangered conditions.

In recent years, it has been demonstrated that harbor porpoises (Phocoena phocoena) use
different echolocation strategies and biosonar parameters in two different environments
for solving an otherwise identical target approach task, thus highlighting that biosonar
adjustments are both range- and context-dependent [9]. Fang et al. demonstrated that
the echolocation signal parameters of the YFPs differed among the three environments: a
captive tank, a netted pen, and field water of the Yangtze River, indicating that the YFPs
adapted to their echolocation signals depending on their surroundings [10]. Acoustic
monitoring of YFPs in some field waters of the Yangtze River revealed that their nighttime
sonar activities were greater than those of daytime, which may be related to their nocturnal
foraging [11,12]. It has also been shown that the sonar activity of YFPs may be related
to the changes in their surrounding environments [13]. However, little is known about
whether YFPs adjust their sonar signal activity in response to behavioral activities or
diurnal variations.

In addition, one study used differently spaced objects to allow harbor porpoises to
discriminate between detections, and they were found to be able to resolve and discriminate
closely spaced targets, suggesting a clutter rejection zone much shorter than their auditory
integration time and that such clutter rejection is greatly aided by spatial filtering with their
directional biosonar beam [14]. Ambiguity functions for processing radar signals have also
been used to study the discriminatory ability of echolocation signals in toothed whales [15].
Studies on the ability to discriminate sonar signals have mainly focused on toothed whales
living in the ocean, while studies on the YFPs in this area have not yet been reported.

Studying the echolocation signal activity and characteristics of YFPs in different
behavioral states is crucial for understanding their survival strategies. Due to the large
spatial extent of the field waters, the turbidity of the water, and the small body size of
the YFPs, the implementation of acoustic monitoring and behavioral observations had
limitations that were not conducive to the conduct of this study. Therefore, we studied
the sonar activity patterns and signal characteristics of the YFPs in different behavioral
states in a relatively controlled environment in captivity. This will help to understand the
vocalization patterns and changing characteristics of the YFPs and provide a reference basis
for the relevant departments to formulate targeted management policies and protection
measures for the YFPs based on the patterns and characteristics of their sonar activities.

2. Materials and Methods

2.1. Subjects

The experimental research subjects were two male YFPs in the captive breeding base,
and the data collection period was from March to April 2023.

2.2. Experimental Procedure

Data acquisition equipment: 1© A fixed underwater high-frequency acoustic event
recorder (i.e., A-tag, ML200-AS8 Marine Micro Technology, Saitama, Japan) was used for the
monitoring of the YFPs vocalization events. Only specific high-frequency acoustic signal
events were recorded during operation and were detected at a distance of approximately
300 m [16]. The sensitivity of the hydrophone is close to the main frequency of YFPs
vocalization at 120 kHz [17]; electronic bandpass filtering is 55–235 kHz to eliminate
underwater noise signals outside the frequency band of YFPs sonar signals; The sampling
rate was set to 2 kHz, i.e., the pulse signal was recorded every 0.5 ms [18].

44



Fishes 2024, 9, 119

2© The underwater eco-acoustic recorder (SoundTrap 300HF, Ocean Instruments Ltd.,
Auckland, New Zealand) was used to collect the YFPs echolocation signals, with the Sample
Rate set to 576 kHz, the analog-to-digital converter (ADC) at 16 bits, and the Preamp gain
set to high.

These two types of underwater sound recorders have been widely used in passive
acoustic studies of YFPs [19–21]. During data collection, one SoundTrap 300HF and
one A-tag were placed 1.5 m from the surface of the water in one corner of the rearing
tank. Acoustic signal acquisition in this study was carried out uninterruptedly during
the observation period, and the accompanying law enforcement recorder was used for
recording; audible event acquisition continued uninterruptedly for 24 h. The hydrophones
did not affect the daily activities of the YFPs, ensuring that the animals were free to move
around and eliminating human interference as much as possible.

Nine days were randomly selected for the study of temporal changes in the number
of vocalization events, and the 24 h were roughly divided into three categories based
on the state of the YFPs appearing in one hour (e.g., Table 1). Divers would clean and
vacuum the rearing pool from 8:00 to 9:00 daily, which was excluded due to the presence of
anthropogenic disturbance. The feeding baits were all live Hemiculter leucisculus, and toy
balls were provided daily in the captive tank.

Table 1. Time period (hours) of the YFPs activity in three states.

Time Period

Free-swimming State 6:00–7:00; 7:00–8:00; 9:00–10:00; 11:00–12:00; 13:00–14:00; 15:00–16:00; 17:00–18:00
Feeding State 10:00–11:00; 12:00–13:00; 14:00–15:00; 6:00–17:00; 19:00–20:00; 21:00–22:00; 0:00–1:00

Nighttime Resting State 1:00–2:00; 2:00–3:00; 3:00–4:00; 4:00–5:00; 5:00–6:00; 18:00–19:00; 20:00–21:00; 22:00–23:00; 23:00–24:00

The echolocation signals of the YFPs were collected under three experimental condi-
tions: the first was the free-swimming condition (i.e., when no one was interfering in the
daytime, the two YFPs were in a variety of swimming postures, mostly swimming counter-
clockwise along the edge of the feeding pool in pairs with uniform swimming speeds.); the
second was the feeding condition (i.e., when the feeders were feeding them live fish during
the daytime, the two YFPs exhibited more complex behavior, with alternating feeding
periods). (We picked up the signals emitted during its detection of live fish.) and the third
was the nighttime resting condition (i.e., when no one was interfering at night, the behavior
of the two YFPs was mostly accompanied by swimming, and their swimming speed was
uniform and slowed down.).

2.3. Data Acquisition and Analytical Processing
1© Data analysis of vocal events: The acoustic data collected with the A-tag were

exported and converted into a format using the Logger tools (v5.03) software, and the
acoustic signal events of the YFPs were extracted from the background noise events using
a customized program based on the Igor Pro 7 (WaveMetrics, Lake Oswego, OR, USA)
software. Usually, the echolocation signals of YFPs are expressed in the form of pulse
sequences, and one pulse sequence emitted will contain five to hundreds of pulses [22],
and sound pressure levels vary uniformly, and the inter-click intervals (ICIs) vary between
20 and 70 ms, whereas the changes in the sound pressure levels and ICIs of the underwater
noise are irregular, so that the recorded acoustic signal pulse characteristics can be used to
determine the vocalization events of YFPs [23]; In addition, the durations of the YFPs pulse
sequences are generally less than 130 ms [24]. We screened the YFPs signals according to
the above rule.

2© Echolocation signal characterization: The data collected using SoundTrap were
decompressed into .wav format files and imported into its accompanying analysis software,
dBwav 1.3, and the data were calibrated according to the end-to-end sensitivity provided
on the official website (http://www.oceaninstruments.co.nz/, accessed on 6 August 2023).
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According to the high energy distribution of echolocation signals in YFPs, the corresponding
audio clips were intercepted against the spectrogram, and the information was exported.

In order to select the echolocation signal as closely as possible to the propagation
axis, we referred to some criteria set in previous studies [17,25,26]. The main steps to
further selecting and analyzing the dBwav 1.3 intercepted audio clips include: (1) As far as
possible, ensure that the audio was selected to be recorded with the animal’s head facing
the hydrophone; (2) Echolocation signal sequence sequences were independent signal
sequences, excluding the superposition of multiple signal sequences; (3) The single pulse
signal with the highest amplitude and typical characteristics of a toothed whale’s waveform
was selected, and the part with a clear sinusoidal waveform and smooth envelope structure
was intercepted, while the rest of the reverberating structure was eliminated; (4) The
intercepted echolocation signals with signal-to-noise ratio (SNR) higher than 5 dB were
calculated using a MatLab R2022a customized code for further analysis [27].

Using the above methods, the author selected 300 single-pulse echolocation signals for
the YFPs in the three different behavioral states: free-swimming, feeding, and nighttime
resting, for a total of 900 echolocation signals. The peak frequency (which is the frequency
that corresponds to the energy maximum of the signal spectrum), the −3 dB bandwidth
(−3 dB_BW, which is the frequency range bandwidth at 3 dB less than the peak power), and
the −10 dB bandwidth (−10 dB_BW, which is the frequency range bandwidth at 10 dB less
than the peak power) of the intercepted echolocation signals were manually processed using
Praat6211; the centroid frequency (which is the frequency at which the power spectrum is
divided into two equal parts), the root-mean-square bandwidth (RMS_BW, which is the
spectral standard deviation of the centroid frequency), and −10 dB duration (which is the
duration between two points that are −10 dB below the peak of the signal waveform) of
the signals were processed using custom MatLab code [28,29]. The bandwidth of the signal
can be parameterized using −3 dB_BW and −10 dB_BW as well as RMS_BW [6,28,29]. The
parameters of the spectrum setting in Praat were as follows: the visible frequency range
was 0~288 kHz, the analysis mode was Fourier, the window function type was Hanning,
and the window length was 0.0002 s.

The acoustic parameters of the signals in each state were statistically analyzed using
SigmaPlot 14.0, and significant differences were analyzed using one-way ANOVA and
the Mann–Whitney U-test. The results are expressed as mean ± standard deviation, and
the data were plotted using SigmaPlot 14.0. For the description of the characteristic
distributions of echolocation signal parameters, reference was made to the descriptions of
the histogram distributions in previous studies of YFPs [10,17].

Referring to Li et al. [30] and Chen et al. [31], the echolocation signals’ discrimina-
tive ability of YFPs was analyzed by custom MatLab code using the ambiguity function.
The function describes the time-frequency characteristics of the echolocation signal. It is
commonly used for the characterization of sonar signals and is expressed as

|χ(τ, ξ)| =
∣∣∣∣
∫ ∞

−∞
s(t)s∗(t + τ)e−j2πξtdt

∣∣∣∣
where τ is the signal time delay and ξ is the signal Doppler shift.

The results of the ambiguity function’s characterization of the signal are mainly in
the form of a 3D ambiguity plot expressing the degree of ambiguity of the neighboring
targets and its 2D cross-section at the peak drop to 70.7%, which is called the ambiguity
plot. The two jointly reflect the signal’s resolving power for distance (time delay value) and
velocity (Doppler shift) of neighboring targets and the detection accuracy of the distance
and velocity quantities. The time delay resolving power is the time difference Δτ = 2τ0
between two intersections of the ambiguity plot and the τ-axis, while the frequency shift
resolving power is the frequency shift difference Δξ = 2ξ0 between two intersections of
the ambiguity map and the ξ-axis. The detection accuracy is then half of the resolving
power (i.e., τ0 and ξ0). Therefore, the steeper the 3D ambiguity function plot surface and
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the smaller the cross-sectional area of the ambiguity plot, the easier it is to discriminate
between neighboring targets [32].

3. Results

3.1. Comparison of Vocalization Number Characteristics of the YFPs in Three Behavioral States

Screening of the YFPs vocalization events over a 9-day period and counting the percent-
age of each hour’s vocalization to the 24 h total showed that the YFPs vocalization activity
changed at different hours of the day. The number of vocalization events of the YFPs in a
24 h period showed significant peaks in five periods: 12:00–13:00, 16:00–17:00, 19:00–20:00,
21:00–22:00, and 0:00–1:00, indicating strong vocalization activities (see Figure 1). Exclud-
ing the condition of special human interference (suction by divers from 8:00 to 9:00 a.m.),
the three states show that the average proportion of vocalizations per hour in the 24 h total
was lower during the daytime free swimming period (3.60%) than during feeding (5.09%)
and the nighttime resting period (4.20%), and was highest during the feeding state (see
Figure 2).

Figure 1. Temporal characteristics of the intensity of vocalization events of the YFPs.

Figure 2. Intensity characteristics of vocalization events in three states of the YFPs.

3.2. Comparison of Echolocation Signal Parameters of the YFPs under Three Behavioral States

The acoustic parameters such as peak frequency, centroid frequency, signal bandwidth,
and −10 dB duration of the echolocation signals under the three states were quantified and

47



Fishes 2024, 9, 119

counted, and the parameters of the three groups were compared and analyzed using one-
way ANOVA and then analyzed using the Mann–Whitney U-test for the differences among
the groups. The acoustic parameters of the echolocation signals of the YFPs showed vari-
ability in the signal bandwidths (−3 dB_BW, −10 dB_BW, and RMS_BW) and the −10 dB
duration under the three behavioral states, and the results of their one-way ANOVA
are shown in Table 2. The mean, standard deviation, and variability of the echoloca-
tion signal parameters for each activity state are listed in Table 3, and the distribution is
shown in Figure 3. The peak frequency of the echolocation signals was predominantly
distributed at 125–135 kHz in all three states of free-swimming, feeding, and nighttime rest-
ing, accounting for 67%, 65%, and 66.67%, respectively. In the distribution of the −10 dB
duration, two peaks of 30–40 μs and 50–60 μs were observed in the signal distribution
during both the free-swimming and nighttime resting conditions, which accounted for 21%,
19.67%, 24.33%, and 23%, respectively, while the echolocation signals of the YFPs during
feeding were mainly distributed in the range of 60–70 μs. In the distribution of −3 dB_BW,
a peak of 15–25 kHz was observed in the signal distribution during the nighttime resting
condition, while a peak of 10–20 kHz was observed in the signal distribution during the
free-swimming and feeding states, which was 57.66% in the free-swimming state and
65.33% in the feeding state. The RMS_BW of the echolocation signals in the three states
of free-swimming, feeding, and nighttime resting were mainly distributed in the range of
10–20 kHz, which accounted for 32%, 44%, and 38.33%, respectively. The distribution of the
echolocation signals during feeding was higher in the number of low bandwidth values
compared to the other two states and lower in the number of low −10 dB durations than
the other two states.

Table 2. One Way ANOVA results of acoustic parameters of echolocation signals of the YFPs in
three states.

p Value

Peak frequency (kHz) 0.171
−3 dB_BW (kHz) <0.001 ***
−10 dB_BW (kHz) <0.001 ***

−10 dB duration (μs) <0.001 ***
Centroid frequency (kHz) 0.059

RMS_BW (kHz) 0.017 *
* p < 0.05 *** p < 0.001.

Table 3. Calculated echolocation signal characteristics of the YFPs in three states.

State (I) State (J) Mean ± S.D. (I) Mean ± S.D. (J) p Value

Peak frequency (kHz)
Free-swimming Feeding 130.59 ± 5.25 129.77 ± 5.66 0.064
Free-swimming Nighttime Resting 130.59 ± 5.25 130.05 ± 5.54 0.249

Feeding Nighttime Resting 129.77 ± 5.66 130.05 ± 5.54 0.540

−3 dB_BW (kHz)
Free-swimming Feeding 19.78 ± 5.60 19.14 ± 5.57 0.011 *
Free-swimming Nighttime Resting 19.78 ± 5.60 22.04 ± 6.02 <0.001 ***

Feeding Nighttime Resting 19.14 ± 5.57 22.04 ± 6.02 <0.001 ***

−10 dB_BW (kHz)
Free-swimming Feeding 34.57 ± 8.30 33.79 ± 7.90 0.204
Free-swimming Nighttime Resting 34.57 ± 8.30 37.80 ± 10.12 <0.001 ***

Feeding Nighttime Resting 33.79 ± 7.90 37.80 ± 10.12 <0.001 ***

−10 dB duration (μs)
Free-swimming Feeding 54.52 ± 18.88 59.20 ± 18.70 0.001 **
Free-swimming Nighttime Resting 54.52 ± 18.88 49.11 ± 15.94 <0.001 ***

Feeding Nighttime Resting 59.20 ± 18.70 49.11 ± 15.94 <0.001 ***

Centroid frequency (kHz)
Free-swimming Feeding 122.56 ± 10.75 124.14 ± 10.12 0.094
Free-swimming Nighttime Resting 122.56 ± 10.75 124.24 ± 9.64 0.132

Feeding Nighttime Resting 124.14 ± 10.12 124.24 ± 9.64 0.820

RMS_BW (kHz)
Free-swimming Feeding 28.90 ± 15.35 26.14 ± 14.00 0.035 *
Free-swimming Nighttime Resting 28.90 ± 15.35 25.89 ± 13.42 0.037 *

Feeding Nighttime Resting 26.14 ± 14.00 25.89 ± 13.42 0.920

* p < 0.05 ** p < 0.01 *** p < 0.001.
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Figure 3. Histograms of echolocation signal characteristics of the YFPs (Free-swimming (a); Feeding
(b); Nighttime Resting (c)).

3.3. Echolocation Signal Resolution of the YFPs

To describe the discriminative ability of YFP echolocation signals, a typical sequence
of the YFPs echolocation signals (see Figure 4a) was selected, for which Figure 4b shows the
time frequency characteristic map. The single-pulse signal with the largest amplitude (see
Figure 4c) was intercepted and analyzed. The 3D ambiguity function plot and ambiguity
plot of the echolocation signal of the YFPs are shown in Figure 5, and the peak in the 3D
ambiguity plot is obvious. From the actual data of the ambiguity plot (see Figure 5b), it can
be seen that the time-delay measurement accuracy τ0 of the YFP sonar signal was about
0.569 μs, the distance resolution ability of the signal to the target was ρ = c·τ0, and the
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speed of sound in the Yangtze River was 1465.93 m·s−1 (water temperature of 15 ◦C, water
depth of 5 m); thus, ρ = 0.834 mm. Notably, the distance resolution was still quite high. The
time-delay accuracy measurements of the YFP echolocation signal sequence (see Figure 4a)
show that the time-delay accuracy of the individual echolocation signals varied between
0.5 and 0.9 μs (see Figure 6). Figure 7 shows the 3D ambiguity function plots and ambiguity
plots of typical echolocation signals for the three behavioral states, and the results show
that they reached the millimeter level in all three states.

Figure 4. Characteristics of the echolocation signal sequence of the YFP (Waveform diagram (a); Time
frequency characteristic (b); Single pulse waveform (c)).

Figure 5. The 3D ambiguity function plot (a) and ambiguity plot (b) of a single echolocation signal of
the YFP.
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Figure 6. Variation in time delay measurement accuracy of the echolocation signal sequence of
the YFP.

Figure 7. The 3D ambiguity function plots and ambiguity plots of individual echolocation signals of
the YFPs (Free-swimming (a), Feeding (b), Nighttime Resting (c)).

4. Discussion

4.1. Analysis of the Diurnal Variation Pattern of the Number of Vocalization Events of the YFPs

In this study, the 9-day monitoring results of the vocalization events of the YFPs
showed that there were diurnal variations in their vocal activity, with five peak time periods
(12:00–13:00, 16:00–17:00, 19:00–20:00, 21:00–22:00, and 0:00–1:00) corresponding to the
five feeding periods. The YFPs emitted echolocation signals significantly more frequently
during feeding than in the free-swimming condition, a phenomenon that has also been
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observed in studies of toothed whales such as beluga whales (Delphinapterus leucas) [33],
and bottlenose dolphins (Tursiops truncatus) [34]. This may be related to the fact that YFPs
emit predatory signals during feeding, especially buzz signals when catching prey [20],
leading to a significant increase in pulse signals; it is also possible that the presence of live
bait during feeding caused the YFPs to increase the frequency of emitting echolocation
signals. In their study on the factors influencing the frequency of vocalizations of YFPs,
Serres et al. found that the YFPs emitted the highest number of echolocation signals under
the condition of the presence of live fish [13].

The results of this experiment showed that the average number of vocalization events
per hour during nighttime resting accounted for a higher percentage than during the
daytime in the free-swimming condition and that four periods of higher vocalization
existed at night, mainly at 18:00–19:00, 23:00–24:00, 1:00–2:00, and 3:00–4:00. In studies
of YFPs in the field, it has also been found that more vocalization activities of YFPs were
monitored at night [8,11,12,20], and it is believed that such phenomena are related to the
tendency of YFPs to prefer nocturnal foraging activities. However, the nighttime feeding
period was eliminated from this study, no food was provided, and the animals spent
most of their time in an undisturbed resting state. Regarding the reasons for the high
percentage of average hourly vocalizations during nighttime resting, the authors believe
that first, the animal may have been in the clear water body of the captive tank and, so,
some visual aids were present for observation, which could reduce vocal activities. Second,
it is possible that the vocal behaviors were increased prior to the nighttime resting for the
purpose of communicating with their companions, promoting the synchronization of slow
swimming and detection of the surrounding environment. Cetacean sleep is characterized
by single-hemisphere slow-wave sleep, and the sleep cycle is around 1 h, which explains
the results in the present study of nocturnal resting with periods of higher vocalizations
and their intervals of around 1–2 h [35]. A similar phenomenon has been seen in studies
of bottlenose dolphin vocalizations, where bottlenose dolphins increase vocal interactions
before resting to ensure synchrony in slow swimming [36,37].

The YFP is a highly social animal that requires vocal behavior in order to perform
functions such as socialization, orientation, and the transmission of information. The
number of vocal events of YFPs changes under different behavioral states, which reflects
their physiological and psychological states in different contexts [13,38]. The frequency
of vocalizations of YFPs shows seasonal variations due to breeding activities, which may
be attributed to their need to use their voices to attract the opposite sex and establish pair
bonding [13,39]. Toothed whales also vocalize differently to provide feedback in the face
of negative external noise threat stimuli [13]. In this study, the YFPs increased their vocal
behavior during their feeding and nocturnal resting periods. This provides a number of
references for the formulation of conservation policies. For example, strategies such as
controlling the speed of vessels or even temporarily restricting travel are implemented
in the waters where porpoises frequently feed in the wild, as well as during preferred
foraging hours or night resting hours, in order to reduce the impacts of anthropogenic
water-related activities. However, only a sample size of nine days from March to April
was selected for the study, not covering the four seasons of the year. Therefore, selecting a
sample size with a larger seasonal span and a larger number of days to carry out further
studies will help to comprehensively understand the sonar activity patterns of the YFPs
and facilitate scientific management in a captive environment.

4.2. Analysis of Echolocation Signals Characterization of the YFPs in Three Behavioral States

The YFPs’ echolocation signals showed significant differences in the −10 dB duration,
−3 dB_BW, −10 dB_BW, and RMS_BW values during the free-swimming, feeding, and
nighttime resting conditions. The bandwidth averages (−3 dB_BW, −10 dB_BW, and
RMS_BW) for the echolocation signals of the YFPs in the feeding state were lower than
those in the free-swimming state, while the −10 dB duration averages of the signals
were higher than the other two states. The author suggests that the reason for these
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differences may be the inconsistency in the detection targets required for the YFPs in the
three behavioral states. The live bait targets that need to be detected in the feeding state are
more finely tuned and variable in location than the surroundings that need to be detected
during free swimming and nighttime resting. Studies have shown that the characteristics
of the echolocation signals of toothed whales can be adjusted according to their detection
target range. A reduction in the signal bandwidth facilitates the animal to extract the signal
from the noise and improve the SNR, while an increase in the signal duration enhances
the energy of the detected signal without increasing the signal amplitude [40]. The YFPs
actively emit echolocation signals with low bandwidth and high duration during feeding
to adjust the SNR and energy of the signals to improve their detection accuracy.

The echolocation signal characteristics of the YFPs in this study showed differences
between the nighttime resting and the free-swimming state during the daytime, with
an overall high bandwidth and low mean duration of their nighttime signals, which
reduced the energy of the detected signal [40]. In their research on melon-headed whales
(Peponocephala electra), foreign scholars have found that their echolocation signals were
adjusted according to day and night, possibly to adapt to changes in ambient noise or
to enhance the detection of targets [41]. However, no investigation of diurnal ambient
background noise was conducted in this study in order to confirm whether this was related
to their adaptation to changes. The author suggests that the differences in the signal
characteristics of this type of YFPs may have arisen as an adaptation to the behavioral
pattern of resting and socializing at night.

In their research on the vocalization and behavior of toothed whales, Wei et al. studied
the characteristics of communication signals (low-frequency signals) of bottlenose dolphins
in a free-swimming state and a training state and found that there was a significant change
in the proportion of communication signal categories (low-frequency signals) of bottlenose
dolphins in the two behavioral states; furthermore, there was a variability in the acoustic
parameters of the signals, indicating that there was an inevitable connection between
their vocalization and behavior [42]. We provided further evidence that toothed whale
vocalizations are tuned to behavioral traits in terms of high-frequency signals. However, in
this study, only one single hydrophone was used for acoustic signal acquisition, and despite
the author’s rigorous signal selection, it was still impossible to avoid recording signals
that deviate from the propagation axis, which may bias the results to some extent. Thus,
further studies of signals from porpoises in different behavioral states using a range of
receivers (e.g., hydrophone arrays) will help to increase the understanding of the acoustics
of porpoise behavior and provide more insight into the use of sonar signals.

4.3. Analysis of Echolocation Signal Resolution of the YFPs

In the study of YFPs echolocation system for target detection, scholars have found that
YFPs perform echolocation vocalizations once every 5.1 s on average, and their detection
distance was projected based on the vocalization interval, which showed that 90% of the
acoustic detection distances are less than 77 m [16]. However, the resolving power of the
echolocation signals of YFPs has not been investigated. We analyzed their resolving power
and detection accuracy in terms of the time domain, frequency domain, time frequency
analysis, and ambiguity function.

In this study, the echolocation signals of the YFPs in all three behavioral states indicated
strong anti-reverberation ability and high distance resolution. Compared to the results of
Li et al. on bottlenose dolphins, beluga whales, and sperm whales (Pseudorca crassidens)
in captivity, the distance discrimination of YFPs is at the same level as that of these three
toothed whales [30]. Chen et al. conducted a study on the bionic bottlenose dolphin echolo-
cation signal, and the results showed that the length of the bottlenose dolphin echolocation
signal in the natural environment is shorter, which improves its speed discrimination.
In an artificial breeding environment, for the bottlenose dolphin echolocation signal, the
peak frequency was lower, the bandwidth was narrower, and the side flap of the 3D
ambiguity function was smaller, which is beneficial for anti-reverberation and distance
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discrimination [31]. The YFPs constantly changed the characteristics of each pulsed signal
during signaling vocalizations, as in the case of bottlenose dolphins and sperm whales [30].
Qing studied and analyzed the echolocation signal sequence strings of beluga whales
and bottlenose dolphins, and the results proved that they may achieve target-optimized
detection and identification through transmitting pulse strings with different types of
energy distribution [43]. This also indicates that YFPs can achieve optimal detection and
identification of a target by continuously changing the echolocation signal characteristics
during target detection.

YFPs are often found in shallow water depths and are therefore subject to a great
deal of unwanted echo interference. However, porpoises can still become entangled or
drown in nets that their biosonar is capable of detecting [44], and we understand that
the YFPs are also threatened in this way. The distance discrimination of the YFPs in this
study demonstrated that their echolocation signals were able to discriminate nets, which is
consistent with the results of other toothed whale net detection experiments [45]. When a
task is difficult and attention-demanding, foraging performance can be constrained, and the
detection of threats may be hindered [46]. The YFPs are similarly less alert to threatening
objects, such as nets, when performing focused detection tasks. Although a ten-year fishing
ban has been fully implemented in the Yangtze River since 2021, the remaining pollution,
such as discarded fishing nets, still exists. It is extremely important to manage the ecological
environment of the YFPs’ frequented waters and cultivate the public’s awareness.

5. Conclusions

In this study, we analyzed the vocalization patterns and signal characteristics of
YFPs during free swimming, feeding, and nighttime resting, and gained a more in-depth
understanding of their habits, such as active time, resting time, and feeding habits, which
will enhance the accuracy of the field acoustic monitoring results and contribute to the
monitoring and protection of the wild populations. This will provide relevant scientific
guidance for the development of protection measures for YFPs, which will better manage
anthropogenic water-related activities and effectively protect YFPs from threats. As a next
step, the behavioral acoustic characteristics of YFPs in different habitats should be studied
in depth over a longer time span using hydrophone arrays to investigate the relationship
between their vocalizations and behavioral status in different habitats, as well as the effects
of diurnal variations in the seasons on their sonar activities.
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Abstract: Target strength (TS) is an acoustic property of individual marine organisms and a critical
factor in acoustic resource assessments. However, previous studies have primarily focused on
measuring TS at narrowband, typical frequencies, which cannot meet the requirements of broadband
acoustic technology research. Additionally, for marine fish, conducting in situ TS measurements
is challenging due to environmental constraints. Rapidly freezing and preserving fish samples for
transfer to the laboratory is a common method currently used. However, the impact of freezing
preservation during transportation on the swimbladder morphology and TS of swimbladder-bearing
fish remains unclear. This study investigated the differences in swimbladder morphology and
TS of Chub mackerel (Scomber japonicus) before and after freezing. Then, we compared different
TS measurement methods through ex situ TS measurements (45–90 kHz, 160–260 kHz) and the
Kirchhoff-ray mode model (KRM) simulations (1–300 kHz) and studied the broadband scattering
characteristics of Chub mackerel based on the KRM model. The results showed that the morphology
of the swimbladder was reduced after freezing, with significant changes in swimbladder height
and volume. However, the trends of TS were not consistent and the changes were small. The
difference between the KRM model and ex situ measurements was −0.38 ± 1.84 dB, indicating
good applicability of the KRM. Based on the KRM results, the TS exhibited significant directivity,
with fluctuations gradually decreasing and stabilizing as frequency increased. In the broadband
mode, the relationship between TS and body length (L) of Chub mackerel was TS = 20log(L) − 66.76
(30 > L/λ > 10). This study could provide a reference for acoustic resource estimation and species
identification of Chub mackerel in the Northwest Pacific Ocean.

Keywords: Chub mackerel; swimbladder morphology; target strength; broadband scattering response;
acoustic resource estimation

Key Contribution: The study examined the changes in the swimbladder morphology and TS before
and after freezing, compared the differences between ex situ measurements and model estimates,
and obtained the broadband scattering characteristics of Chub mackerel.

1. Introduction

The fisheries acoustic technology based on echosounders aims to conduct remote
sensing detection of fishery resources and even marine ecosystems without biological and
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environmental damage, providing fishery-independent scientific data [1,2]. Compared
to biological sampling methods, fisheries acoustic technology can provide vertical profile
data for detailed analysis of water layers, offering much broader survey coverage [3]. One
of the main focuses of fisheries acoustic research is converting acoustic data into biomass
data to assess the abundance of target species in the survey area. The key parameter
affecting the accuracy of biomass data is target strength (TS; dB re 1 m2), which represents
the ability of an individual organism to reflect sound waves [4]. Additionally, with the
widespread use of broadband scientific echosounders that can transmit a wide and contin-
uous frequency range, acoustic data resolution, and signal-to-noise ratio (SNR) have been
increased, significantly improving the ability to target classification based on backscatter
spectra [5,6]. The backscatter spectrum of a single individual, which is the variation of TS at
the continuous frequency (TS( f )), correlates with the backscattering from schools (Sv( f ))
of the same species: Sv( f ) = TS( f ) + 10log ρ, where ρ is the biomass density in schools [7].
Therefore, to achieve species identification based on broadband acoustic technology, it is
first necessary to study the spectral characteristics of individual target strength.

Fish TS is influenced by various factors, including fish species, acoustic frequency,
presence or absence of a swimbladder, body length, and swimming posture [8–11]. For
swimbladder-bearing fish, the density contrast between the swimbladder and the body
tissue greatly impacts the acoustic pulse, with up to 95% of the backscatter attributable to
the swimbladder [8]. The study on Argentine anchovy (Engraulis anchoita) TS by Madirolas
et al. [12], based on the Prolate Spheroidal Model (PSM), indicated that the variation in
fish TS at different incident angles was consistent with the TS variation of the swimblad-
der, while the TS of the fish body remained low. The study by Li et al. [13] on Thorn
fish (Terapon jarbua) using the Kirchhoff-ray mode (KRM) also corroborated this perspec-
tive. Changes in swimbladder morphology can significantly influence TS and lead to
considerable differences in biomass estimates [14,15].

Current research on TS estimation mainly includes direct measurement methods, such
as in situ [16,17] and ex situ measurements [18–20], as well as acoustic scattering model
estimation methods based on morphological parameters [21–23]. In situ measurements can
obtain TS data in the natural state, but are limited by the field environment, interference
from other organisms, and the inability to control the length distribution of the fish, making
it challenging to accurately establish TS–length relationships [24]. Ex situ measurements
are conducted by setting up experimental environments and using methods such as net
cages and tethering to measure fish echo information. Although this approach allows for
linking TS data with fish length, it alters the natural state of the fish. Using samples that
have been anesthetized or frozen may lead to changes in their morphology, potentially
causing deviations in TS measurements [25]. While direct measurement experiments can
better reflect the TS under real conditions, both in situ and ex situ measurements present
significant challenges in data collection, and sample size is also a crucial factor limiting
the accuracy of the obtained TS data [26]. Acoustic scattering models approximate the
geometric shape based on the morphological characteristics of the fish and estimate TS
using scattering theory. This approach facilitates the study of TS variations under different
influencing factors [9]. However, the accuracy of the models is limited by the precision of
geometric measurements. Additionally, each model has its advantages and limitations, and
the choice of model depends on the target shape and specific requirements [27]. Generally,
as the accuracy of models continues to improve, research on TS based on acoustic scattering
models has been increasing. However, the comparison between actual measurements and
model estimates remains noteworthy. Hazen et al. [28] compared the ex situ TS measure-
ments with the predictions of the backscatter model, examining the differences between the
two methods in terms of fish length, tilt, depth, and frequency. Peña et al. [29] constructed
an accurate fish body morphology based on MRI scan results and compared it with the
standard TS obtained from ex situ experiments. Numerous studies have demonstrated the
differences and applicability between various TS measurement methods.
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In conducting research related to the TS of marine fish, the complexity of the environ-
ment and the interference from various factors affecting TS make in situ TS measurements
challenging. Therefore, ex situ measurements in laboratory or acoustic scattering model
estimations are often used instead [30,31]. Both of these methods require transferring bio-
logical samples from the survey area to the laboratory, often facing long-term preservation
challenges. Additionally, for swimbladder-bearing fish, it is even more important to main-
tain the integrity of the swimbladder morphology. Different preservation methods may
lead to structural changes in the fish body or compression of the swimbladder, resulting
in variations in TS. Sobradillo et al. [15] placed the samples in liquid nitrogen and then
stored them frozen at −15 ◦C, but obtaining sufficient liquid nitrogen on board was more
difficult. Rapid freezing of fresh samples preserved in a seawater-filled sampling device is
the current common method [32,33], but attention should be paid to the differences in fish
swimbladder morphology before and after freezing. Currently, there is a lack of research
on the impact of different sample preservation methods on swimbladder morphology.

The confluence of cold and warm currents in the Northwest Pacific Ocean creates
abundant fishery resources, making it one of the highest-yielding marine fishing areas in the
world [34]. As a significant pelagic fishery resource, Chub mackerel is widely distributed
and possesses high economic value. It holds an important position among the various
fishery resources in the Northwest Pacific Ocean and is under the jurisdiction of the North
Pacific Fisheries Commission (NPFC) [35]. With the continuous development of global
fisheries, the exploitation of Chub mackerel resources has been intensifying. According to
the NPFC statistics, there has been a general declining trend in catches from the 1980s to the
present, which has attracted closer attention from the NPFC and related researchers [36]. As
early as 2015, the NPFC listed Chub mackerel as a priority species for management, and a
working group was established to carry out research on the status of Chub mackerel stocks
and conservation management. However, the assessment of Chub mackerel resources has
not yet been completed [37]. The International Council for the Exploration of the Sea (ICES),
the Commission for the Conservation of Antarctic Marine Living Resources (CCAMLR),
and other organizations have established relevant acoustic research working groups. They
utilize acoustic technology to provide references for the assessment and management of
fisheries resources. However, the acoustic method has not been widely applied in the
Northwest Pacific Ocean.

Target strength (TS) is a crucial aspect of fisheries acoustics research, directly affecting
the accuracy of fishery resource assessments. The primary objectives of this study are: (a) to
investigate the changes in swimbladder morphology and their impact on TS caused by
freezing preservation of fish samples, by measuring the morphological parameters of the
swimbladder and fish body before and after freezing; (b) to compare the differences be-
tween ex situ TS measurements and KRM model results, validating the applicability of the
KRM model for TS measurement in Chub mackerel; and (c) to obtain the broadband scat-
tering response characteristics and the relationship between TS and body length at typical
frequencies for Chub mackerel. This study aims to provide fundamental data for the acous-
tic resource assessment of Chub mackerel and to support species identification research
based on broadband acoustic technology, thereby promoting the application of fisheries
acoustic technology in the management of fishery resources in the Northwest Pacific.

2. Materials and Methods

2.1. Biological Sample Collection

Fish samples were collected from a scientific survey of pelagic fishery resources in the
Northwest Pacific Ocean (34–45◦ N, 147–165◦ E), carried by the scientific research vessel
“Songhang” from 15 June to 30 July 2022. The study area was located at the confluence
of the Kuroshio warm current and the Oyashio cold current, which was characterized by
a rich aggregation of biological resources [38,39]. The survey deployed a four-panel fine
mesh mid-water trawl, with primary dimensions of 434 × 97.1 m and a 40 mm stretch
cod-end mesh, structured as a single bag. The deployment and position of the trawl, as well
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as the net opening size and other relevant details, were closely monitored and recorded
using a trawl sounder [40]. Within the area, a total of 36 biological sampling stations were
established. Each trawling operation lasted approximately 1.5 h, with an average depth of
44.98 ± 13.74 m. The vessel speed was approximately 4–5 knots.

At all sampling stations, Chub mackerel catches were randomly selected as active
or undamaged and transferred to sampling bottles filled with seawater. A portion of
the samples was randomly chosen to be dissected in the onboard biological laboratory,
while the remainder was placed in the −20 ◦C freezer for rapid freezing and preservation,
intended for research after the return voyage.

2.2. Morphological Measurements

The morphological parameters measured for each sample are shown in Figure 1,
including fish body length (fbl), body width (fbw), body height (fbh), swimbladder length
(sbl), swimbladder width (sbw), swimbladder height (sbh), and swimbladder tilt angle.
The swimbladder tilt angle is defined as the angle between the central axes of the fish body
and swim bladder.

 

Figure 1. Morphological measurements of Chub mackerel on (a) lateral X-ray image, (b) dorsal X-ray
image, and (c) dissected view image. The red lines indicate measurements of the fish body, and the
green lines indicate measurements of the swimbladder.

Morphological characteristics of Chub mackerel body and swimbladder were obtained
by dissection and X-ray imaging system, respectively. Due to the lack of measurement
equipment onboard, swimbladder morphological parameters were obtained through dis-
section. The abdomen, lateral muscles, and stomach contents were removed, then fish
body and swimbladder morphology were measured using a vernier caliper, as shown
in Figure 1c. After the survey, morphological images of the fish body and swimbladder
were acquired using an X-ray imaging system in the laboratory. The seawater frozen
samples were thawed naturally in cold seawater for about 12 h to minimize any damage
on swimbladder shape [32,33]. The defrosted samples with better preserved appearance
were selected for measuring body length and weight. Subsequently, each sample was
scanned with X-rays from both lateral and dorsal aspects to obtain contour images of the
fish body and swimbladder (Figure 1a,b). Image files from X-ray scans were processed
using Photoshop (V2021, Adobe Systems Inc., San Jose, CA, USA). The measuring scale
was constructed based on the fish body length measurements. The fish was appropriately

60



Fishes 2024, 9, 307

rotated to ensure a level posture, and the grayscale threshold was adjusted to improve the
contrast between the swimbladder and the fish body, facilitating accurate identification of
the swimbladder boundary. Then manual measurements of the morphological parameters
of both the fish body and swimbladder were performed.

According to the measurement results, we conducted approximate calculations of
the volume and the cross-sectional area from the dorsal direction of the fish body and
swimbladder [41]:

V = 4π/3·(la/2)·(lb/2)·(lc/2) (1)

S = π·(la/2)·(lb/2) (2)

where la, lb, and lc, respectively, represent the length, width, and height of the fish body or
swimbladder (cm).

The equivalent spherical radius [33] was estimated following the equation:

r = (sbl·sbw·sbh)1/3 (3)

where sbl, sbw, and sbh, respectively, represent the length, width, and height of the swim-
bladder (cm).

As a vital organ controlling the buoyancy, the swimbladder typically follows a simple
allometric growth pattern. It can be represented using the linear relationship between the
equivalent spherical radius and body length:

log10L = a + q·log10r (4)

where L is the body length (cm), a is a constant, and q is the allometric exponent. When
0 < q < 1, it is negative allometric growth, when q = 1, it is isometric growth, and when
q > 1, it is positive allometric growth [42].

2.3. Acoustic Backscattering Model

Based on the morphological parameters measured by the X-ray imaging system of the
fish body and swimbladder, the Kirchhoff-Ray mode model (KRM) [43] was constructed to
simulate the acoustic scattering characteristics of different fish samples. The KRM model
approximates the fish body and swimbladder as a series of contiguous cylinders filled
with liquid and gas. It calculates the scattering of each part and then coherently sums
them to generate the TS result of individual fish [2]. The typical acoustic parameters of
fish and water required by the model used were sourced from the research of Clay and
Horne [44], listed in Table 1. Using the KRM model, the backscattering cross-sections (σbs)
of fish at different frequencies and incident angles of sound waves were obtained, which is
a linear representation of the TS. The frequency range was 1–300 kHz, encompassing the
common frequencies used for resource surveys. Since the KRM model becomes inaccurate
at a high off-broadside angle [21], the incident wave was limited to the range of 40◦ to 140◦,
where the angle greater than 90◦ is head down, and less than 90◦ is head up. Referring
to the research of Tong et al. [45], the KRM model was established in MATLAB (R2018a,
MathWorks Inc., Natick, MA, USA).

Table 1. Acoustic parameters used in the KRM model.

Model Parameters Values Unit

Density of sea water 1030 kg/m3

Density of fish body 1070 kg/m3

Density of swimbladder 1.24 kg/m3

Sound speed in sea water 1490 m/s
Sound speed in fish body 1570 m/s

Sound speed in swimbladder 345 m/s
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2.4. Ex Situ Target Strength Measurements

The ex situ TS measurements were conducted in an anechoic tank (length, 15 m; width,
7 m; depth, 6 m) at the Fishery Machinery and Instrument Research Institute, Chinese
Academy of Fishery Sciences, in October 2023. The measurement system is shown in
Figure 2. Two transducers were installed on one side of the tank near the wall, with
Mechanism A used to control their position and switch between the transducers. Fish were
tethered on the other side of the tank using fishing lines and connected to Mechanism B.
The metal rod was suspended below the fish to maintain its stable posture. The distance
between the fish and transducers was 7 m, and they were positioned at the same depth of
2 m underwater, with the dorsal side of the fish facing the working transducer. Mechanism
B controlled the horizontal rotation of the fish, with angles ranging from 40◦ (head up) to
140◦ (head down) at 5◦ intervals. After each angle rotation, the fish was centered in the
beam and held still for approximately 5 s to stabilize its posture, following which echo
data were recorded for 5 s. Corresponding to different transducers, the fish underwent
the same angle rotations individually. Before and after the experiment, measurements of
water temperature and salinity were conducted for transducer calibration. Prior to the start
of measurements, the fish were slowly thawed for about 12 h. Then X-ray images were
taken, and fish samples undamaged in swimbladder morphology were selected, along with
measurements of fish body length and weight.

 

Figure 2. The ex situ TS measurement system. Control mechanism A connects two broadband
transducers (center frequency: 70 kHz and 200 kHz), with the gray area representing the beam
coverage range. Control mechanism B suspends the fish for measurement, positioning its dorsal side
toward the active transducer, while maintaining the fish at the same depth as the transducers.

The Simrad EK80 scientific echosounder system (Kongsberg Maritime AS, Kongsberg,
Norway), equipped with two broadband transducers covering frequency from 45 to 90 kHz
and 160 to 260 kHz, was used for ex situ TS measurements (Table 2). The two transducers
were calibrated using a 38.1 mm diameter tungsten carbide sphere before measurements,
following standard methods described by Demer et al. [46]. With reference to the TS
spectral response curve of the calibration sphere [47], the frequency bands containing peaks
and nulls in the calibration results were excluded from the analysis. Since accurate TS
measurements should be taken at least twice the distance beyond the near-field range [48],
the near-field ranges corresponding to the two transducers were calculated separately as
follows [49]:
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R =
πD2

λ
(5)

where λ is the wavelength (cm) and D is the diameter of the transducer (cm). The transducer
calibration and echo data collection were performed using the EK80 software (release
V21.15.2, Kongsberg Maritime AS, Kongsberg, Norway) that accompanies the EK80 system.

Table 2. Settings for the EK80 scientific echosounder system.

Parameters ES70-C ES200-C

Center frequency (kHz) 70 200
Bandwidth (kHz) 45–90 160–260
Transmitted mode LFM LFM

Ramping mode Fast Fast
Pulse duration (ms) 1.024 1.024

Sampling frequency (kHz) 62.5 187.5
Beam width (◦) 7 7

Transmitted power (W) 750 150
Near-field (m) 2.34 1.07

2.5. Data Analysis

Due to the small sample size and non-normal distribution of the data, we employed
the Mann–Whitney U test to compare differences between fish samples measured onboard
(before freezing) and those measured by X-ray scans after the survey (after freezing). The
Mann–Whitney U test is a non-parametric statistical method used to assess significant
differences between two independent groups [50,51]. One advantage of this method
is that the two samples do not need to have the same amount of data, and there are no
distributional assumptions required that do not assume equal variances between the groups
being compared. It is widely applied in diverse fields including medicine, fisheries, and
aquaculture [52,53].

To obtain the average TS values of fish targets, the method proposed by Foote [8] was
referenced. The average backscattering cross-section (σbs_ave), which is a linear representa-
tion of the average TS, was computed using the Probability Density Function (PDF) of the
fish swimming angle distribution by the following:

σbs_ave =
∫ θ1

θ2

σbs_θ f (θ)dθ (6)

TSave = 10log10 σbs_ave (7)

Here, θ represents the fish swimming angle, ranging from 40–140◦. σbs_θ represents
the backscattering cross-section at angle θ. The fish swimming angle is assumed to follow
a normal distribution and f (θ) represents the PDF of this distribution. In our study, the
swimming angle distribution of Chub mackerel was set to N(93◦, 4◦), as sourced from
Nauen et al. [54].

For the KRM model results, the scattering cross-section data can be directly obtained.
However, for ex situ TS measurement results, we used the Echoview software (V13.0,
Echoview Software Pty Ltd., Tasmania, Australia) to process echo data from the EK80
system. The extraction of TS data at each angle was implemented based on the single
target detection-wideband operator provided by the Echoview. The parameter settings are
shown in Table 3. The extracted results were then linearly transformed to obtain acoustic
scattering cross-section data.
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Table 3. Parameters for the single target detection-wideband operator in Echoview.

Parameters Values Unit

Operator Single target detection-wideband
TS threshold −80 dB

Pulse length determination level 3/6/9 dB
Minimum normalized pulse length 0.5
Maximum normalized pulse length 1.5

Beam compensation model Simrad Lobe
Maximum beam compensation 12 dB

In order to investigate the TS characteristics of Chub mackerel, the ratio of the object
size to the wavelength was used (L/λ), so that only the effect of changes in acoustic
frequency on the TS was considered [55].

Considering that current acoustic estimation of resource abundance still relies mainly
on narrowband typical frequencies, the TS–L (body length) relationships were fitted sepa-
rately using the least-squares method at frequencies of 38 kHz, 70 kHz, 120 kHz, and 200
kHz, referencing empirical formulas [48]:

TS = mlog10 L + n (8)

where m is the slope of the regression, n is the intercept, L is the body length of the fish
(cm). The TS of fish with swimbladder is approximately proportional to the square of body
length [56], typically with a fixed value of 20 for m, while n is standardized by the square
of body length TScm (b20), as represented by the following equation:

TS = 20log10 L + TScm (9)

3. Results

3.1. Swimbladder Morphology and Target Strength Changes before and after Freezing

A total of 37 fresh Chub mackerel samples (before freezing) were dissected and
measured for body and swimbladder morphology in the laboratory onboard the research
vessel. For the frozen samples, after thorough thawing (about 12 h), X-ray images of
22 Chub mackerel samples were taken and the morphological measurements of the fish
body and swimbladder were conducted using Photoshop software. The samples were not
the same before and after freezing due to the damage caused by dissection onboard. Both
sets of samples were randomly selected.

Before freezing, the length range of samples was 13.3–30.5 cm, with an average length
of 18.74 ± 4.22 cm, and the swimbladder length ranged from 3.01 to 7.27 cm, with an
average length of 4.62 ± 1.19 cm. For the thawed samples measured, the length range was
14.75–26.93 cm, with average length of 20.51 ± 3.61 cm, the swimbladder length ranged
from 2.09 to 7.61 cm, with an average length of 4.79 ± 1.55 cm, and the angle between
the swimbladder and the fish body ranged from 6.1 to 13.1◦, with an average tilt angle of
10.10 ± 1.19◦ (Table 4).

To investigate the variations in swimbladder morphology before and after freezing, the
percentage of swimbladder relative to corresponding parts of the fish body was calculated.
The Mann–Whitney U test was then applied to examine significant differences (p < 0.05).
The results showed that the proportion of the swimbladder in the fish body decreased after
freezing. Specifically, there were significant differences (p < 0.01) in the ratio of swimbladder
height to body height and swimbladder volume to body volume before and after freezing.
This indicated that after freezing, there were significant changes in the swimbladder height
and volume relative to the fish body. However, the differences in swimbladder length,
width, and dorsal cross-sectional area were not significant.
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Table 4. Morphological parameters before and after freezing of Chub mackerel and Mann–Whitney
U test.

Before Freezing
(Mean ± sd)

After Freezing
(Mean ± sd)

Mann–Whitney U test

U p

No. 37 22

fish
swimbladder

sbl 4.62 ± 1.19 4.79 ± 1.55
sbw 0.99 ± 0.35 1.21 ± 0.30
sbh 1.01 ± 0.33 1.00 ± 0.26

r 1.65 ± 0.47 0.98 ± 0.23
Vsb 2.95 ± 2.67 3.38 ± 2.31
Ssb 3.82 ± 2.18 4.73 ± 2.39

fish body

fbl 18.74 ± 4.22 20.51 ± 3.61
fbw 2.21 ± 0.64 2.92 ± 0.69
fbh 3.10 ± 0.94 4.02 ± 0.90
Vfb 81.83 ± 78.05 141.96 ± 90.15
Sfb 34.46 ± 18.99 48.88 ± 19.94

fish
swimbladder
to fish body

ratio

sbl/fbl 0.25 ± 0.03 0.23 ± 0.05 449
sbw/fbw 0.45 ± 0.12 0.42 ± 0.09 436
sbh/fbh 0.34 ± 0.10 0.25 ± 0.06 622 ***
Vsb/Vfb 0.04 ± 0.02 0.03 ± 0.01 578 **
Ssb/Sfb 0.11 ± 0.04 0.10 ± 0.03 508

Note: **: p < 0.01, significant differences; ***: p < 0.001, extremely significant differences.

The length, volume, and dorsal cross-sectional area of the swimbladder increased
significantly with increasing body length (p < 0.001). Before and after freezing, the trends
of swimbladder volume and dorsal cross-sectional area increasing with body length are
generally consistent, while the trend of swimbladder length increasing with body length is
slightly higher after freezing compared to before (Figure 3).

Figure 3. Relationship between the fish body length and the (a) swimbladder length, (b) swimbladder
volume, (c) swimbladder cross–sectional area, (d) swimbladder equivalent spherical radius. The
scatter points represent individual measurements, with red dots indicating fresh sample dissections
before freezing and blue dots representing measurements by X-ray after freezing. For all relationships
shown in the figures: p–value < 0.001.
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The logarithmic form of the swimbladder equivalent radius (r) relative to body length
can be used to observe the growth trend of the swimbladder. By establishing the following
fitting relationships, it was concluded that the allometric exponent of the swimbladder of
Chub mackerel before freezing was 0.945, and after freezing was 0.997, indicating that the
swimbladder and the body were in a nearly isometric growth state. It is worth noting that
the freezing process itself may cause alterations or damage to the swimbladder structure.

Before freezing:
log10 r = 0.945log10 L − 0.992 (10)

After freezing:
log10 r = 0.997log10 L − 1.32 (11)

Based on post–freezing X-ray imaging data and the differences in swimbladder pro-
portions within the fish body before and after freezing, we used the KRM model to estimate
the TS data of 22 fish samples both before and after freezing. The KRM model angle range
is 40–140◦, and the parameters required for the model, such as those for the fish body,
swimbladder, and water, are shown in Table 1. Additionally, the model assumes consistent
environmental conditions and homogeneous material properties. As shown in Figure 4,
ΔTS represents the difference between the TS before and after freezing. The results showed
that despite the reduction in the swimbladder proportion within the fish body due to
freezing, the TS did not exhibit a clear trend of increase or decrease at the four typical
frequencies of 38, 70, 120, and 200 kHz. The average TS differences at these frequencies
were: 0.08 ± 0.19 dB, 0.06 ± 0.30 dB, 0.02 ± 0.78 dB, and 0.23 ± 0.60 dB, respectively. As
the frequency increased, the difference in TS before and after freezing gradually became
more pronounced, indicating a higher sensitivity of TS changes at higher frequencies.

Figure 4. Differences in TS before and after freezing at typical frequencies (38 kHz, 70 kHz, 120 kHz,
and 200 kHz) based on the KRM model. ΔTS represents the difference between the TS before and
after freezing.

3.2. Comparison of Target Strength between Ex Situ Experiment and KRM Model

Seven individuals were randomly selected from the collected samples (TL: 20.74 ±
1.11 cm) and after thorough thawing for 12 h, KRM model simulation and ex situ TS
measurements were conducted to compare the differences between the two methods. X-ray
imaging was performed before and after the ex situ measurements to examine the integrity
of the swimbladder morphology.
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Figure 5 shows the variation in the TS spectra of single Chub mackerel (TL: 21.2 cm)
obtained from KRM model simulation and ex situ measurements. Overall, changes in TS
relative to angle and frequency were very clearly observed for both measurements. At
different frequencies, the maximum TS values were distributed around 100◦, when the fish
head was away from the transducer and the swimming posture was downward. Combining
the measured data of the swimbladder tile angle (10.10◦ ± 1.49◦), the swimbladder was
perpendicular to the incident angle of the sound wave, indicating the maximum cross-
sectional relative to the sound wave. As frequency increased, the TS exhibited more
pronounced directionality. Compared with the regular changes in the TS spectra of the
KRM model, the ex situ measurement results showed more heterogeneous TS variations in
certain angular intervals.

Figure 5. TS variation with angle and frequency for an individual Chub mackerel (body length:
21.2 cm). On the left: the KRM model estimation results, frequency range from 1 to 260 kHz; on the
right: ex situ measurement results using broadband transducers for 45–90 kHz and 160–260 kHz
frequency ranges. The horizontal axis represents the angle of the fish body relative to the detection
beam, ranging from 40 to 140◦.

Figure 6 shows the average TS differences of Chub mackerel at various frequen-
cies between the KRM model and ex situ measurements (ΔTS: TSex-situ–TSKRM), select-
ing frequency bands within the effective calibration range (45–80 kHz, 180–200 kHz,
and 230–240 kHz). The results indicated that the differences between KRM model and
ex situ measurements were concentrated within ±3 dB, with an average difference of
−0.38 ± 1.84 dB. At the edges of the frequency bands, such as 47 kHz, 80 kHz, 230 kHz,
and 233 kHz, larger differences were observed, with some frequencies showing differences
exceeding 3 dB, although the larger differences were only found in a single individual case.

3.3. Broadband Scattering Response Characteristics

A total of 22 X-ray scan datasets of Chub mackerel with well-preserved swimbladders
were obtained, and the broadband scattering response characteristics were investigated
using the KRM model. The average TS of individual fish increased rapidly in the range
of approximately 1–30 kHz, which corresponds to the resonance frequency range. Subse-
quently, as the frequency increased, the change in average TS gradually slowed down and
tended to stabilize. There were certain differences in individual TS due to variations in the
length of fish samples. By calculating the average TS of all individuals, it was observed that
when the frequency exceeded 100 kHz, the average TS remained relatively stable, around
−40.76 dB. The maximum TS gradually increased with frequency, and the trend began to
stabilize when the frequency reached 150 kHz. As the frequency increased, the difference
between the maximum TS and average TS also increased, corresponding to the directional
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characteristics of TS. At lower frequencies, the differences in TS between angles were not
significant, but as the frequency increased, the directional characteristics of TS became
more apparent, leading to larger differences in TS between angles (Figure 7).

Figure 6. The difference in average TS between Chub mackerel ex situ measurements and KRM
model estimates. The horizontal axis represents different frequencies, ranging from 45 to 80 kHz,
180 to 200 kHz, and 230 to 240 kHz. The vertical axis indicates the difference between TSex situ and
TSKRM. The shaded area represents the range of ±3 dB.

 
Figure 7. Based on the KRM model results, the average and maximum TS of Chub mackerel vary
with frequency: (a,c) represent the average and maximum TS for different individual fish, with
different colored lines representing different individuals; (b,d) show the average values of average
and maximum TS.

We used the ratio of body length (L) to wavelength (λ, c/f) to simultaneously examine
the variation of Chub mackerel TS with body length and frequency (Figure 8). Within the
scope of the study, individual average TScm values were relatively concentrated, fluctuating
within a range of about 5 dB, and the fluctuation became smoother as L/λ increased. Then
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the TScm of all individuals was averaged, which could reflect the trend of TScm more
clearly, and when L/λ > 10, the TScm basically did not fluctuate. Therefore, the TScm was
averaged over all individual TScm in this range (30> L/λ >10) to obtain the relationship
between Chub mackerel TS and body length under the broadband conditions:

TS = 20log10 L − 66.76 (12)

 

Figure 8. Based on the KRM model results, the relationship between average TScm and L/λ for Chub
mackerel: (a) represents the average TScm for different individuals of Chub mackerel, with different
colored lines representing the variations in TScm among different individuals; (b) represents the
mean value of average TScm for all individuals of Chub mackerel, with the shaded areas indicating
the 95% confidence intervals.

3.4. Relationships between Target Strength and Body Length at Typical Frequencies

Currently, marine fishery resource surveys mainly rely on typical narrowband frequen-
cies such as 38 kHz, 70 kHz, 120 kHz, and 200 kHz. Based on the results of the KRM model,
we fitted the TS–L relationships at different typical frequencies to support the acoustic
estimation of fishery resources (Figure 9). The specific empirical formulas are as follows.

Figure 9. The relationship between TS and body length (L) for Chub mackerel at 38 kHz, 70 kHz,
120 kHz, and 200 kHz derived from the KRM model.
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38 kHz:
TS = 40.4log10 L − 92.41 (13)

(95% CI: m (32.14, 48.65), n (−103.20, −81.62), R2: 0.84)

TS = 20log10 L − 65.78 (14)

(95% CI: TScm (−66.70, −64.86), R2: 0.63)
70 kHz:

TS = 19.41log10 L − 64.48 (15)

(95% CI: m (10.34, 28.47), n (−76.33, −52.63), R2: 0.50)

TS = 20log10 L − 65.26 (16)

(95% CI: TScm (−65.92, −64.59), R2: 0.50)
120 kHz:

TS = 22.74log10 L − 70.21 (17)

(95% CI: m (13.18, 32.30), n (−82.72, −57.71), R2: 0.55)

TS = 20log10 L − 66.63 (18)

(95% CI: TScm (−67.34, −65.93), R2: 0.54)
200 kHz:

TS = 27.22log10 L − 76.48 (19)

(95% CI: m (17.68, 36.76), n (−88.96, −64.01), R2: 0.64)

TS = 20log10 L − 67.05 (20)

(95% CI: TScm (−67.79, −66.32), R2: 0.59)

4. Discussion

In the present study, we measured changes in swimbladder morphology before and
after freezing preservation and examined the effects on TS. We compared two common
methods for TS research in pelagic fish: ex situ measurements and model estimations,
validating the applicability of the KRM model. Based on the KRM, the broadband scattering
characteristics of Chub mackerel and the relationship between TS and body length were
derived. The results of this study could facilitate species identification and resource
assessment of Chub mackerel using acoustic technology, thereby promoting the application
of fisheries acoustic technology in the Northwest Pacific Ocean.

For swimbladder-bearing fish, the air stored in the swimbladder creates different
media conditions for acoustic pulse transmission, accounting for over 95% of the fish
TS [8]. Therefore, studies of TS in swimbladder-bearing fish must consider the effects of
the swimbladder. Previous research [12,45] have shown that the variation in fish TS at
different angles was consistent with the TS of the swimbladder, with both being very close
to each other. The maximum fish TS occurred when the maximum cross-section of the
swimbladder was perpendicular to the angle of acoustic incidence. Our results were also
consistent with these findings. Additionally, we observed TS characteristics at different
angles across successive frequencies and found that TS became more sensitive to angle
changes as the frequency increased (Figure 5).

The diel vertical migration (DVM) of small pelagic fish such as Chub mackerel, which
accompanies the plankton in the scattering layer, may result in changes in the volume of
their swimbladder [57]. When fish ascend, the water pressure decreases, causing the fish to
relax and the swimbladder to expand. Conversely, when fish descend, the water pressure
increases, causing the fish to tense up and the swimbladder to contract. We considered
the changes in swimbladder morphology associated with this fish behavior, and biological
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sampling was primarily conducted at night in shallow water layers to minimize changes in
swimbladder morphology due to water pressure. Tong et al. [45] used Boyle’s law to model
the variation of Chub mackerel TS at different depths, but there is a lack of actual data
to support the simulation. Future research could consider obtaining live Chub mackerel
samples and simulating different water pressure in the laboratory to study changes in the
swimbladder volume in different water layers and the effects on TS.

The swimbladder structure of the most economically important pelagic fish is similar
to that of the Chub mackerel, with the swimbladder changing according to the depth
at which they live, as they are all physostomous fish. In contrast, some mesopelagic
and bathypelagic fish, often linked to a deep scattering layer, lack a connection between
the swimbladder and the alimentary canal, causing the swimbladder volume to remain
constant regardless of water depth [58,59]. Small numbers of epipelagic and demersal fish,
including Skipjack tuna (Katsuwonus pelamis) and Atlantic mackerel (Scomber scombrus), lack
a swimbladder. And their acoustic scattering mainly comes from their flesh and backbone,
making it much weaker compared to swimbladder-bearing fish [60]. The presence or
absence of a swimbladder can be used as a criterion for distinguishing these different
marine organisms based on acoustic methods. Although some of these organisms have no
global economic value, they are an indispensable part of the marine ecosystem. Separating
these from economically significant fisheries resources facilitates the conservation of living
marine resources and the maintenance of ecosystems.

Ideally, fresh samples would be preferred for studies of target strength, but this is
more challenging for most pelagic organisms. Many studies have used the same method
as ours, with rapid freezing in seawater at temperatures below −20 ◦C. Yasuma et al. [33]
pointed out that this procedure has a negligible effect on the swimbladder. However,
other studies [61] have indicated that freezing can indeed cause damage to the shape or
structure of the fish muscle, which in turn affects the swimbladder. Freezing can also
increase the number of bubbles on the surface of the fish, resulting in an increase in TS by
1.9–9.8 dB [62]. There is still a lack of comprehensive research on the effects of different
preservation methods on the swimbladder. This study excluded swimbladder changes
caused by fish behavior and quantified the effects of seawater freezing preservation on
swimbladder morphology. We selected fish individuals that exhibited greater activity and
showed no signs of external deformation for sampling. After placing them in seawater for
approximately 1 h, we selected samples for dissection or to be frozen, thus minimizing
any potential interference with swimbladder morphology during the sampling process.
Due to the absence of non-destructive instruments such as X-ray machines on the research
vessel, we were unable to compare the same samples before and after freezing. Instead,
we minimized potential research errors caused by sample variability by assessing the
proportion of swimbladder to different parts of the fish body and employing random
sampling. The results showed significant differences in swimbladder height and volume
before and after freezing, but those changes did not lead to a consistent increase or decrease
in TS. Therefore, we recommend that future research should preferably utilize fresh samples
for constructing acoustic models or conducting TS measurements, especially under high-
frequency conditions.

By utilizing morphological parameters of fish body and swimbladder, constructing
acoustic scattering models for individual fish enables simulation and calculation of TS.
This method offers the advantages of flexibility, simplicity in computation, and indepen-
dence from external environmental constraints. Moreover, with continuous technological
advancements, the accuracy of model assessments has improved. Fish TS research based
on modeling methods has been applied in various studies on the scattering characteristics
of fish both domestically and internationally [26,62,63]. The KRM model, as a physical
approximation model, approximates the fish body and swimbladder as multiple contiguous
cylinders. It calculates the TS of each individual cylindrical component and then sums them
up to obtain the overall TS value of the entire fish [21]. However, fish TS characteristics
derived solely from models often require comparison with measurements conducted ex
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situ or in situ for validation [12,64]. We compared the KRM model of Chub mackerel with
ex situ TS measurement results. When used to study changes in TS at different angles and
frequencies, the KRM model not only exhibited significant directional characteristics but
also showed more regular TS variations. In contrast, ex situ measurements showed more
erratic changes at certain angles. By calculating the average TS at different frequencies, we
further demonstrated the applicability of the KRM model in modeling Chub mackerel TS
studies. The KRM model assumes that ka > 0.15 (where a is the minor radius of a cylinder
and k is the wavenumber) for each cylinder derived from the fish body and swimbladder,
making the model less accurate when the sound waves are close to the main axis of the fish
body [55]. The accuracy of the KRM model is also influenced by the digitization of fish body
morphology, including the precision of segmenting the swimbladder and fish body. Addi-
tionally, the speed of sound and density values of the fish body, swimbladder, and water
are crucial parameters in the KRM model [45]. In our study, we used relevant parameters
from a general KRM model for marine fish. It is essential to perform actual measurements
of these key parameters in future related experiments to improve the model’s accuracy.

In acoustic surveys of fishery resources, obtaining accurate TS–L relationships is
crucial for accurately estimating fish stock abundance. In this study, we established em-
pirical relationships between TS and L for Chub mackerel samples with a length range of
14.75–26.93 cm under commonly used fishery survey frequencies. We also compared the
previous studies reported in the literature. At the four typical frequencies, the values of
TScm were closer to those of Park et al. [23] based on the KRM model (16–28 cm), with
differences of 0.24, 1.24, −0.63, and 0.30 dB at each frequency. However, using the same
model, the TScm values reported by Tong et al. [45] (12–22 cm) were generally 6–8 dB
lower than our results, which may be attributed to differences in body length distribu-
tion. Zhu et al. [65] conducted ex situ TS measurements of free-swimming Chub mackerel
(17.4–34 cm) in a net cage, and the difference in TScm was 2.12 dB at 38 kHz and 2.57 dB at
120 kHz, which was mainly related to the different angular distributions of the swimming
postures, and the TS changes caused by the posture angle were more pronounced with the
increase in frequency.

The commercial use of scientific echosounder systems such as the Simrad EK80 system,
which simultaneously acquire narrowband and broadband echo data, has shifted research
focus toward broadband types [66]. The application of broadband technology in acoustic
surveys of fishery resources has become a research hotspot, and studies based on acoustic
scattering models can provide reference for species identification based on broadband
characteristics. In this study, we utilized the KRM scattering model to construct TS spectral
features. Compared to other research, Yan et al. [67] measured the broadband TS of three
swimbladder-less fish species, and Lucca et al. [68] measured the broadband TS of various
shrimp and shelled pteropods species. These different species exhibited distinct spectral
characteristics, and these differences are key to species identification based on broadband
acoustic technology.

Our study has several limitations: Firstly, the samples measured before and after
freezing were not the same individuals, and the sample sizes differed, which may lead
to uncertainties in TS changes. Secondly, different methods were used for measuring the
swimbladder, which introduces uncertainties in TS changes based on these differences.
The parameters used in the KRM model were mainly derived from previous literature,
without on-site measurements. Additionally, the sample size was limited, and the geo-
graphic scope was narrow. To address these issues, we plan to use the same batch and a
consistent number of samples for pre- and post-freezing comparisons in future research,
adopt consistent methods for measuring the swimbladder, and conduct on-site parameter
measurements. Furthermore, we will increase the geographic range of our samples to
improve the applicability of our results. We believe that addressing these limitations will
enhance the contribution of our study to marine acoustic research.
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5. Conclusions

This study investigated the impact of freezing preservation on the swimbladder mor-
phology and the TS of Chub mackerel, and compared two methods for TS estimation,
then examined the broadband scattering characteristics. Our findings indicated that freez-
ing preservation leads to significant changes in swimbladder morphology, notably in its
height and volume. However, these morphological changes do not result in consistent
and significant variations in TS. The comparison between the KRM model and ex situ TS
measurements revealed a good agreement, with differences concentrated within ±3 dB
and an average difference of −0.38 ± 1.84 dB. This validated the applicability of the KRM
model for TS estimation of Chub mackerel under various conditions. Based on the KRM
results, the TS of Chub mackerel exhibited significant directivity, with fluctuations grad-
ually decreasing and stabilizing as frequency increased. In the broadband mode, the
relationship between TS and body length (L) of Chub mackerel was TS = 20log(L)−66.76
(30 > L/λ > 10). Our research could provide essential data for acoustic resource estimation
and species identification.
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Abstract: In order to more accurately and quickly identify and count underwater fish targets, and
to address the issues of excessive reliance on manual processes and low processing efficiency in
the identification and counting of fish targets using sonar data, a method based on DIDSON and
YOLOv5 for fish target identification and counting is proposed. This study is based on YOLOv5,
which trains a recognition model by identifying fish targets in each frame of DIDSON images and
uses the DeepSort algorithm to track and count fish targets. Field data collection was conducted
at Chenhang Reservoir in Shanghai, and this method was used to process and verify the results.
The accuracy of random sampling was 83.56%, and the average accuracy of survey line detection
was 84.28%. Compared with the traditional method of using Echoview to process sonar data, the
YOLOv5 based method replaces the step that requires manual participation, significantly reducing
the time required for data processing while maintaining the same accuracy, providing faster and
more effective technical support for monitoring and managing fish populations.

Keywords: identification; counting; fish targets; YOLOv5 model; DeepSort algorithm

Key Contribution: This study combines YOLOv5 with DIDSON to develop a fast and accurate
method for underwater fish target identification and counting. Compared to traditional methods,
this approach significantly reduces data processing time while maintaining high accuracy, and it
avoids the drawbacks of human fatigue and subjective bias.

1. Introduction

The identification and counting of fish targets are essential processes in the assessment
and monitoring of fishery resources, playing a crucial role in sustainable management
and conservation efforts. Accurate fish population estimates are vital for maintaining
ecological balance, supporting commercial fisheries, and ensuring the long-term viability
of aquatic ecosystems. Traditional studies of fish resources frequently employ acoustic
techniques to circumvent the challenges posed by the underwater transmission of optical
signals, notably in murky waters. However, these sonars, while providing an extensive
detection range through echo integration or counting methods, are limited by insufficient
recognition accuracy, which prevents them from fully meeting the demands of precise fish
identification and counting [1].

The dual-frequency identification sonar (DIDSON), also known as the ‘acoustic cam-
era’, delivers distinct acoustic images in obscured and dim underwater conditions [2] and
has been widely used in fisheries management, underwater inspections, and environmental
monitoring [3]. Research has demonstrated that DIDSON can effectively replace optical
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systems in murky waters, providing clear and nearly photographic images for various
imaging tasks [4,5]. It has been employed for counting and measuring farmed fish during
transfer [6], estimating fish abundance [7], and measuring swimming patterns and body
length of cultured Chinese sturgeons [8].

Echoview, extensively utilized in hydroacoustic research, fisheries science, and marine
environmental monitoring among other domains [9], proves effective for the processing
and analysis of DIDSON data. Nevertheless, its semi-interactive, semi-automatic mode
of data processing demands considerable time and incurs substantial labor costs when
applied to the identification and counting of fish targets.

To address these limitations, researchers have explored alternative methods that aim
to reduce manual intervention and increase processing efficiency. For instance, the use of
custom MATLAB scripts has allowed for more tailored analysis, but these often require
advanced programming skills and are not easily scalable. Recent developments in deep
learning, particularly the application of Convolutional Neural Networks (CNNs) like
Faster R-CNN, have shown potential in automating the detection process, though these
approaches typically demand significant computational resources and may not be ideal
for real-time applications. Hybrid methods that integrate traditional image processing
with machine learning have also been proposed to enhance detection accuracy, but they
tend to increase the complexity of processing, making them challenging to implement on a
large scale.

Target recognition algorithms are fundamental in computer vision, encompassing
both traditional machine learning and deep learning methods. With advancements in deep
learning, deep learning-based target detection has increasingly become the preferred ap-
proach. YOLOv5, known for its rapid processing, high accuracy, and adaptability, has been
widely employed across various applications, including acoustic image recognition. For
example, YOLOv5 has been used to analyze audio data for animal species monitoring [10],
identify single-fish echo trajectories on echo maps [11], recognize and localize targets in
side-scan sonar images [12], and improve fish detection in noisy sonar environments to
aid fish farming and resource assessment [13]. This demonstrates that YOLOv5 is highly
effective and accurate in the field of acoustic image recognition.

This study combines YOLOv5 with DIDSON data to provide a new method for fish
identification and counting, addressing the limitations of traditional methods like Echoview.
By automating the detection process and eliminating the need for manual participation,
YOLOv5 significantly reduces the time required for processing DIDSON data, avoiding
the drawbacks of human fatigue and subjective bias, and consistently maintaining high
accuracy. This method not only improves efficiency but also provides faster and more
effective technical support for monitoring and managing fish populations, contributing to
the sustainable development of fisheries.

2. Methodology

2.1. YOLOv5 Target Detection Model

YOLOv5, the fifth-generation model in the YOLO (You Only Look Once) series, was
developed by Ultralytics for real-time object recognition tasks.

The architecture of YOLOv5 is segmented into four integral components: input,
backbone, neck, and head [14]. These components work in concert to facilitate swift
and precise target detection. The input layer is tasked with receiving and preprocessing
image data to fulfill the requirements of the layers that follow. The backbone is primarily
composed of multiple convolutional layers, normalization layers, and activation functions,
dedicated to extracting features from images. The neck amplifies the capacity for feature
representation using the feature pyramid network (FPN) and the path aggregation network
(PAN). The head utilizes the extracted feature maps to determine the target’s position,
category, and confidence.

Additionally, YOLOv5 incorporates various efficient modules, such as spatial pyra-
mid pooling (SPP) and the Focus module, which enhance the model’s capability to detect
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objects across different scales and to extract intricate features. During training, a compos-
ite loss function is employed to refine various prediction tasks. At the inference stage,
non-maximum suppression (NMS) is utilized to identify and retain the most accurate
bounding box.

Pre-trained models of YOLOv5, available in various scales, can be chosen based on the
specific needs of the task at hand. Furthermore, the model can be tailored and fine-tuned
using custom datasets, broadening its applications in fields such as object recognition and
motion target tracking.

2.2. DeepSort Multi-Object Tracking Algorithm

DeepSort is a multi-object tracking algorithm that leverages deep learning techniques.
It utilizes an object detection model to process video frames sequentially, acquiring target
positions and categories. Additionally, a deep learning model extracts high-dimensional
feature vectors representing the appearance and motion characteristics of the targets.
By employing the Kalman filter and the Hungarian algorithm, DeepSort matches and
associates the detection results from the current frame with targets tracked in previous
frames. This process determines the motion trajectory of the target, maintains its identity
continuity, and computes the similarity between feature vectors to address challenges
posed by target occlusion and resemblance in appearance. DeepSort constructs a trajectory
model of the target using historical data and aligns this data based on the target’s motion
state and appearance, enhancing tracking precision. By integrating the appearance features,
motion state, and historical data of the target, DeepSort facilitates efficient and accurate
multi-target tracking in complex environments.

Following object detection on video frames by the YOLOv5 model, the DeepSort
algorithm assigns each detected object a bounding box, category label, and confidence
level. An additional feature extraction network extracts appearance features, aiding in
distinguishing different objects during the tracking phase.

d(i, j) =

√
(Zi − Hx̂j)S−1

j (Zi − Hx̂j)
T

(1)

The algorithm applies a Kalman filter to forecast each tracked object’s position, pro-
ducing a predicted state. It then uses the Mahalanobis distance d(i, j) to evaluate the
discrepancy between the Kalman predicted state and the newly detected object, incorporat-
ing covariance considerations to optimize the matching process.

In the DeepSort algorithm, the Mahalanobis distance quantifies the discrepancy be-
tween the ith detection and the jth prediction. This Mahalanobis distance measures the
difference between the newly detected observation Zi, and the predicted state Hx̂j, factoring
in the covariance matrix Sj of the measurement prediction.

The Mahalanobis distance effectively explains the correlation between variables and
provides a more accurate measure of the similarity between predicted states and the newly
detected object. This ability makes it particularly suitable for improving the accuracy of
object matching in the DeepSort algorithm.

c(i, j) = 1 − fi·fj

‖fi‖
∥∥fj

∥∥ (2)

Furthermore, the cosine distance is utilized to assess the similarity between the appear-
ance features of detected and tracked objects, facilitating the differentiation of individual
targets.

This is denoted as c(i, j), where fi and fj are the appearance feature vectors of the
detected and tracked objects, respectively. The value range of the formula is between [0,2],
where a smaller value indicates that the two vectors are more similar and conversely, a
larger value indicates they are less similar.
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The cosine distance effectively measures the directional difference between two feature
vectors, while ignoring their magnitude. This property is particularly useful when tracking
applications that have different object sizes but still have similar appearance characteristics.
The smaller the cosine distance, the higher the similarity, which helps to accurately match
targets with similar appearances.

DeepSort incorporates a cascade matching strategy, which prioritizes the matching
of long-standing trajectories to enhance tracking consistency and precision. IoU matching
serves as a supplementary method to further support tracking stability. When the tracked
object’s position and features are updated based on the matching results, its continuity is
maintained effectively. However, if a tracked object fails to match any detection across
consecutive frames, it is deemed to have disappeared, and the tracking process for that
object is consequently terminated.The specific flowchart of the entire algorithm is shown in
Figure 1.

Figure 1. Algorithm flowchart. The figure illustrates the integrated workflow of YOLOv5 and
DeepSORT for object tracking. Initially, YOLOv5 extracts image features from the input sonar data,
completing object detection through its Backbone, Neck, and Head modules. Following detection,
the DeepSORT algorithm takes over, using Kalman filtering for prediction, Mahalanobis distance for
motion matching, and cosine distance for appearance matching. Finally, the algorithm updates the
target trajectories through cascade matching and IoU matching, outputting the tracking results. This
workflow effectively combines detection and tracking, ensuring accurate multi-object tracking even
in complex environments.

2.3. Field Data Acquisition
2.3.1. DIDSON Dual-Frequency Identification Sonar

DIDSON, a high-resolution identification sonar created by the University of Washing-
ton and produced by Sound Metrics in the United States, utilizes the sound wave focusing
principle of sound lenses to form a narrow beam. This technology enables the production
of images nearly equivalent to optical quality in low-visibility underwater conditions, as
illustrated in Figure 2. The acoustic lens, which requires minimal power for beam compres-
sion, facilitates the transmission and reception of the beam. Such a configuration enhances
operational efficiency and decreases the size of the equipment [15]. The sonar operates
with a horizontal angle of 29◦ and a vertical angle of 14◦ [16]. It is capable of delivering
high-resolution images at 0.3◦ with a frequency of 1.8 MHz, providing distinctly clear
images up to a distance of 11.63 m. At a reduced frequency of 1.1 MHz, the sonar achieves
a resolution of 0.6◦ and a maximum detection range of 40 m, where it can automatically
focus on targets and maintain image clarity within a 1–40 m range. The specific parameters
of DIDSON are shown in Table 1.
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Figure 2. DIDSON imaging schematic. L1 is a lens triplet composed of a biconcave plastic lens, a
liquid medium, and a thinner plastic lens. L2 is a plano-convex plastic lens, and its focal length can
be adjusted by altering the distance between it and L1. L3 is positioned in front of the transducer
array T. When sound waves are incident on L1 at a 0◦ angle, the focal point of the waves aligns with
the center of the transducer array. When sound waves are incident at a 9◦ angle, the lens alters the
propagation path of the waves, focusing them at the 9◦ position of the transducer array.

Table 1. DIDSON sonar related parameters.

Specification/Mode Low Frequency High Frequency

Operating Frequency 1.0 MHz 1.8 MHz

Beam Width Horizontal 0.4◦, Vertical 12◦ Horizontal 0.3◦, Vertical 12◦

Number of Beams 48 96

Source Level 202 dB re 1 μPa at 1 m 206 dB re 1 μPa at 1 m

Start Range 0.75 m to 40 m 0.38 m to 11.63 m

Maximum Frame Rate 4–21 frames/s

Field of View 29◦

Remote Focusing 1 m to maximum range

Power Consumption Watts typical

Weight in Air 7.0 kg (15.4 lbs)

Weight in Water −0.61 kg (1.33 lbs)

Dimensions 30.7 cm × 20.6 cm × 17.1 cm

2.3.2. Data Acquisition

In October 2023, a motorized boat equipped with DIDSON was utilized for a survey
of fish resources in Chenhang Reservoir, Shanghai, China. The sonar was mounted on
the starboard side at a draft of 0.5 m and angled downward at 60◦. The direction of data
collection aligned with the forward motion of the boat. Custom brackets were implemented
to minimize vibrations of the device during movement, thereby ensuring the capture of
high-quality images. The survey’s path is depicted in Figure 3. Considering the conditions
of the Chenhang Reservoir, the high-frequency mode was used throughout. The window
start was set at 0.83 m, with a window length of 11.63 m. The sampling rate was 8 frames
per second, the receiving gain was set to 25, and the threshold was around 15, adjusted
according to the actual condition.

81



Fishes 2024, 9, 346

 

Figure 3. Chenhang Reservoir sonar survey route. During the field sonar data collection process,
starting from the bottom right corner of the image and ending at the top left corner, we switch
the survey line file approximately every eight minutes to ensure consistent data file sizes, with a
measurement distance of approximately 1 km, making subsequent processing more convenient.

2.4. YOLOv5 Model Training

Among the 88,763 frames of images collected by DIDSON, 8876 were randomly chosen,
and 1000 containing fish targets were identified. Out of these, 100 images were designated
for the validation set, and 900 were used for the training set.

The image annotation tool Labellmg was employed in this study. Initially, the selected
images were uploaded to Labellmg, where the fish targets were manually annotated, as
depicted in Figure 4. This process generated an XML file for each annotated image, detailing
the position coordinates and category labels of the fish bounding boxes. These XML files
were formatted according to the PASCAL VOC standards for further model training.

All raw images and XML files were stored in the designated directory for the YOLOv5
training model. Modifications were made to the target category, which was set to 1 and
labeled “fish”. Adjustments to the training parameters included setting the epochs to 300,
the batch size to 8, the number of workers to 4, and the image size to 640 × 640.

Upon completion of the training, all training data were saved in the results file, and
a line graph was generated to display the precision (P), recall (R), loss, average precision
(AP), as shown in Figure 5.

P =
TP

TP + FP
(3)

R =
TP

TP + FN
(4)

AP =
∫ 1

0
P(R)dR (5)

In this graph, TP denotes the number of correctly identified fish targets, FP indicates
the falsely identified fish targets, and FN represents the fish targets that were not detected.
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Figure 4. Labellmg annotation schematic. In this figure, the area from 1 to 4 m shows speckle
noise caused by factors such as ship noise, bubbles, and impurities in the water. The boxed section
highlights a horizontally oriented fish. Due to the relatively high speed of the vessel, the sonar image
of the fish appears as connected blocks, creating a jagged or sawtooth pattern. The large reflective
area from 8 to 10 m is caused by reflections from the lakebed.

Figure 5. Model evaluation parameters.
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According to the data in Figure 5, it was observed that, as the number of iterations
increases, the accuracy in the top left stabilizes at around 0.85, reaching a peak of 0.8796 at
217 iterations. The recall in the top right stabilizes at around 0.95, reaching its maximum
value of 0.9803 at 77, 107, and 110 epochs. The loss value in the bottom left gradually
decreases as the model converges. The AP (average precision) in the bottom right stabilizes
at around 0.95, with a peak value of 0.9766 achieved at 110 epochs. These evaluation results
suggest that, after 300 iterations, the model achieved relative stability and performed
effectively in recognizing fish targets in image data.

3. Experiments and Analyses

3.1. Target Identification and Counting

Upon completion of the YOLOv5 model training, configure the DeepSort parameters
(such as the maximum tracking count of 70 frames, a minimum detection count of 3 frames,
a minimum confidence threshold of 0.3, a maximum cosine distance of 0.2, a maximum
IOU distance of 0.7, and a maximum overlap ratio for non-maximum suppression (NMS) of
1.0,etc.) Then, the model was integrated with the sonar video files requiring analysis, and
the YOLOv5 model will pass the detection results to DeepSort for tracking. By assigning
a unique ID to each detected fish target and tracking its movement, accurate and rapid
fish target recognition and counting are achieved, as depicted in Figure 6. This survey
consisted of 21 lines, with the processed results summarized in Table 2.The ‘Survey Line’
row represents the survey line number, which can be seen in Figure 3, while the ‘YOLOv5’
row indicates the number of fish detected on that specific survey line, with a total of
1760 fish identified.

 

Figure 6. Fish target identification.
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Table 2. Automatic identification count.

Survey Line 0 1 2 3 4 5 6 7 8 9 10

YOLOv5 (fish) 188 216 143 122 145 100 70 49 71 100 63

Survey Line 11 12 13 14 15 16 17 18 19 20 Total

YOLOv5 (fish) 70 66 12 44 36 48 134 44 22 17 1760

Note: The values represent the number of fish automatically identified by YOLOv5 on each survey line.

Table 3 presents the output data of the identified fish targets, “ID” represents the
identification number for each fish. “Frame Count” indicates the total number of frames
in which the fish target was detected. “First Frame” represents the frame number where
the tracked object first appeared, and “Last Frame” indicates the frame number where
the tracked object last appeared. “Avg_Depth” represents the actual average depth of the
fish after data conversion. “Lat” and “Lon” represent the latitude and longitude where
the tracked object appeared. This information is instrumental for subsequent analyses
concerning the distribution of fish density.

Table 3. Information related to fish target identification.

ID Frame Count
First

Frame
Last Frame Avg_Depth (m) Lat Lon

1 11 4 14 5.87 31.49176567 121.355733
2 13 7 19 6.70 31.49177917 121.3557462
3 14 21 34 6.36 31.4918065 121.3557723
4 7 121 127 6.43 31.49198483 121.355938
5 4 155 158 5.40 31.49204017 121.355989

3.2. Accuracy Evaluation
3.2.1. Random Sampling

From the datasets of the initial five survey lines, a tenth of the images were randomly
selected. An accuracy analysis was conducted on 500 images containing fish targets, with
the results compared against manual recognition outcomes, as shown in Table 4. The
identification accuracy reached 83.56%, with the primary causes of recognition errors listed
as follows:

1. Excessive clustering of fish led to errors in identification.
2. Errors were likely when fish targets neared the water bottom due to linear propagation,

causing them to resemble the bottom.
3. Complex underwater terrain contributed to recognition errors.

Table 4. Evaluation of the accuracy of extracted images.

Manual
Identification

Total
Identifications

Correct
Identifications Unidentified Misidentifications Accuracy (%)

Unidentification
Rate (%)

Misidentification
Rate (%)

Count
(fish) 675 588 564 87 24 83.56% 12.89% 3.56%

Note: The values represent the number of fish.

3.2.2. Line Inspection

Data from three survey lines were selected to conduct statistics on fish targets and
evaluate accuracy, which were then compared with manual recognition results, as presented
in Table 5. The average accuracy rate was 84.28%, marginally higher than the sampling rate.
This increase was attributed to the movement of both the fish and the boat, causing the
same fish targets to appear in multiple frames and to be recognized and counted repeatedly.
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Table 5. Evaluation of line accuracy.

Survey
Line

Manual
identification

Count

YOLOv5 Total
Identifications

Count

Correct
Identifications

Count

Unidentified
Count

Misidentifications
Count

Accuracy
(%)

Unidentification
Rate (%)

Misidentification
Rate (%)

10 71 63 61 8 2 85.92% 11.27% 2.82%
11 83 70 69 13 1 83.13% 15.66% 1.20%
12 75 66 63 9 3 84% 12% 4%

Average 10 3 84.28% 13.10% 2.62%

Note: The values represent the number of fish automatically identified by YOLOv5 on each survey line.

Using the DIDSON data from these three survey lines, a comparison was made with
different versions of the YOLO method and the traditional Echoview method for processing
DIDSON data. The results are shown in Table 6. It can be seen that the accuracy of several
methods on the three survey lines is not significantly different but in terms of processing
speed, the Echoview method requires a lot of time and manual involvement throughout
the entire process. When collecting data from deeper waters, DIDSON sonar data will
experience more noise and interference, and the time and effort required for manual
work will double. Therefore, the method combining YOLOv5 and DIDSON has strong
practicality, saving a lot of the time and energy required for manual processing.

Table 6. Comparison of Accuracy Across Different Methods.

Method YOLOv5 YOLOv6 YOLOv8 Echoview Manual Identification

Survey Line 10 63 61 59 60 71
Survey Line 11 70 63 64 69 83
Survey Line 12 66 67 75 70 75

Processing Time (single survey line) 3 min 3 min 3 min Approximately
30 min

Approximately
120 min

Deviation (total) 30 38 31 30

Note: These values represent the number of fish identified by different methods.

4. Discussion

4.1. Sonar Images

As a high-resolution recognition sonar, DIDSON excels in identifying and counting
fish targets underwater compared to traditional scientific fish detectors. However, several
factors still impede its accuracy enhancement. For example, sonar echoes reflected by
bubbles, plankton, tree branches, and debris in water bodies can introduce noise into
DIDSON sonar images [17]. Environmental noise during the collection process, such
as ship engine sounds and noise generated by waves, can also affect the sonar images,
complicating the detection of fish targets [18]. Balk et al. [19] noted that high boat speeds
could result in jagged contours of collected fish targets, a problem that could be alleviated
by reducing the boat’s speed. Furthermore, the behavior of fish targets, such as clustering
or nearing the bottom, could cause targets to overlap [20] or merge, leading to inaccuracies
in their counts. Therefore, the following measures should be taken to obtain high-quality
sonar images:

1. Maintaining an appropriate vessel speed, ideally around 5–6 km/h
2. Choose a vessel with minimal noise.
3. Ensure the equipment is securely installed to avoid vibrations.
4. Whenever possible, select clean water areas to reduce reflections from debris in

the water.

4.2. Identification and Counting

YOLOv5 combined with DeepSort offers substantial benefits in the practical applica-
tions of fish target identification and counting. YOLOv5, known for its high precision and
rapid response, is well-suited for real-time object identification and counting [21]. Optimal
identification performance necessitates extensive training and validation with a significant
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amount of data, which should be diverse and cover various scenarios, including different
fish types, postures, and densities, as well as a range of underwater conditions and lighting
situations [22]. Moreover, precise adjustment of algorithm parameters is crucial; the selec-
tion of weight parameters in YOLOv5 model training greatly influences model performance.
Adjustments must be made to different loss terms in the loss function, such as classification
loss, localization loss, and confidence loss, to meet specific application requirements. An
adequate number of training epochs is essential, as too few can result in under-learning,
while too many might lead to overfitting and reduce the model’s ability to generalize to
new data [23]. DeepSort plays a key role in continuously tracking and counting targets
in video frames [24]. It utilizes Kalman filters to predict target positions and employs
deep learning features alongside the Hungarian algorithm to resolve target association
challenges [23]. DeepSort leverages pre-trained convolutional neural networks to extract
appearance features of targets, encoding these into fixed-length vectors to assess target
similarity. This process effectively manages challenges posed by temporarily occluded
or densely clustered fish targets, enhancing the robustness and reliability of tracking and
counting. However, DeepSort demands significant computational resources, such as GPU
and memory, particularly when handling high-resolution videos and numerous targets.
The performance of DeepSort is heavily dependent on the quality of the feature extraction
network; inadequacies in this network can lead to incorrect target associations. In scenarios
involving highly clustered or swiftly moving targets, DeepSort might encounter tracking
inaccuracies or losses, a limitation that can be partially addressed through deep learning
features but not entirely eliminated. By strategically allocating computing resources, opti-
mizing feature extraction networks, and thoroughly preparing training data, the combined
capabilities of YOLOv5 and DeepSort can be effectively utilized to enhance fish target
recognition and tracking performance.

4.3. Manual Identification

During the accuracy evaluation and verification phases, manual counting was em-
ployed for validation. The results varied among individuals due to differences in their
levels of cognition and experience in recognizing fish targets [25], precluding the possibility
of achieving absolute accuracy. Furthermore, prolonged periods of manual counting were
susceptible to errors stemming from human fatigue. Although YOLOv5 demonstrated a
slightly lower accuracy compared to manual counting, it provided the advantage of stable,
automatic counting, which is not affected by fatigue or subjective biases. This feature is
particularly beneficial for the consistent identification and counting of fish targets.

5. Conclusions

The importance of automated identification and counting of fish targets cannot be
overstated in the context of fish resource assessment and management. This study intro-
duced a method that integrates high-definition DIDSON sonar with YOLOv5, achieving a
recognition accuracy exceeding 80%. This method offers substantial improvements over
traditional Echoview method in terms of recognition accuracy, processing speed, and
reduced labor costs.

The accuracy of the proposed method is influenced by several factors, including the
quality of sonar images, background noise, and variations in fish size, density, and prox-
imity to the water bottom. Further refinement is necessary to enhance identification and
counting accuracy while minimizing disturbances such as acoustic noise during data acqui-
sition. Additionally, the parameter settings and data training for YOLOv5 and DeepSort
require optimization to support the model’s generalization capabilities and robustness
across various application scenarios. Future research will focus on enhancing the accuracy
and reliability of fish target identification and counting by improving sonar technology,
refining model structures, and enriching the diversity of training data.

In summary, the method proposed in this study offers high recognition accuracy and
significantly improves the speed of sonar data processing, while avoiding the drawbacks
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of human fatigue and subjective bias. It consistently maintains a high level of accu-
racy, enhances efficiency, and provides faster and more effective technical support for the
monitoring and management of fish populations, thereby contributing to the sustainable
development of fisheries.
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Abstract: In Mexico, marine acoustics research still faces technical and scientific challenges. For the
past decade, the country has made a sustained effort to implement acoustic techniques to generate
time series of standardized information; however, these data have been underutilized. Marine
acoustics research has been used mainly for small pelagic species and has contributed to improving
fishery management and to advising stakeholders. The Mexican scientific community has perceived
marine acoustic techniques as expensive tools that are only used for industrial fishing purposes.
Marine acoustics can provide information on the variability and interactions between species, their
physical environment, and other communities of species, but this approach has not yet been integrated
into interdisciplinary research programs or ecosystem models. Additionally, acoustic data provide
estimates of biomass and indices of relative abundance, and they have suitable statistical properties
for use in integrated catch-at-age models. In summary, to consolidate marine acoustic techniques in
Mexico, it is necessary, at a minimum, to maintain the current infrastructure for acoustic studies, to
increase the budget for the development of monitoring programs that collect ecosystem indicator
data, to promote the training of human resources, and to encourage peer review of the information
generated and reported in gray literature.

Keywords: small pelagic; acoustic techniques; index of relative abundance

Key Contribution: (1) At present, it is critical for Mexico to consolidate the use of acoustic techniques
and to produce added value for the acoustic data that are currently generated. Hence, a discussion
on the contributions of acoustics to fishery management, Marine Protected Areas, and the ecosystem
approach among the community of Mexican fisheries scientists should be promoted. (2) Investment
in scientific instrumentation and human capital is relatively expensive in the short term, but fisheries
acoustics has the potential to solve many of the challenges facing Mexican fisheries.

1. Introduction

Scientific echosounders have positioned themselves as extensively used tools in abun-
dance and biomass assessments of resources as diverse as mesopelagic fishes, pelagic fishes,
semidemersal organisms, macroalgal forests, zooplankton, squid, jellyfish, and top preda-
tors [1–9]. As technologies and data analysis methods have matured, the use of acoustics in
ecological studies has grown rapidly [10,11], even developing in benthic habitat mapping
to classify substrates and habitat type [12].

The constant and progressive evolution of acoustic technology makes tracing the
historical events that led to the application of acoustics in fisheries research a difficult task.
At the beginning of the First World War, there was a great push for research on transducers
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due to their military applications; two decades after the war, echosounders had become
widespread, and acoustics were already being used as an assessment tool in European,
American, Asian, and African countries, as well as in Australia and New Zealand [13–16].
In Mexico, during the 1970s, researchers from the Mexican Institute for Research in Sus-
tainable Fisheries and Aquaculture (in Spanish: Instituto Mexicano de Investigación en
Pesca y Acuacultura Sustentables (IMIPAS)) carried out acoustic surveys using analog
echosounders off the coast of Baja California to estimate the anchovy biomass [17]. How-
ever, there was a failure to consolidate the use of these techniques in the country, and by
the end of 1980, acoustic techniques for the evaluation of anchovy populations in Mexico
had been replaced by the daily egg production method (DEPM) [18].

During the next two decades (1980–2000), Mexico did not make significant investments
in acoustic equipment, nor in the training of human resources to develop and promote
this line of research in the country. In 2007, the Mexican government, through IMIPAS and
in collaboration with researchers from the French Institute for Ocean Science (IFREMER),
began a fisheries acoustics monitoring program in the Gulf of California for small pelagic
species using a single-beam 38 kHz frequency echosounder. Another frequency, 120 kHz,
was added in 2012. Subsequently, new acoustic monitoring programs were implemented
in different regions such as the western coast of the Baja California Peninsula, the northern
region of Nayarit, and off the coast of Sinaloa (Figure 1). The main reason and rationale for
studying the small pelagic fishery is that sardines and anchovies caught in northwestern
Mexico represent the greatest contribution to the national fishery catch [19]. To date,
acoustic techniques have been used most frequently to study these resources.

Figure 1. The Mexican states in which acoustics studies have been applied to Mexican commercial
fisheries are denoted in light blue. These studies have been developed almost entirely in northwestern
Mexico, with limited studies in Oaxaca and Quintana Roo.

Since 2012, there have been several publications in which acoustics have played a
central role in stock assessment and fishery management in Mexico. However, these
investigations have mainly focused on the northwestern Pacific coast of Mexico, including
the Gulf of California. The objective of this review is to analyze and discuss the applications
of acoustic techniques in Mexico, including their successes, utility, and limitations compared
with those in other countries. We hope that this review will encourage the development
and application of these techniques in Mexico for a wide range of ecological topics outside
of the standard procedures for monitoring Mexican marine resources.

2. Materials and Methods

This review was based on manuscripts with the following eligibility criteria: (i) pub-
lished and available from Scopus Elsevier, Redalyc, Crossref Metadata, and Google Scholar;
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(ii) research papers or technical reports mainly from Institute of the Sea of Peru (IMARPE),
IFREMER, the National Oceanic and Atmospheric Administration (NOAA), the Com-
monwealth Scientific and Industrial Research Organization (CSIRO), and IMIPAS; and
(iii) studies with an emphasis on Mexican marine resources. Gray literature on acoustic re-
search was excluded (e.g., abstracts in symposiums or congresses). The review is organized
into six topics, namely processing software, sampling design, frontiers for the applications
of acoustics, the relevance of time series, the Mexican budget for research, and conclusions.

3. Processing Software

Acoustic work requires real-time data acquisition and processing software. There
are a limited number of manufacturers and suppliers of scientific echosounders, typically
Biosonics or Konsgberg, with the choice of supplier depending on the specific requirements
and applications. In Mexico, the echosounders are SIMRAD EK60 and EK80, both provided
by Konsgberg (Horten, Norway). Comparatively, the choice of processing software is not
simple. A research group can choose to pay for a license or use freely available software,
but the available options differ greatly in price, development level, and available guidance,
all of which influence the analysis of the available information and its reproducibility. The
processing sequence sometimes involves manual processing providing physical quantities
(e.g., backscatter) that are used to compute the density and biomass values for a fishery
resource. The software shares some specific characteristics, such as an array of colors, or
“palette”, that are mapped to the backscatter; algorithms for the correction of a line that
describes the bottom, which discard possible contributions from the seabed in the water
column; algorithms for removing noise and reverberation; and other attributes. This review
is based on the most used and frequently cited software in the literature (Table 1).

Echoview (ver. 8-15) has been cited the most in scientific publications. It was de-
veloped by an Australian company of the same name (formerly known as Myriax) via
collaboration and feedback from the research community. It is used and distributed in
several countries. Access to the program requires a physical key that can be shared within
the workgroup (without being used at the same time), while workflows can be made
available to other users who have access to the same or later versions of the program in
which they were made. Payment for the annual renewal of the license allows the user to
access the latest updates and innovative methodologies, while the modules vary according
to the research objective.

The large-scale survey system (LSSS, ver. 2.16.0) also has a global commercial presence
and is marketed through a business unit of the Norwegian Research Center (NORCE) [20].
Its predecessor was the Bergen Echo Integrator (BEI) program [21], which already had
automatic categorization. The echogram interpretation process of LSSS has been improved
through multifrequency applications. The system is powerful because it rapidly interprets
large volumes of data, taking 2 h to process a full day of the survey [20]. LSSS continues
to be developed, so new features are constantly added. For example, it now supports
the Sonar-net CDF4 format and can handle acoustic wideband data from the EK80 wide-
band echosounder. To get the most out of the program, the hardware requirement is
computationally demanding: a 64-bit operating system and at least 32 GB of RAM.

Open-Source Software Options

Other initiatives have emerged from the scientific–academic community for acoustic
data processing. Most of them have been built as open-source initiatives, a feature that
allows the verification of the processing details and the creation of routines that can be
shared inside and outside the workgroup, which help to foster collaboration. This software
is more economical but less robust (Table 1).

Matecho (ver. 7) was developed in MATLAB by the Development Research Institute
(IRD). It can be used by running MATLAB Compiler Runtime (MCR) or by using the
Matecho standalone version, although it is always recommended to run it within MATLAB.
This software works in conjunction with MOVIES 3D (ver. 2.2.7 and further) [22]. It
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has automated processing that allows important functions to be performed to estimate
abundance, such as echo integration by layer, extraction by schools, and noise removal.
Moreover, it includes algorithms for applying methodologies based on multifrequency
filters [23]. These features provide similar advantages as those implemented by Echoview.
An important feature is that it supports the HAC standard format, which was adopted by
the International Council for the Exploration of the Sea (ICES) Fisheries Acoustics Science
and Technology Working Group (WGFAST) in 1999 for the exchange of raw and edited
fisheries acoustics data. Thus, it allows for the recovery of files that have been previously
processed in that format or for the processing raw data, including those collected by the
EK80 broadband echosounder. The hardware requirements are simple and easily accessible
(64-bit Windows 7 or 10 and ≥4 GB RAM).

ESP3 (ver. 1.52.0) is an open-source software platform that can be downloaded at
sourceforge.net. The algorithms used in the processes are visible, and the user can consult
them in the software documentation. Similarly to Matecho, it is an executable program
developed in MATLAB and can be used with MCR. ESP3 is free and powerful, but there
are a few “bugs.” These issues are solved by project administrators from the National
Institute of Water and Atmospheric Research (NIWA). In the latest update (ver_1.52.0.),
it is now possible to process multibeam echosounder data. ESP3 does not specify the
hardware requirements, although it can run efficiently with 64-bit Windows 7 or 10 and
≥4 GB RAM [24].

StoX (ver. 4.0.0) is an open-source software package integrated with R. It was devel-
oped by the Institute of Marine Research (IMR) in response to the need for standardized
software for research institutes working on marine studies in the North Sea, the Norwe-
gian Sea, and the Barents Sea. The design features standardized sampling and repetitive
protocols yet is flexible enough to allow workflows to be expanded, modified, deleted, and
reorganized. Until 2019, StoX was used to estimate the abundance of stocks such as herring,
sprat, blue whiting, cod, haddock, sandeel, and horse mackerel [25].

ECOPAMPA is a type of software created in Visual Studio 2010 to scrutinize synthetic
echograms (implemented in C+ ver. 2.3). It was initially tailored for data collected by
the National Institute of Fisheries Research and Development (INIDEP) using an EK500
echosounder. This software incorporates algorithms for the automatic detection of the
seabed, surface, and schools of fish. It allows for the classification of schools of fish using
artificial neural networks (ANNs). Of note, comparisons of experimental data between
Echoview and ECOPAMPA have yielded good results. There is the potential to expand the
application of ECOPAMPA to other regions, an endeavor that would require new data sets
for training; however, this project is currently inactive [26].

Several projects in the Python (2024) programming language are at different levels of
development; their advantage is that they do not have demanding hardware requirements.
Perhaps the most ambitious and advanced is Echopype, a collaborative project that facili-
tates the integration of echosounder data into interdisciplinary oceanographic research [27].
Since 2019, its functions have increased due to multidisciplinary collaborations. Currently,
Echopype supports data from the EK60, EK80, and Acoustic Zooplankton Fish Profiler
(AZFP) echosounders, and it can convert raw data files into the Sonar-netCDF4 format [28].
Users with advanced programming skills can contribute via the GitHub repository, and
those with limited experience with Python can find examples of how to use it. Other
projects have been added, such as the PyEcholab library [29], developed in collaboration
with different institutions in the United States to meet the needs of the National Centers
for Environmental Information (NCEI). At this time, the code can read, plot, and export
echosounder data. The EchoPy library (ver. 0.0.2) contains algorithms that allow for the
basic processing of acoustic data, such as seabed correction and removal, the removal of
corrupted pings, and multifrequency analysis (https://pypi.org/project/echopy accessed
on 4 March 2024). A disadvantage of these libraries is their limited documentation. The
long-term vision of these libraries is for the continuous contribution by other users to grow
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in a modular way, which would mean the expansion of the tool and accessibility for users
beyond fisheries acoustic scientists.

Echogram (ver. 0.1.2), developed in the R language environment (version 4.2.3) [30], is
a package that can manipulate multifrequency acoustic data in HAC and RAW (EK60) files
and explore acoustic filters of echogram data (still under development [31]). Similarly to
other software, Echogram can be run without demanding hardware requirements.

Due to the evolution of hardware, some processing software has become antiquated
because of rapid advances in data technology: They have fallen into disuse or evolved into
new versions. MOVIES+ (version is not reported), developed by IFREMER in the 1990s, was
one of the first programs developed for fisheries acoustics data. It enabled the quantified
analysis of echoes to manage fishery resources and ecological research. A particular feature
was fish shoal extraction and characterization [32]. Over time, it has evolved into 3D
MOVIES for the visualization of all echosounders in real time and in a three-dimensional
(3D) environment. This software can incorporate data obtained from other instruments
and is currently used by the French oceanographic fleet. Likewise, new software has been
developed, including ESP3, ECHO (Division of Marine Research, Australia), SCHOOLS
(Limnological Institute, University of Konstanz, Baden-Württemberg, Germany), SCHOOL
(Institute of Marine Biology, Crete, Greece), CH1 and CH2 (Department of Fisheries and
Oceans, British Columbia, Canada), and SCHOOLBASE (Marine Laboratory Aberdeen,
Scotland) [33]. However, we have not considered them in this review because they are not
used or there is limited available information.

The use of processing software in Mexico has varied over time. In the 2000s, IMIPAS
began collaborating with the Research Institute for Development (IRD) and IFREMER to
use MOVIES+; it was used from 2008 to 2018 to process the national acoustic surveys.
However, this software cannot be installed on computers running Windows 8 and later.
Consequently, since 2015, IMIPAS has invested in two Echoview licenses to process the
massive amount of data collected from the water column. However, this investment was
insufficient for the research vessels (RVs) that carry out acoustic monitoring in coastal areas
in Mexico. To solve this problem, the first approach was to use free software; Echogram
was the first choice. However, it has limitations in processing massive amounts of data.
The second approach was to use Matecho, whose main advantage is its ability to analyze
data from entire surveys. This program was used for 1 year. For the past 3 years, ESP3 has
been used.

In Mexico, the use of different criteria and subjective user decisions make it nearly
impossible to obtain the same output from two or more different processing software
programs. This issue is exacerbated for long time series and the effects of tests or new
methods. A single processing program is often tailored to the needs of the institution
and used to establish a workflow and to improve the software. Hence, institutions with
well-established acoustics programs maintain a workflow for analyzing their data, and their
monitoring has improved continuously. Historical transitions among processing software
programs used in Mexico have not favored the reproducibility and consistency required for
acoustics research. For example, MOVIES+ cannot provide robust and accurate estimates of
background noise, while ESP3 contains algorithms for these estimates. Similarly, Matecho
was tailored for the acoustics data collected by the French oceanographic fleet, and this
implies difficulties when implementing it for different data sources. Moreover, slight
changes in results can have significant management implications (e.g., individual quota
and the harvest rate).

Free software remains in a stage of development and is maintained based on the
interests of the public institutions that finance it, so it is unknown how long it will continue
to be developed. Given the uncertainty around the availability of processing software, it
is difficult to train specialized technicians effectively. The final choice of the processing
software could be based on several factors: the possibility of a decrease in the budget that
covers commercial license renewals, the possibility that free software will become outdated
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in the short term, and the possibility that software will be unable to support new, updated
acoustic instruments.

Available processing software may only be endorsed by their institution or program
manager, and many lack standardization or even documentation. Hence, the main issue
is to establish whether there are differences among the available software. A desirable
focus could be on the quantitative comparison of the following features: (i) the capacity
to analyze a massive amount of data provided from multiple frequency channels; (ii) the
suitability and accessibility of the programming language; (iii) suitable documentation
indicating the codes used and a user manual; (iv) evaluation and comparison of the
algorithm’s performance; (v) the use of the metadata to estimate the volume backscattering
coefficient (e.g., calibration values, pulse duration, and transmitting power) and the impact
of metadata on the estimation of the area backscattering coefficient and nautical area
scattering coefficient; and (vi) comparison between outputs of mean density and abundance
because both quantities are relevant for fishery management (i.e., management quantities
that are used to advise stakeholders).

When the power of each processing software is known and the methods are sufficiently
general, the software can transcend the quantitative estimation of fish abundance and be
used for a wide range of topics. We highlight the importance of using processing tools
that are widely accessible and used in the scientific community. Ecologists, freshwater
researchers, and others should be trained to use these tools. The accessibility of the
processing software is not a problem for countries with a tradition in acoustics and that
have achieved consolidated working groups. However, technology transfer has been
a problem in Mexico. Although the country is on an upward curve to consolidate the
application of acoustic techniques, the availability of processing software has become a
“bottleneck”. Breaking this bottleneck is the most immediate challenge for Mexico.

Table 1. The most cited software available for processing acoustic data.

Software
Open
Source

Project
Administrator

Country
of Origin

Programming
Language

Availability
References, Contacts, and
Repositories

Echoview No Echoview Australia C++
Request sales
information from
info@echoview.com

info@echoview.com

Echopype Yes

The project is directed
by Wu-Jung Lee and
Emilio Mayorga, but
there are other
collaborators

United
States Python

https://pypi.org/
project/echopype/,
accessed on 16 July
2024.

https://github.com/leewujung
https://github.com/emiliom
leewj@uw.edu, accessed on 16
July 2024

Large-Scale
Survey
System
(LSSS)

MAREC—Institute of
Marine Research
(IMR)

Norway Java
Request sales
information from
info@marec.no

[34]

ESP3 Yes
National Institute of
Water and
Atmospheric (NIWA)

New
Zealand

Executable with a
MATLAB license
or with MATLAB
Compiler
Runtime (free)

https://sourceforge.net/,
accessed on 4
September 2024
* You can subscribe to
project updates to
receive notification of
new versions

Yoann.ladroit@niwa.co.nz
Pablo.Escobar@niwa.co.nz

StoX Yes Institute of Marine
Research (IMR) Norway Java

https://github.com/
StoXProject/StoX/
releases/tag/v4.0.0,
accessed on 20 July 2024

espen.johnsen@hi.no
arnejh@hi.no

PyEcholab Yes

Institute for Research
in Environmental
Science, University of
Colorado, Boulder,
and collaborators

United
States Python

https://github.com/
CI-CMG/pyEchola/,
accessed on 20 July 2024

wcd.info@noaa.gov
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Table 1. Cont.

Software
Open
Source

Project
Administrator

Country
of Origin

Programming
Language

Availability
References, Contacts, and
Repositories

EchoPy Yes
Institut de Recherche
pour le
Développement (IRD)

France Python

https://pypi.org/
project/echopy/,
accessed on 12 August
2024

echopy@protonmail.com

ECOPAMPA Yes

The Physics and
Engineering Research
Center of the Center
of the Province of
Buenos Aires
(CIFICEN)

Argentina Visual Studio
2010 svillar@fio.unicen.edu.ar

Matecho Yes
Institut de Recherche
pour le
Développement (IRD)

France

Executable with a
MATLAB license
or with MATLAB
Compiler
Runtime (free)

https://git.outilsis.ird.
fr/activeacoustics/
matecho, accessed on 19
August 2024

[22]

MOVIES +
Movies-B No France [32,35]

Echogram Yes
Centro
Interdisciplinario de
Ciencias Marinas

Mexico R

https://github.com/
hvillalo/echogram,
accessed on 26 August
2024

hvillalo@inp.mx

Bergen Echo
Integrator
(BEI)

No Institute of Marine
Research (IMR) Norway C++ [21,36]

SONAR 4,5,6 No

MOVIES 3D No

L’Institut Français de
Recherche pour
l’Exploitation de la
Mer

France

http://flotte.ifremer.fr/
Presentation-de-la-
flotte/Logiciels-
embarques/HERMES-
MOVIES3D/
Telechargem, accessed
on 2 September 2024

4. Sampling Design

All known information on a population should be used to create an efficient sam-
pling design that provides the best field data to estimate biomass. For this purpose, the
placement of transects must maintain a balance between the total area to be covered, the
available time, and the assigned budget. For Mexico, the objective is to design a survey
that generates a long and consistent time series, because once the design is chosen, it can
be used systematically to produce estimates that are comparable to each other.

Classical sampling theory states that a random sampling procedure provides unbiased
estimators of the mean and variance. If the sampling design used is systematic, the samples
are considered not to have been taken independently of each other, and statistically, there is
no valid estimator of variance from a systematic sample unless the population is randomly
distributed [37]. The schools of fish vary in two dimensions, height and width, and the
closest observations within a sample could exhibit a high “correlation” because this factor
depends on the distance between the observations [38]. If sampling is performed at a
scale larger than that of the correlation length, classical methods can be used to estimate
the variance. But if this is not the case, then a model that explores the possibility of
autocorrelation of the samples is needed.

In acoustics, three commonly used sampling designs are systematic zig-zag, systematic
parallel, and stratified random parallel. The stratified parallel transects provide maximum
separation between transects, resulting in the least correlation between them and greater
coverage. However, it may be more difficult to estimate the variance of the estimate.
According to Kimura and Lemberg [39], zig-zag transects are better than stratified parallel
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transects at low transect densities; on the contrary, stratified parallel transects are better than
zig-zag transects at higher transect densities. Furthermore, Kimura et al. [40] explained that
change regions are oversampled with the zig-zag design, while regions between changes
are undersampled.

Mexico uses these three sampling designs in different regions, covering the area of
distribution of the small pelagic fish populations in northwestern Mexico, including the
sampling of shallow bays, which have historically maintained a substantial portion of
populations of these species. The Gulf of California and the west coast of the Baja California
Peninsula use a stratified parallel sampling design, while a zig-zag design is used for the
mouth of the Gulf of California (Figure 2), considering a sampling design until the 200 m
isobath that has been surveyed in the recent 15, 12, and 10 years, respectively, using the
same echosounder, ship, and fishing protocol [41–43].

Figure 2. The sample design for acoustic survey research indicating the transects used in the different
regions of the Mexican northwest Pacific Ocean. The three main regions are spatially located as
follows: (i) the west coast of the Baja California Peninsula (transects in black); (ii) the northern region
of the states of Nayarit and off the shore of Sinaloa (transects in gold); and (iii) the Gulf of California
(transects in blue).

Fréon et al. [44] mentioned that schools of fish display migratory behavior at night-time
toward shallower waters, where they lose their ability to behave as schools and disperse
and extend into aggregations and layers in search of food. In northwestern Mexico, pelagic
fishing activities occur during the night and the so-called el oscuro, a period of 22–26
days centered on the new moon of each month [45]. In the Gulf of California, schools
are maintained while they migrate to shallower waters, and they are distributed closer
to the surface (<40 m) at night [43], making them more accessible for commercial fishing
and sampling.

This school behavior requires a different acoustic sampling procedure implemented
by agencies such as NOAA (California, United States) for Pacific sardines; IFREMER (Brest,
France) for anchovies; MEDIAS (Mediterranean International Acoustic Survey) for Eu-
ropean anchovy and European sardine [46]; the Japan Fisheries Research and Education
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Agency (FRA) for anchovies, herring, and other pelagic species; and the Institute of Marine
Research (IMR) for herring [47]. For these species, the estimates of density and abundance
are mainly supported by acoustic data collected during the day. Therefore, the night-time
acoustic datasets are neglected due to diel vertical migration of the species, avoiding nega-
tive bias in the outcomes. Consequently, these night-time data provide little information on
the stock status [48–51]. During the night, the acoustic sampling performed by these agen-
cies can identify species by superficially using mid-water trawls. This procedure implies
that the ship returns to previous positive areas where the target species were identified
with acoustic equipment. In Mexico, when a school is identified during a survey, the ship
keeps going until it has gone 1 nautical mile, which is an elementary sampling distance
unit. Then, the transect is interrupted to carry out the fishing set in the opposite direction.
At that time, the captain and the crew execute the fishing maneuver to position the net at
the depth of the previously observed shoal. Because the ship lacks net sensors, the angle at
which the net is deployed is monitored by the researchers. The fishing set begins with a
mid-water trawl for 30 min at a constant speed of 3 knots. Subsequently, the ship goes back
to the point of interruption to provide continuity to the survey. The criteria for carrying out
the fishing sets are described by Doray et al. [50].

The presence of new platforms for survey research in Mexico has allowed the imple-
mentation of alternative methods for the acoustic data collection for small pelagic species.
For example, since 2021, the RV Dr. Jorge Carranza Frazer has used a methodology closer
to the acoustic data collection proposed by NOAA. During 2023, there were changes to the
sampling design at the mouth of the Gulf of California: the surveyed transect was modified
from zig-zag to stratified parallel, the EK60 echosounder (38 and 120 kHz) was replaced
with a broadband frequency echosounder (EK80) with a single frequency (38 kHz), and the
estimates of density and abundance were mainly supported by daytime data collection and
nighttime mid-water trawls. Stock assessment and fishery management approaches often
use time series that are collected during research surveys with standardized protocols (the
number of sampling stations, similar fishing gear over time, and defined periods). These
changes represent breaks in the time series because direct comparisons between estimates
might not be easy.

5. Frontiers for the Application of Acoustics

5.1. The Contribution of Acoustic Data to Ecosystem Studies

The scientific community agrees that to maintain sustainable fisheries, it is not suffi-
cient to assess the target species alone; the role of exploited species must also be assessed
within the ecosystem in which they live [52]. The implementation of this management
approach requires multidisciplinary efforts that include multiple species and synoptic and
periodic monitoring to promote more realistic fishery management.

The first effort made to understand the structure and function of marine ecosystems
through the trophic relationships between components of the studied communities was the
direct application of “ecosystem models” developed in the early 1980s [53], which were
later adapted to routines such as Ecopath, Ecosim, Ecospace [54], the integrated software
package EwE [55], and Ecotroph [56]. These tools have been useful in addressing questions
regarding the ecosystem impacts of fishing. However, these models have a high degree
of complexity that increases as the number of functional groups increases. In addition,
various types of information, including species abundance, diet composition, catches,
consumption rates, ecosystem properties, and trends of species biomass, are required for
their application to plausible scenarios [57]. In commercially exploited species, discard
and catch information from arrival notices can provide that information or even help to
corroborate the results to reinforce the time series, but species that are not commercially
exploited are subject to unverified assumptions. For example, there are no catch data avail-
able for the “mid-trophic level” functional group, which includes cephalopods, gelatinous
organisms, adult euphausiids, and mesopelagic fish [58]. Nevertheless, they represent
an important group, particularly in ecosystems with wasp-waist-type dynamics [59]. If

98



Fishes 2024, 9, 387

ecological management units are spatially large, they will never be assessed properly due
to the limitations associated with human and economic resources [60].

Comparatively, acoustic data provide quantitative and qualitative metrics over a wide
range of scales and with high spatiotemporal resolution [52]. They allow for observations
ranging from hours to long time series, and they can gather information on marine organ-
isms of all sizes (from fish eggs and larvae to zooplankton and larger species), identifying
and estimating them by size. Furthermore, they provide data on scales ranging from
centimeters to ocean basins [61].

According to Bertrand et al. [62], ecosystem models do not consider the variability and
the interactions between the physical environment and species communities. According
to Lazzari and Tupper [63], when the complexity of the habitat increases, properties
such as its species richness and abundance also increase. Other properties associated
with the seabed also play an important role in the habitat description [64]. In this sense,
acoustic methods can provide data such as substratum characteristics. By associating the
backscatter intensity with the angle of incidence, it is possible to detect differences in seabed
properties [65,66], and the frequency response can indicate the type of seafloor [67]. For
example, Siwabessy et al. [68] performed a backscatter signal analysis to determine the
backscatter characteristics of seabeds associated with seagrass beds. Cutter and Demer [67]
used multifrequency split-beam echosounders and proposed the multifrequency biplanar
interferometric imaging technique to predict the potential habitat for demersal fish (Sebastes
spp.); this finding helped to optimize the surveyed area. Gastauer et al. [69] identified
different seabed habitats to investigate the ecological meaning of clusters of fish and the
distribution of fish density hotspots.

There are differences in the level of implementation of ecosystem-based fishery man-
agement (EBFM) between developed and developing countries [70]. In Mexico, most
management strategies are aimed at a single objective. Ecopath was constructed for the
northern Gulf of California, including for small pelagic species [71], and for a benthic
ecosystem exploited by shrimp trawlers in the Gulf of California [72] and the Gulf of
Ulloa [60], and it has been applied to jumbo squid (Dosidicus gigas [73]) and loggerhead
marine turtles (Caretta caretta [74]). The available Mexican fisheries information is quite
variable; for a few resources, there are more than 50 years of well-documented information,
while for others, in the best of cases, there are basic levels of information. These fisheries
usually make a minimal economic contribution to the region; consequently, they have a
limited research budget. Applying ecological models such as Ecopath to these resources is
not a viable option, because the detailed biological fishery information may be limited or
even unavailable.

Currently, acoustic data collected for stock assessment are not utilized effectively in un-
derstanding the interactions among species. The contribution of information from plankton
and micronekton on ecosystem functioning or the study of ecological relationships, such
as prey–predator and intra- or inter-specific competition, is not considered. During data
processing, these are assumed to be noise and therefore eliminated. In Mexican research,
ecosystem studies supported by acoustic tools have been developed to a limited extent.
Few studies had been published prior to 2020 [43,75,76]. More recently, collaborations
between national and foreign ecologists have flourished. One example is the daily vertical
migration of zooplankton and its seasonal cycle in the Gulf of Mexico [77]. In the Gulf
of California, there have been some recent ecological studies supported by acoustic data.
Portner et al. [78] analyzed the responses of the mid-trophic communities to oceanographic
and climatic variability, while Sarmiento-Lezcano et al. [79] estimated the biomass of mi-
gratory mesopelagic species, decapods, and euphausiids and their role in the respiratory
flux. However, the technique is not widely used in Mexico. Other Mexican researchers in
marine sciences only use acoustic data to evaluate resources.

There are an increasing number of publications that have used an ecological approach
with acoustic methodologies throughout the world, indicating the appropriation of acoustic
techniques in diverse research fields. In Mexico, to avoid failures in the potential application

99



Fishes 2024, 9, 387

of acoustic methodologies, the advantages of acoustic techniques need to be disseminated
and socialized so they that are more understandable to researchers before these tools can
be incorporated into research programs. In addition, these are perceived as expensive
tools that are used only for industrial fisheries, while most of the fishing in Mexico is
carried out with coastal or small-scale fleets. Collaboration between researchers from
different disciplines could facilitate the combination of acoustics as a tool and ecology as
the main objective to enhance the scenarios that are moving toward EBFM by integrating
multidisciplinary oceanographic research programs, ecology, and fishing. Acoustic data
from a range of platforms could provide auxiliary and complementary information to
develop better ecosystem models.

5.2. The Relevance of Acoustic Data for Marine Protected Areas and Endangered Species

Marine Protected Areas (MPAs) represent a management tool created as an alterna-
tive approach to reduce and prevent the intensity of human pressure on marine life and
habitats [80]. Mexico has decreed 66 MPAs covering an area of approximately 13.12 million
ha. The details of the geographic distribution of these MPAs are available in a previous
study [81]. Since their implementation, some MPAs have been more successful than others.
For example, in the Gulf of California, ~23,300 km2 have been decreed as MPAs, but only
the national park known as Cabo Pulmo has met conservation and sustainability goals [82];
it has experienced a great recovery in the biomass of fish and top predators [83].

There are guidelines and recommendations for MPAs, which highlight the need
for long-term national programs to monitor variations in key parameters such as the
age structure of marine organisms, variations in the number of prey, and the rate of
habitat loss [84]. Most of the literature on MPAs involves traps or baited traps, fishing,
hook-and-line fishing surveys, optical methods, and underwater visual censuses with
divers [85–87]. While these methodologies are useful for bottom-dwelling species, there is
a lack of knowledge on the response to the management measures for pelagic and benthic
species [88].

Acoustic methods could be a particularly valuable tool for these regions. The proce-
dures are non-invasive, can provide long-term observations and sample species assem-
blages throughout the water column over a wide spatial range in a record time, and may
even be more economical than the methods previously described [85]. Furthermore, these
methods can be combined with other tools—for example, optical methods to identify
species mixtures and their size structures in areas where fishing is restricted [89,90]—
even when the rocky high-relief substrates are inaccessible to standard survey trawls [91].
Combining acoustics with systematic conservation planning tools can take monitoring a
step further, allowing for the adaptive management of protected areas to assess reserve
effectiveness based on the spatiotemporal patterns of ecosystems [92].

Considering the number of MPAs in Mexico and the budget to evaluate them, the
selected tools must be able to monitor the recovery of fish stocks effectively. Mexican
scientists have published innovative work on this topic. Mayorga-Martínez et al. [93]
showed that the planning and management of marine areas in the country could benefit
from the application of active acoustics. They evaluated the fine topographic complexity of
a group of coastal coral reefs in Veracruz at mesophotic depths (>30 m), which are rarely
included in marine reserve designs and management, despite their ecological importance
and connectivity to shallow reefs. With this information, they proposed expanding and re-
shaping the core zone to include the high structural complexity exhibited by the entire reef
complex. Another example of sampling to monitor change inside MPAs was carried out in
the El Bajo Espíritu Santo seamount. Villalobos et al. [90] described the bathymetry, oceano-
graphic habitat, distributions of zooplankton and fish, determination of the dominant fish
species, estimation of their biomasses, and determination of the target strength (TS) of
the Pacific creolefish (Paranthias colonus) and the finescale triggerfish (Balistes polylepis).
The researchers obtained these results by collecting and integrating acoustic, optical, and
oceanographic data.
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Mexican scientists have also used innovative approaches to apply acoustic techniques
for endangered species. The Biosphere Reserve of the Upper Gulf of California was
established as an MPA with the purpose of protecting vulnerable species. Since its creation,
various social problems have led to an active debate about fishing in the area [94]. The
totoaba (Totoaba macdonaldi) is an endemic species of the Gulf of California. Since 1976,
commercial fishing of this species has been banned due to the alarming decrease in its stock.
Nevertheless, illegal fishing and a lack of scientific monitoring have led to controversies
regarding stock conditions and conflicts of interest in the management of the current
population [95]. In this region, the most recent update on the current totoaba biomass was
supported by fishery-independent data (an acoustic survey).

As MPA management becomes more effective, the effects will be reflected in the
enhanced provision of a variety of ecosystem services for the communities. In the Mexican
context, these kinds of studies require institutions to apply innovative methodologies
that produce the best results and that provide stakeholders with the best advice for their
decision making.

5.3. Acoustic Assessment of Fishery Resources in Freshwater and Shallow Water

Inland waters are defined as lakes, rivers, streams, canals, reservoirs, and other land-
locked waterbodies. They have an important role in providing animal protein for humans,
in maintaining riverine fish abundance, and have an ecological role as a reservoir of
biodiversity [96]. Fishery hydroacoustic research in freshwater aquatic ecosystems has
mainly been developed in North America (Canada and the United States) and northern
and central Europe. Its development has been favored by significant reductions in the size
of echosounders and other acoustic instruments as well as cost reductions. Other important
work has been undertaken in Australia, China, and the East African Rift Valley. Conversely,
there have been fewer studies from South America, Russia, and New Zealand. This growth
is parallel to advances in marine acoustics, which are quickly being adopted by developed
countries [97].

Mexico has about 320 hydrological basins. Among these, there are 37 main basins,
of which 12 discharge into the Gulf of Mexico and the Caribbean Sea, 19 that discharge
into the Pacific Ocean and the Gulf of California, and 6 that are endorheic. It is estimated
that there are about 70 lakes in Mexico. There are also 840 reservoirs classified as large
dams. In 169 of them, there are productive activities such as commercial fishing, sport
fishing, and fish farming. The scientific research that is carried out on species of commercial
importance in freshwater ecosystems is of a fishery biology type (e.g., yield per recruit and
catch per unit effort (CPUE)). In contrast, there are no periodic evaluations of biomass for a
large portion of these reservoirs. According to the National Fisheries Chart [19], the most
important species for commercial fishing are the groups of mojarras (i.e., cichlids such as
tilapia), carp, channel catfish, and charales; in sport fishing, the species of interest is the
sea bass.

In Mexico, Linares et al. [98] applied acoustic techniques to evaluate red grouper
aggregations, recognizing the potential of these applications in the evaluation of fish that
inhabit areas of steep slopes or use them as spawning grounds. This work is pioneering
in the modern application of these techniques in southern Mexico. It highlights relevant
points to improve the results in the application of acoustics in shallow waters, which can
be applied to other areas of the Mexican Caribbean.

Rowell et al. [99] estimated the abundance, biomass, length structure, and spatial
distribution in the Gulf Corvina in the Colorado River delta, Mexico, through several
acoustic surveys combined with hydrophones (passive acoustics). This procedure provided
excellent fishery-independent data. Besides that study, little research has been carried out
in shallow waters, despite the fact that a large part of the territory has these characteristics.

Similarly to the situation with some MPAs in Mexico, the budget available to evaluate
dams and lakes must be maximized as much as possible. In large dams, the use of
nets represents a passive method that increases the time required to obtain the dataset.
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Moreover, there is a high labor cost, and the specific fishing gear chosen could bias the
biological data, mainly the size structure of the analyzed fish population, leading to
a lack of continuity [100]. On the other hand, the range of direct visual underwater
observations is limited to a few meters because in many Mexican waterbodies, the optical
properties are poor and transparency is low; thus, the use of other optical sensors, including
satellite images, is very limited. Acoustic methods offer new possibilities for evaluation.
Echosounders can be easily installed on small boats, and institutions with experience and
instruments can provide training so that a small team of local researchers can operate
hydroacoustic technologies.

5.4. Target Strength

TS is a scaling factor to convert the intensity of the energy values that are backscattered
by the object into abundance. Without knowledge of an organism’s TS, it would not be
feasible to translate acoustic densities into biologically meaningful data. TS is not a single
value; rather, it is the average value of a distribution of individual observations of the
backscattering cross-sections (σbs, with the units m2) that are often expressed in terms of
body length [101]. There are extensive reviews on TS measurement methods [102–104].
These experiments can be separated into in situ—using measurements made on fish with
a natural behavior and free swimming—and ex situ—using measurements made on fish
confined to a cage, immobilized, or unconscious. The checks are influenced by a large
number of factors including the method used, the angle of inclination of the organisms,
and up to 90% of the state of the swim bladder (if any) [105]. In addition, the estimated
values are not interchangeable between the frequencies used.

TS is considered to be the most important source of error in acoustic estimates of
absolute abundance [101]. Underestimating the TS would overestimate the abundance,
while overestimating the TS would underestimate the abundance. Hence, due to their
economic importance, considerable efforts are made to determine the TS of species that
support fisheries. Of note, research on this topic is also growing for organisms of ecolog-
ical importance in disturbed ecosystems. TS has been used widely to estimate species
distributed in the North Sea, the Baltic Sea, the North Atlantic, the Southeast Atlantic,
the North Pacific, and even the South China Sea (see Table 4 in Liu et al. [106] and Table
6.4 in Simmons and MacLennan [101]), among others. In tropical species, this type of
study is limited. When the TS for any species is unknown, published values of similar
species or the same species distributed in another region are usually used. However, this
approach introduces inaccuracy, which reduces the potential of the data obtained from
survey research by affecting estimates of the relative abundance and biomass.

For Mexico, there have been very few specific studies estimating TS. The first efforts
focused on estimating the TS of species distributed in Mexican waters were for Pacific
thread herring (Opisthonema spp.), totoaba, and giant squid (D. gigas). Although Mexican
researchers perceive that this issue is important, these TS models are insufficient for a
country that has large commercial and potential fisheries. Ideally, acoustics research must
include the development of TS models, especially in those cases where there are no TS
models in the literature to provide support for acoustic survey data. In the next decade,
Mexico must focus on this critical point to implement and consolidate the technique in
the country.

6. The Relevance of Time Series

6.1. Proportionality between Indices of Relative Abundance and Abundance

A stock assessment can usually be supported by two kinds of datasets. The first
comprises fishery-dependent data (i.e., extensive data collected by commercial fleets).
The second comprises fishery-independent data, which are commonly obtained from
survey research cruises. There are fundamental requirements for these data to become
valuable: a consistent year-to-year sampling design that covers the distribution of the stock,
a carefully standardized fishing operation [107], and fishing nets with selectivity that can
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be assumed to be constant [108]. For any commercial fishery, the catch rate or CPUE is a
traditional index of relative abundance. Thus, the CPUE may be used as a proxy for the
stock abundance, assuming that both the CPUE and stock abundance are proportional [109].
However, it is usually difficult to make this assumption. For small pelagic species, the CPUE
could remain relatively stable while the stock abundance decreases. This phenomenon,
known as hyperstability, indicates a disproportionate relationship between the CPUE
and stock abundance [109,110]. Another phenomenon for commercial fisheries is the
density-dependent catchability, which occurs when the catchability of small pelagic fish
schools increases as their stock abundance decreases [110–112]. From this perspective,
hyperstability and density-dependent catchability exhibit a mirror effect for measuring the
fall in stock abundance and both mask a decline in the index of relative abundance time
series (e.g., CPUE) (Figure 3).

Figure 3. The graphs show (a) the relationship between abundance and catchability, indicating
patterns of density-dependent catchability, and (b) the relationship between abundance and catch
per unit effort (CPUE), exhibiting different patterns of hyperstability [109,110,113].

6.2. The Relevance of Density Time Series and Their Use as an Index of Relative Abundance

Since the 1980s, fishery models fitted with multiple time series using fishery-independent
data have been implemented successfully [114,115]. Indeed, even a “weight factor” has
been added to these data to measure the performance of fishery-independent data, thus
enhancing the estimation of parameters in the models. The main reason for using multiple
time series is related to the quantity of information contained in each dataset. For example,
a time series of an index of relative abundance that exhibits a negative trend indicates
that the population abundance is decreasing. In contrast, a different index of relative
abundance could indicate a positive trend for the same time series; consequently, this
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index would suggest that the population abundance is increasing. It is a difficult situation
when these contradictory datasets are recorded and included in the fishery models [113].
However, there is also an advantage: multiple time series could contain complementary
information that helps to understand the changes in abundance. In Mexico, although
independent estimates of fisheries began with an assessment program of eggs and larvae
for pelagic fish stocks, they were eventually discontinued due to budget limitations. In
2008, the acoustic methodology was implemented and replaced the abundance estimate
provided by the collection of eggs and larvae of small pelagic species. In other countries,
abundance estimates using eggs and larvae have been combined with acoustic methods,
and the generated time series are used in population assessment models. During the
generated time series, there are sometimes changes in the fishing gear or ships used and
even increased sampling with other tools. Because the new gear has its time series, the old
and new time series can be entered as separate indices of relative abundance or statistically
standardized [116].

MacLennan et al. [117] highlighted that density (ρ) is proportional to the area backscat-
tering coefficient (sa). This assertion suggests that sa or the nautical area scattering coeffi-
cient (sA) could be used as an index of relative abundance and, consequently, to assume
that it is proportional to abundance (N). Assuming that a time series of ρ values has
been estimated, it could be possible to assume a priori the changes in the abundance of
biological targets.

According to [109], the index of relative abundance (I) in trawl surveys can be ex-
pressed as I = qN; consequently, N can be estimated as N = I

q , where q represents the
catchability [116,118]. The main assumption is that I is proportional to N. For this reason,
estimating the best I time series is difficult. The best option is to utilize several I values. If
the proportionality for any I is weak, then the equation could be re-expressed as I = qNγeε,
where γ is a power parameter indicating proportionality when its value is 1 or close to 1,
and ε is a random error assumed as ε ≈ N(0, σε) [109]. MacLennan et al. [117] explained
that acoustic studies provide two important quantities: the density and the abundance
of biological targets. Specifically, ρ is expressed as the number per unit surface area of
the layer. An estimation of ρ could represent an index of relative abundance for an area
at time t. Perhaps the most important mathematical expressions using two surface scales
are ρ = 106 sa

σbs
for km2 and ρ = sA

(4πσbs)
for nmi2, where σbs represents the backscattering

cross-section. The assumptions about the field data, including the statistical distribution
(e.g., normal, lognormal, and delta), the presence or high frequency of negative sampling
stations, and a spatially structured population, would affect ρ values—they could be biased
and would provide little information about the biomass. To avoid a failure to estimate
ρ, several assumptions may be made depending on the methodological approach: the
application of generalized additive models (GAMs) with spatial variability, assuming that
the samples collected are statistically independent of each other; the application of geosta-
tistical techniques that can represent the spatial variation of density, providing solutions to
the spatial correlation in a structured population without any assumption regarding the
independence of the sample; and a lognormal/delta distribution, assuming the effect of
negative sampling stations on estimates of ρ (e.g., Pennington estimator), also assuming
statistical independence in the samples.

The random functions for interpreting the spatial distribution of a population within
a specific area allow for the development of models with explicit spatial variability, such as
generalized linear models (GLMs) or GAMs [119]. One of the main disadvantages of these
methods for abundance estimation is that they do not provide simple estimates of error
variance or survey precision.

There are a large number of geostatistical tools that allow one to determine the sample
variance in a systematic sampling design. The most relevant aspect of a geostatistical
approach, and perhaps why it is currently one of the most widely used approaches, is
that it does not require the independence of the sample to be assumed, and it offers an
explanation for spatial variability [120].
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The delta-lognormal approach proposed by Pennington [121] includes highly skewed
data (known as positive sampling stations) and negative sampling stations denoting a
value of zero (apparent absence of the target species). Both datasets are used to estimate
the mean value of the survey. For Syrjala [122], this method is not resistant to relatively
small and undetectable deviations from the assumptions of the model. Thus, an excess of
small values generates poor behavior in the delta-lognormal distribution, an increase in the
bias, and a loss of information in the estimation of the mean value [40,123].

In Mexico, these topics have not been widely analyzed by fishery biologists, but
they have been applied in other areas such as earth sciences and engineering. Thus, the
integration of interdisciplinary groups regarding the use and application of these statistical
procedures would be desirable. There is the possibility that the acoustic samples have
spatial autocorrelation; the degree of this autocorrelation depends on the size of the schools
(length and width) and the distance between transects. Even if these interactions are
ignored, they would impact the estimated variance.

6.3. Hydroacoustic Data and Integrated Stock Assessment Models

Traditionally, the fishery management approach used by international fisheries agen-
cies (e.g., NOAA, IFREMER, the General Fisheries Commission for the Mediterranean
(GFCM), and the Scientific, Technical and Economic Committee for Fisheries (EC STECF))
has been based on abundance estimates comparing biological hypotheses and datasets.
NOAA has developed two methods to measure the uncertainty and discrepancies in out-
comes such as abundance as well as management quantities: the explicitly vulnerable
biomass and the annual harvest rate. The most widely analyzed stocks have been small
pelagic species, mainly the Pacific sardine and the northern anchovy.

The first method is based on ichthyoplankton surveys and extensive field datasets
collected using a stratified sampling design [124]. The datasets were analyzed using the
DEPM, which is based on the ratio between daily egg production and the specific daily
fecundity of the species [125,126]. This approach provides estimates of the biomass, spawn-
ing biomass, and related biological parameters, as well as indices of relative abundance
such as the egg production index (eggs 0.05 m2 day−1), DEPM data (103 t), and historical
egg production data (eggs 0.05 m2 day−1) [127]. These indices have been used frequently
for stock assessment purposes. Moreover, additional indices of relative abundance have
been computed, such as the reproduction area (nm2) and the proportion of positive sta-
tions, which refer to the marine stations where the eggs or larvae of target species were
collected [128,129].

The second methodological approach is the application of stock assessment models,
mainly those called integrated catch-at-age models. These statistical models can repre-
sent the most important features of population dynamics (i.e., growth, recruitment, and
mortality, both natural and fishing) and incorporate all the information known about the
analyzed species. When these models are tuned using fishery-independent data, their
realism increases. In the last two decades, the implemented methodologies have been
diverse (Table 2).

Acoustic data can also provide an estimate of the biomass and indices of relative
abundance and can serve as an alternative to the DEPM. Moreover, ρ and SA have suitable
statistical properties for use in the integrated catch-at-age models [109]. This manner of
assessing marine resources has been a standard procedure. Comparing outcomes that
search for the best scientific evidence can increase the level of scientific discussion, enhance
the conclusions, and help to maintain the sustainability of the target species.

In Mexico, the DEPM has been implemented successfully [18,130], but it is not used
systematically. Hence, there is a lack of consistency in the temporal sequence of the ob-
tained outcomes, and the time series of the biomass and the index of relative abundance
are only used in the stock assessment models. Since 2008, acoustic data have been collected
systematically in the Gulf of California, where the target species is mainly the Pacific sar-
dine. Estimates of the biomass are available for 15 years (2008–2023). The index of relative
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abundance used to fine-tune the integrated catch-at-age model of the Pacific sardine in the
Gulf of California is biomass-computed from the acoustic data [131]. The rationale and
support for this procedure are based on the fact that the time series of acoustic estimates do
not include a relative and time-dependent proportion of the real abundance of the target
species. This value is known as detectability [132]; it is estimated within the insonified
volume, included in the echo-integration, and can reduce bias in the final estimate. There-
fore, the biomass calculated from acoustic data can be understood as an index of relative
abundance rather than an absolute value of biomass [132]. Detectability has been estimated
for benthic resources, but its utility for small pelagic species remains unclear.

In Mexico, stock assessment for small pelagic species has focused on maintaining
two sources of information for fishery management purposes: one based on acoustic data
and the other applying fishery models fine-tuned through acoustic outcomes [42,131].
Future challenges include choosing the best indices of relative abundance for the stock
assessment models, the possibility of incorporating the density estimated from acoustic
data, and the use of different density values considering the spatial distribution of the
target species in the Mexican Pacific Ocean. Finally, the objective is to use more informative
fishery-independent data—acoustic data may be a good choice. Changing the input data is
a common procedure when integrated catch-at-age models are solved. In this way, different
assumptions can be analyzed, and the performance of the fishery models can be assessed.
The contribution from scientific fishery management will have an impact on the advice to
stakeholders and decision makers, possibly affecting the governance of the target species.

Table 2. Age-structured models are commonly used to input data such as acoustic data (including
indices of relative abundance). The models included are the most used and referenced in the
worldwide literature.

Package Name Acronym
Does the Package
Include a Population
Dynamic Structure?

Is
Uncertainty
Assessed?

Does the Model
Require Indices
of Relative
Abundance?

Is Documentation
Available in the Form
of a Peer-Reviewed
Publication?

Source

Age-structured
Assessment
Procedure

ASAP Yes Yes Yes Yes [133]

C++ Algorithmic
Stock Assessment
Laboratory

CASAL Yes Yes Yes Yes [134]

Stock Synthesis
Model SSM Yes Yes Yes Yes [114,135]

Assessment Method
for Alaska AMAK Yes Yes Yes Yes [136]

Simple Stock
Synthesis SSS Yes Yes Yes Yes [137]

Extended Simple
Stock Synthesis XSSS Yes Yes Yes Yes [138,139]

Woods Hole
Assessment Model WHAM Yes Yes Yes Yes [140]

A Length-based,
Age-structured Model Multifan-CL Yes Yes Yes Yes [141]

7. Mexican Budget for Research

7.1. Acoustic Equipment and Instrumentation: Mexican Research Vessels

In Mexico, there are currently three platforms that aim to carry out marine studies and
acoustics research. Two of them are the property of the IMIPAS, which coordinates and
provides scientific research and advice in fisheries and aquaculture. The platforms are the
RV BIP XI, a 25 m long boat that allows for coastal sampling, mainly of shallow areas. Its
autonomy is 22 days, and it can hold 13 people, including researchers, technicians, and crew.
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It is equipped with a SIMRAD EK60 echosounder with two 38 and 120 kHz transducers
embedded in the boat’s hull. It has winches to work with demersal or pelagic nets (Table 3).
Since 2008, this vessel has carried out uninterrupted acoustic surveys and maintains a busy
schedule of annual surveys, mainly assessing small pelagic fish, Pacific hake, and giant
squid, and some extraordinary surveys that have been carried out in northwestern Mexico
(e.g., of totoaba). This vessel has provided the longest time series of acoustic data of small
pelagic species in Mexico (2009–2023).

Table 3. Platforms and equipment available for acoustic surveys in Mexico.

Platforms Institution
Echosounder
System

Characteristics

RV BIP XI
Autonomy: 22 days IMIPAS EK60

Split-beam transducer ES38-12 (resonant frequency: 38 kHz;
beamwidth: 11.94◦)
Split-beam transducer ES120-7C (resonant frequency: 120 kHz;
beamwidth: 7.61◦)
Source: manuel.nevarez@imipas.gob.mx

RV Dr. Jorge Carranza Fraser
Autonomy: 60 days IMIPAS EK60

Split-beam transducer ES18 312 (resonant frequency: 18 kHz;
beamwidth: 10.53◦)
Split-beam transducer ES38-B 312 (resonant frequency: 38 kHz;
beamwidth: 6.79◦)
Split-beam transducer ES70-7C 312-204154 (side) (resonant
frequency: 70 kHz; beamwidth: 7.12◦)
Split-beam transducer ES70-7C 312-204154 (resonant frequency:
70 kHz; beamwidth: 7.12◦)
Split-beam transducer ES120-7C 312-204022 (resonant
frequency: 120 kHz; beamwidth: 7.29◦)
Split-beam transducer ES200-7C 312-200841 (side and down)
(resonant frequency: 200 kHz; beamwidth: 7.45◦)
Source: https://www.gob.mx/agricultura/colima/articulos/
conoce-nuestro-buque-de-investigacion-dr-jorge-carranza-
fraser?idiom=es, accessed on 4 September 2024

RV El Puma
Autonomy: 30 days UNAM EK60

Frequency: 38 kHz
Frequency: 120 kHz
Source: https://buques.cic.unam.mx/el-puma/equipo-puma/,
accessed on 4 September 2024

RV Justo Sierra
Autonomy: 30 days UNAM EK80

Wide-band split-beam transducer ES38-7
Resonant frequency: 38 kHz
Beamwidth: 7◦
Source: https://buques.cic.unam.mx/justo-sierra/equipo-js/,
accessed on 4 September 2024

Swing steel arm CICIMAR EK80

Combi transducer ES38-18/200-18C
Nominal frequency
Low: 38 kHz
High: 200 kHz
Beamwidth: 18◦
Source: hvillalo@ipn.mx

Swing steel arm IMIPAS EK80

Wide-band split-beam transducer ES38-7
Resonant frequency: 38 kHz
Beamwidth: 7.5◦
Source: manuel.nevarez@imipas.gob.mx

RV Dr. Jorge Carranza Fraser is almost 60 m long. It was financed by the Inter-
American Development Bank and is undoubtedly the most important investment in Mexico
for acoustics research. The acoustic system comprises seven transducers at the frequencies
of 18, 38, 70, 120, and 200 kHz and two side frequencies of 70 kHz, coupled to a SIMRAD
EK60 echosounder. It is built to be autonomous for 60 days, which allows it to reach the
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Exclusive Economic Zone, and can house 22 researchers and technicians. Its programming
includes multipurpose campaigns for several species, mainly small pelagic species, Pacific
hake, and squid. This modern vessel has advantages over older ships: a quiet diesel–electric
engine, a liftable keel to prevent bubble reverberation, and better modern fishing facilities;
these features provide remarkable results and spatial coverage.

Since 1980, The National Autonomous University of Mexico (UNAM) has managed
RV El Puma. Although this vessel was initially used for acoustic surveys, it is currently in
limited use for this purpose. RV El Puma has an autonomy of 30 days and carries a SIMRAD
EK60 echosounder with a 38 kHz transducer that has been used mainly to investigate plank-
ton and pelagic organisms such as squids and small pelagic fish. The EK60 echosounder
and its ER60 data acquisition software are no longer manufactured. The SIMRAD EK80
system has taken its place; it is a more advanced system that has broadband capability and
a significant improvement in the signal-to-noise ratio. INAPESCA and CICIMAR acquired
this equipment, which has been installed in and uninstalled from different platforms, such
as small boats, via a swing steel arm. These devices allow autonomy to carry out sampling
in different regions, and the vessel can even reach continental waterbodies, where research
with this technology has not yet been carried out.

Other vessels carry out marine research in Mexico, including the Alpha Helix Oceano-
graphic Vessel, which is the property of the Center for Scientific Research and Higher
Education at Ensenada (CICESE). Although it has carried out extensive hydrographic
and planktonic campaigns, it does not integrate biological acoustics as a research goal;
therefore, it does not have this kind of echosounder installed. RV Justo Sierra, which is
also the property of UNAM, has recently installed an EK80 multifrequency echosounder
(Table 3). The development of acoustic instrumentation is constant, and the miniaturiza-
tion of echosounders has triggered the development of instruments whose potential is
expanding every decade, in a stage that some have called the robot revolution [142].

Although it is not the aim of this review to enumerate global advances on this topic,
there are promising developments of alternative platforms that provide opportunities to ad-
dress new questions with fewer investments and operating challenges than a ship. For those
institutions that do not own ships, unmanned surface vehicles (USVs) have proved to be op-
erationally efficient and have the potential to be incorporated into research programs [143].
According to Eriksen et al. [144], there are advantages to coupling echosounders: This
approach provides a depth profile of plankton (macrozooplankton and mesozooplankton)
and fish aggregations in water masses that can be coupled to hydrological–oceanographic
stations that are already being used on Mexican vessels. Although these developments
are different from the “traditional” approach, they have the potential to increase the in-
formation available and can be incorporated by institutions interested in expanding their
interdisciplinary research programs. Given the limited human resources of some Mexican
institutions, investing in instrumentation to develop this research goal is unrealistic in the
short term. However, capitalizing on investments through scientific collaboration schemes
to maximize the benefit of the campaigns—and thus obtain more and better information
and biological data—could be assumed to be a medium-term goal.

7.2. Investment in Human Resources

Fisheries acoustics is an applied science that requires a multidisciplinary approach
between physics and engineering that is framed in a biological context. Acoustic surveys
should be conducted in the presence of at least one scientist who is experienced in fisheries
acoustics and is familiar with the target species in the surveyed area. This scientist can
guide the fishery and recognize the potential of complementary data. In Mexico, there are
few people with experience and formal training in the operation of acoustic equipment.
Indeed, there are not enough human resources for the number of acoustic campaigns that
are currently being carried out inside and outside the country with Mexican investment.
A lot of acoustic data are piling up, and there is a failure to recognize the potential that
this information has for understanding the assemblages that exist between zooplankton,
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ichthyoplankton, and mesopelagic organisms beyond the assessment of the most commer-
cially important species (e.g., small pelagic fish, jumbo squid, and Pacific hake). Future
challenges include developing a strategy to build long-term capabilities to understand and
use acoustic techniques through undergraduate or postgraduate education. This approach
should include updates from national experts, developing skills to capitalize on existing
investments, and maximizing the applicability of acoustic techniques. Engaging students
in solving real-world problems and linking the needs of the country with the needs of
universities would provide them with direct research opportunities and experience. This
collaboration could lead to the development of new methods that respond to the demands
of the complex and contrasting ecosystems exhibited in Mexican waters, such as mixed
aggregations and species assemblages, for which the acoustic characterization of locally
distributed species is unknown.

Through its academic unit, Centro Interdisciplinario de Ciencias Marinas (CICIMAR),
National Polytechnic Institute (IPN) has developed a postgraduate program in which the
topic of fisheries acoustics has recently expanded. Although the working group is limited,
it has had collaborations, mainly with INAPESCA, to assess marine resources. In this sense,
there are experiences from IPN that provide advice and develop research focused on marine
acoustics. While these efforts satisfy some demands, a single institution cannot solve all
problems. Promoting exchanges between North American and European universities,
which have solid postgraduate courses and consolidated working groups, would be a
useful choice. The advantages of marine acoustics have been recognized by stakeholders
in Mexican institutions with a focus on fishery management as necessary in contributing
to the sustainability of harvested stocks. Estimates based on fishery-independent data
are valuable because they can be compared with stock assessments supported by fishery-
dependent data. This comparison could allow researchers to test hypotheses regarding
stock conditions and to provide recommendations to enhance the management instruments
of the Mexican government.

8. Conclusions

Improving fishery management in a changing environment is a global challenge.
Mexico must face this challenge with solid scientific tools and modern assessment methods
to streamline recommendations and the decision-making process. This approach would
comply with the objectives of sustainable development and contribute to improving the
quality of life of coastal populations while generating a steady supply of fish protein.

The successful application of fishery acoustics in Mexico has been documented for
the Pacific sardine (Sardinops sagax) fishery in the Gulf of California. Acoustic data have
been useful for providing biomass estimates and indices of relative abundance; these
estimations are usually contrasted with biomass estimated from statistical models express-
ing the population dynamics for this species; under this scenario, it is possible to obtain
information from fishery-independent data (an acoustic survey) and fishery-dependent
data [145]. The acoustic outcomes have been used to support the management of the Pacific
sardine fishery; this endeavor is included in the legal Mexican guidelines through the
Fishery National Chart [19], the Fishery Management Plan [146], and the Mexican Official
Standard [147]. Additionally, the scientific information reported using acoustic data has
been used to obtain international certification of this fishery from the Marine Stewardship
Council (https://fisheries.msc.org/en/fisheries/small-pelagics-fishery-in-sonora-gulf-of-
california/@@view; accessed on 5 July 2024). The Pacific thread herring (Ophistonema
libertate) fishery in the south zone from the Gulf of California has also received this certifica-
tion (https://fisheries.msc.org/en/fisheries/southern-gulf-of-california-thread-herring/
@@view; accessed on 5 July 2024).

Although fisheries acoustics still present technical and scientific challenges, the field is
expanding to meet the growing demands of modern ecosystemic and multidisciplinary
marine research. Traditional ship-mounted sensors remain prevalent, but emerging marine
technologies such as autonomous underwater vehicles (AUVs), remotely operated vehicles

109



Fishes 2024, 9, 387

(ROVs), unmanned surface vehicles (USVs), moored inverted echosounders, and compact
high-capacity echosounders have significant potential for integration into existing fishery
surveys and research projects [148]. These new platforms not only increase the diversity
and volume of data but also allow operations during periods when surveys are impractical,
thereby expanding both the spatial and temporal coverage. Together, these advances
could make long-term acoustic measurements of fish abundance more accessible and
are likely to see broader application in the future [10,149]. For Mexico, these platforms
could potentially enable the collection of biomass data for other marine resources that are
currently not monitored.

The current state of development of acoustic instruments has required considerable
economic investments and interdisciplinary groups of scientists and engineers who have led
this discipline toward constant improvement and diversification. The countries maintaining
a leading role in the use, development, and innovation of acoustic instruments have
implemented a long-term vision that includes collaboration among their institutions. This
approach will allow them to continue to implement strategies for the management and
conservation of marine resources and to improve their position in the face of emerging
challenges that arise from current problems.

For developing countries such as Mexico, fishing is a primary source of food and liveli-
hood for coastal communities. The delay in implementing fisheries acoustics in countries
with these characteristics is an example of failed technology transfer and contributes to the
underrepresentation of information on tropical and subtropical seas, which may represent
a gap in the understanding of the response of marine communities to global changes. For
the past decade, Mexico has made a sustained effort to implement acoustic techniques
to provide a time series of standardized information. However, at present their acoustic
data are underutilized. Because the current global approach to fishery management is
ecosystem-based, ecological time series become more informative when they are longer.
In Mexico, survey research usually evaluates a single species, so the surveyed area, the
fishing gear, and the type of vessel have always been used for surveying the most abundant
species. This type of approach is usually the only one that a small RV can address due to its
space or autonomy limitations. The Mexican deep-draft fleet (RV Dr. Jorge Carranza Fraser
and RV El Puma) can change this situation by participating in campaigns that improve the
understanding of a wide range of ecological subjects so that an ecosystemic approach can
be implemented from marine acoustic data.

The Mexican scientific community maintains a good understanding of how technology
and science can make a positive contribution to fishery management without “ready-to-
use” solutions. The gap between commercial and scientific development is becoming
smaller; acoustic tools developed for commercial purposes are being adopted by scientists,
and scientific developments are being used to produce commercial tools. These changes
represent opportunities that can be taken advantage of to shorten the path. Consistent
long-term studies will enhance the response to emerging problems such as climate change
and the redistribution of species, so it is necessary to continue to support research programs
that have been maintained in the long term in Mexico. For Mexico, to at least maintain the
current infrastructure for acoustic survey research, there is a need to increase the budget
for the development of monitoring programs that collect ecosystem indicator data, train
human resources, and encourage peer review of the information generated and reported in
gray literature.

One of the purposes of this review is to promote the use of acoustics to study aquatic
ecosystems, especially considering that other methodological developments or currents of
thought have failed to become established in the Mexican scientific community and have
simply disappeared from the country. To ensure that the initiatives mentioned in this work
prevail, evolve, and transcend, the discussion on the contributions of acoustics to fishery
management, MPAs, and the ecosystemic approach must be built, defended, and promoted
among the community of Mexican fishery scientists.
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Abstract: Larmichthys crocea (L. crocea) is an economically important fish species mainly distributed
off the coast of China. In this study, 11 L. crocea samples of different body lengths were collected
from aquaculture cages in the East China Sea to measure the acoustic target strength (TS). Using the
Kirchhoff-Ray mode (KRM) model, the directional TS of L. crocea was measured at frequencies of
70 kHz, 120 kHz, and 200 kHz. Furthermore, the relationships between TS and body length were
determined using the least squares method and the standard b20 equation. The results showed
that the TS of L. crocea varied with tilt angle, frequency, and body length. For tilt angles ranging
from (−5◦, 15◦), the equation for fitting TS and body length using the least squares method were
TS = 32.99·log10L − 87.36 (70 kHz), TS = 33.26·log10L − 87.77 (120 kHz), and TS = 39.46·log10L
− 95.51 (200 kHz). They were expressed in the standard b20 equation as TS = 20·log10L − 71.16
(70 kHz), TS = 20·log10L − 71.23 (120 kHz), and TS = 20·log10L − 71.24 (200 kHz). For tilt angles
ranging from (0◦, 10◦), the equation for fitting TS and body length using the least squares method
is TS = 28.69·log10L − 81.71 (70 kHz), TS = 32.30·log10L − 86.44 (120 kHz), and TS = 45.87·log10L
− 103.73 (200 kHz). They were expressed in the standard b20 equation as TS = 20·log10L − 70.88
(70 kHz), TS = 20·log10L − 71.10 (120 kHz), and TS = 20·log10L − 71.48 (200 kHz). Moreover, the
18–300 kHz spectral curve showed a decreasing trend in the frequency range from 18 kHz to 30 kHz,
while maintaining relatively stable fluctuations in the other frequency ranges. These findings offer
a comprehensive understanding of the scattering characteristics of L. crocea and provide a reliable
reference of TS for the fishery acoustic assessment of L. crocea.

Keywords: acoustic; target strength; Larmichthys crocea; kirchhoff-ray mode; tilt angle

Key Contribution: The KRM model was used to analyze the variation patterns of L. crocea TS under
different frequencies, tilt angles, and body length conditions. Meanwhile, the relationship equations
between the dorsal TS and body length of L. crocea at 70 kHz, 120 kHz, and 200 kHz were obtained.

1. Introduction

Larmichthys crocea is a warm-temperate migratory fish species that predominantly
inhabits the lower and middle layers of the sea at depths of up to 60 m along coastal
areas [1]. Its distribution spans the northwestern Pacific Ocean, from central Vietnam to
South Korea and Japan [2]. The highest concentrations of L. crocea are found along the coast
of China, particularly in the Yellow Sea and East China Sea [3]. However, the abundance of
L. crocea sharply declined after the 1980s in China due to overfishing [4]. In response, China
has implemented numerous conservation measures to protect and rehabilitate wild L. crocea
populations, such as establishing protected areas and stock enhancement and release [5].
Therefore, accurate and timely assessment of L. croccea stock is essential for developing
effective management strategies [6].
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Traditional fishery resource assessment surveys often rely on direct fishing methods,
which are susceptible to biases from fishing gear selectivity, fishing efficiency, and sam-
pling area size, resulting in lower assessment efficiency [7]. In contrast, fishery acoustic
offers several advantages including rapid, continuous, non-invasive, and low-cost data
collection. This technique is widely applicable in oceans [8,9], rivers [10–12], lakes [13],
and reservoirs [14,15] and has garnered significant global attention. In fishery acoustic
assessments, an essential physical parameter used to measure a fish’s reflective capability
is target strength (TS) [16]. TS describes the acoustic properties of a target based on echo
intensity and is used to convert echo integration values into key parameters to determine
fish size and abundance [17].

Due to the diverse external shapes of different fish species, even fish with similar
shapes may have significantly different internal structures. As a result, fish bodies are
considered complex acoustic scattering targets, posing unique challenges for acoustic anal-
ysis [18,19]. Broadly, the factors affecting TS can be categorized into internal and external
factors. The internal factors are mainly differences in fish body structure, including fish
size, the acoustic scattering properties of tissues and organs, the presence of swim bladders,
and differences in swim bladder structure [20]. External factors include the frequency of
the acoustic waves used for detection, the depth at which the fish are located, and the
relative posture and tilt angles between the transducer and the fish body [21,22]. These
factors collectively impact how fish scatter acoustic signals, influencing the measurement
and interpretation of TS in acoustic assessments of fish populations. In coastal fishery
resource surveys, echosounders commonly operate at frequencies of 70 kHz, 120 kHz, and
200 kHz, which are specifically chosen for their ability to generate wavelengths shorter
than the typical lengths of the fish being detected [23]. This configuration enhances the
resolution and precision of sonar-based data acquisition, which is crucial for informing
sustainable management strategies [24].

Currently, techniques for measuring TS can be broadly categorized into the con-
trolled experimental method [22], in situ measurement method [25], and theoretical mod-
eling method. The theoretical modeling method includes the sphere model [26], prolate
spheroidal model [27], deformed cylinder model [28], Kirchhoff model [29], distorted wave
Born approximation model [30], and finite element method [31]. Theoretical modeling is
flexible and convenient, capable of simulating TS values under various conditions without
being limited by practical constraints such as site facilities, making it particularly suitable
for estimating the TS of fish species that cannot be measured directly in situ [19]. Moreover,
with increasing model certainty, theoretical modeling has become one of the mainstream
methods in TS research [32]. The KRM model, in particular, provides a good approximation
for fish bodies and swim bladders, accurately reflecting the situation of TS [33,34].

Foot [35] and Clay [29] proposed models based on the Kirchhoff approximation, which
better approximates the fish body and swim bladder. The KRM model is suitable for mod-
eling at majority frequencies [36]; it works by segmenting the fish body and swim bladder
into several small elements, calculating the TS for each element, and then summing them
to obtain the overall TS. While the Kirchhoff model can accurately reflect TS [37], it requires
careful measurements of the fish body and swim bladder shapes. Currently, TS for vari-
ous fish species was measured using the KRM model, including yellowfin tuna (Thunnus
albacares) [38], skipjack tuna (Katsuwonus pelamis) [38], blackhead seabream (Acanthopa-
grus schlegelii) [39], chub mackerel (Scomber japonicus) [40], silver carp (Hypophthalmichthys
molitrix), and bighead carp (Aristichthys nobilis) [41].

Despite the L. crocea being one of the most economically important fish species in
China’s coastal waters, there is little research on its TS. Luan et al. [42] and Shang [43] using
a controlled experimental method, conducted preliminary research on the TS of L. crocea,
but these studies cannot be directly applied to the acoustic assessment of nearshore L. crocea
resources due to inappropriate transducer angles or frequencies. Therefore, accurate TS
measurements are essential for conducting effective fishery acoustic assessments of L. crocea.
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In this study, the KRM model was used to analyze the variation patterns of L. crocea
TS under different frequencies, tilt angles, and body length. The equations for the rela-
tionship between body length and TS were analyzed by measuring the TS of L. crocea at
different body lengths. Concurrently, the spectral curves of L. crocea to TS were analyzed
at 18–300 kHz. The results of this study provide a comprehensive understanding of the
scattering characteristics of L. crocea and also provide a reliable reference of TS for fishery
acoustic assessment of L. crocea.

2. Materials and Methods

2.1. Fish Sample Collection

A total of 11 L. crocea samples, varying in body length, were collected from deep-water
aquaculture nets in the East China Sea. All samples were obtained in site, and ice cooling
was used to ensure the samples were kept fresh. After the samples were brought back to
the laboratory, biological parameters were measured, including body length and weight.

2.2. Obtaining X-Ray Images of L. crocea

X-ray images of each of the 11 L. crocea samples were captured using a digital medical
diagnostic X-radiography system (TITAN2000, 49 Kv, 25 mA, 16 mAs) within 12 h of
collection. After obtaining the X-ray images, the morphological parameters of each sample
were measured using Adobe Photoshop (2024). These parameters included the total length,
width, and height of the fish body and swim bladder, as well as the tilt angle, which is
the major axis angle between the swim bladder and the fish. In accordance with the KRM
model requirements, the X-ray images were segmented into approximately equidistant
slices, and the coordinates of each segment were measured (Figure 1).

Figure 1. Morphological parameters measurement of Larmichthys crocea. Top panel: lateral view,
bottom panel: dorsal view. The black line is the line segment dividing the fish body into approx-
imately equidistant slices, and the blue line is the line segment dividing the swim bladder into
approximately equidistant slices.

2.3. Kirchhoff-Ray Mode Model

The TS of L. crocea was measured using the KRM model. The specific method of
establishing the KRM model consists of the following three steps. First, the fish body
and swim bladder are sliced into approximate equidistant vertical segments, which are
decomposed into several approximate cylindrical bodies. Then, the scattering strength of
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each cylindrical body of the fish body and swim bladder is calculated separately. Finally,
the scattering strengths of the fish body and swim bladder are integrated to obtain the
total TS of the target fish. The geometric construction of the KRM model is shown in
Figure 2 [44].

Figure 2. Geometric construction of the KRM model. (a) Diagram illustrating lateral equidistant
slicing of the fish body and swim bladder. (b) Diagram illustrating dorsal and ventral equidistant
slicing of the fish body and swim bladder. (c) The j-th volume unit of the fish body and swim bladder.
(d) Schematic diagram illustrating the transformation of the coordinate system from (x, z) to (u, v).

Three frequencies, 70 kHz, 120 kHz, and 200 kHz, were identified for TS measurement
with reference to the frequencies commonly used in offshore fishery resource surveys [23,
24]. The fish body tilt angle was set to simulate normal swimming conditions and is set
within the range of −50◦ to 50◦ (0◦ when the sound wave is perpendicular to the fish body,
with negative angles indicating downward tilting of the fish head) [45]. The tilt angle
ranges of the fish body were selected based on monitoring the daily activities of the fish,
resulting in truncated normal tilt angle ranges: (−5◦, 15◦) and (0◦, 10◦) (mean, standard
deviation) [46]. These two classic tilt angle ranges were used to calculate the average TS
of L. crocea. The seawater environmental parameters and typical acoustic parameters of
marine fish required for the KRM model TS calculations are shown in Table 1 [44]. For
detailed calculations of the KRM model, refer to Clay [44]. The KRM model was built using
MATLAB software (R2023b).

120



Fishes 2024, 9, 424

Table 1. Seawater environmental parameters and typical marine fish of acoustic parameters. Density
contrast and sound speed contrast are both relative to sea water.

Medium
Density
(kg/m3)

Sound Speed
(m/s)

Density
Contrast

Sound Speed
Contrast

Sea water 1030 1520 - -
Fish body 1070 1570 1.04 1.03

Swim bladder 1.24 345 0.001 0.23

2.4. Calculation and Evaluation of TS

The equation for calculating the TS of a fish [44] is

TS = 10 · log10(Ls + Lb)
2 (1)

Here, Ls represents the total scattering length of the swim bladder and Lb represents
the total scattering length of the fish body.

The regression equation describing the relationship between TS and body length using
the least squares method is

TS = a · log10 L + b (2)

where L represents the body length of the fish (cm), a is the slope of the regression equation,
and b denotes the intercept. The standard b20 equation [47] is

TS = 20 · log10 L + b20 (3)

where b20 represents the intercept and a = 20.
The average TS was calculated over two classic tilt angle ranges, (−5◦, 15◦) and (0◦,

10◦), with 70 kHz, 120 kHz, and 200 kHz, respectively.
To obtain the continuous variation in L. crocea TS with frequency, spectral curves were

plotted. The frequency range was modeled from 18 to 300 kHz at 1 kHz increments.
Two methods of the least squares method equation and standard b20 equation were

used to fit the relationship between TS and body length. TS at different frequencies under
tilt angle ranges of (−5◦, 15◦) and (0◦, 10◦), along with the corresponding body lengths,
were fitted using the least squares method and the standard b20 equation.

3. Results and Analysis

3.1. Biological Sampling and Measurement

The biological parameters, including body length, body weight, and tilt angle between
the swim bladder and body of the 11 L. crocea samples, are shown in Table 2. The body
length of L. crocea ranges from 13.0 cm to 23.6 cm, with a mean of 17.95 cm, and the body
weight ranges from 32.1 g to 238.4 g, with a mean of 106.33 g. The tilt angle between the
swim bladder and the fish body was measured using X-ray images and ranges from −12◦
to −17◦, with a mean of −14.6◦.

Table 2. Biological parameters of 11 Larmichthys crocea samples. Tilt angle is the major axis angle
between the swim bladder and the fish.

Serial Number Body Length (cm) Body Weight (g) Tilt Angle (◦)

1 13.0 32.1 −16
2 13.8 38.6 −17
3 14.9 52.4 −14
4 15.5 59.2 −15
5 17.0 81.6 −14
6 17.9 104.3 −14
7 18.9 100.6 −16

121



Fishes 2024, 9, 424

Table 2. Cont.

Serial Number Body Length (cm) Body Weight (g) Tilt Angle (◦)

8 20.0 150.2 −15
9 21.1 138.4 −14

10 21.7 173.8 −12
11 23.6 238.4 −14

3.2. Variation in L. crocea TS with the Tilt Angle at Different Frequencies

The TS of 11 L. crocea samples with tilt angles at different frequencies were measured
using the KRM model. The results show that TS varies with tilt angle for L. crocea of
different sizes (Figure 3, samples No. 1, 6, and 11 are shown). However, the TS of the swim
bladder (TSs) closely overlaps with the total TS of the fish (TSt), indicating that the swim
bladder is the main source of acoustic scattering in L. crocea and plays a decisive role in
determining TS.

Figure 3. Variation in the TS of Larmichthys crocea with a tilt angle at different frequencies. Lb

represents body length, TSt represents total TS, TSs represent swim bladder TS, and TSb represents
fish body TS.

At frequencies of 70 kHz, 120 kHz, and 200 kHz, the TS of the fish exhibits a multi-
peaked distribution with respect to the tilt angle. As the frequency increases, the sensitivity
of the TS to tilt angle variation increases, which leads to an increase in the number of peaks.

In addition, the tilt angle corresponding to the maximum TS increases with the fre-
quency. At 70 kHz, the maximum TS occurs between tilt angles of −18◦ and −12◦, with
an average TS of 15.2◦. At 120 kHz, the maximum TS primarily occurs between −19◦ and
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−12◦, and the average TS is 15.8◦. At 200 kHz, the maximum TS occurs between −20◦ and
−13◦, and the average TS is 15.9◦. These findings suggest that the effect of fish posture,
which corresponds to fish behavior, on TS becomes more pronounced at higher frequencies.

3.3. Relationship Between L. crocea TS and Body Length Across Different Frequencies

For tilt angle ranges (−5◦, 15◦), at 70 kHz, the average TS is −46.23 dB, with an
average b20 of −71.16 dB. At 120 kHz, the average TS is −46.30 dB, with an average b20 of
−71.23 dB. At 200 kHz, the average TS is −46.24 dB, with an average b20 of −71.24 dB. For
tilt angle ranges (0◦, 10◦), at 70 kHz, the average TS is −45.95 dB, with an average b20 of
−70.88 dB. At 120 kHz, the average TS is −46.17 dB, with an average b20 of −71.10 dB. At
200 kHz, the average TS is −46.55 dB, with an average b20 of −71.48 dB (Tables 3 and 4).

Table 3. TS of Larmichthys crocea at different frequencies and tilt angle ranges.

Serial
Number

Mean TS at Tilt Angle Ranges of
(−5◦, 15◦)

Mean TS at Tilt Angle Ranges of
(0◦, 10◦)

Frequency/kHz
70 kHz 120 kHz 200 kHz 70 kHz 120 kHz 200 kHz

1 −49.62 −50.98 −51.60 −48.99 −50.32 −52.51

2 −50.83 −48.58 −51.28 −49.70 −48.59 −51.28

3 −49.94 −50.04 −50.26 −47.05 −51.04 −51.58

4 −46.87 −48.05 −47.38 −47.04 −46.87 −48.09

5 −46.12 −46.52 −45.99 −46.58 −47.10 −46.51

6 −45.85 −46.44 −46.34 −47.78 −45.97 −46.88

7 −47.18 −45.65 −45.02 −48.16 −45.33 −45.68

8 −43.29 −44.27 −42.75 −43.23 −43.37 −43.50

9 −43.85 −43.58 −42.21 −42.43 −44.41 −42.37

10 −42.37 −42.98 −42.92 −41.25 −41.76 −41.91

11 −42.59 −42.26 −42.92 −43.21 −43.09 −41.70

Table 4. The b20 of Larmichthys crocea at different frequencies and tilt angle ranges.

Serial
Number

The b20 at Tilt Angle Ranges of
(−5◦, 15◦)

The b20 at Tilt Angle Ranges of
(0◦, 10◦)

70 kHz 120 kHz 200 kHz 70 kHz 120 kHz 200 kHz

1 −71.90 −73.26 −73.88 −71.26 −72.60 −74.79

2 −73.63 −71.38 −74.08 −72.50 −71.39 −74.08

3 −73.41 −73.50 −73.72 −70.51 −74.50 −75.04

4 −70.68 −71.86 −71.19 −70.84 −70.68 −71.89

5 −70.73 −71.13 −70.60 −71.19 −71.71 −71.12

6 −70.91 −71.49 −71.40 −72.84 −71.03 −71.94

7 −72.71 −71.18 −70.55 −73.69 −70.86 −71.21

8 −69.31 −70.29 −69.66 −69.25 −69.39 −69.52

9 −70.34 −70.06 −69.23 −68.91 −70.90 −68.85

10 −69.09 −69.71 −68.94 −67.98 −68.49 −68.63

11 −70.04 −69.72 −70.38 −70.67 −70.54 −69.16
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The relationships between TS at different frequencies and corresponding body lengths
with two tilt angle ranges (−5◦, 15◦) and (0◦, 10◦) are depicted in Figure 4. At all frequencies,
TS showed an upward trend with increasing body length.

Figure 4. Variations in the TS of Larmichthys crocea with body length at different frequencies. The
figure on the left shows the tilt angle (−5◦, 15◦). The figure on the right shows the tilt angle (0◦, 10◦).

Statistical analysis revealed the variations in TS with body length in L. crocea at different
frequencies (Figures 5–7).

Figure 5. Fitting curve of the TS of Larmichthys crocea with body length at 70 kHz. The figure on the
left shows the tilt angle (−5◦, 15◦). The figure on the right shows the tilt angle (0◦, 10◦).

Figure 6. Fitting curve of the TS of Larmichthys crocea with body length at 120 kHz. The figure on the
left shows the tilt angle (−5◦, 15◦). The figure on the right shows the tilt angle (0◦, 10◦).
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Figure 7. Fitting curve of the TS of Larmichthys crocea with body length at 200 kHz. The figure on the
left shows the tilt angle (−5◦, 15◦). The figure on the right shows the tilt angle (0◦, 10◦).

3.4. Frequency Response of L. crocea to TS

To analyze the variation in L. crocea TS with frequency under broadband conditions,
a sample fish (Number 6), which was closest to the average weight and body length
of all 11 samples, was used for analysis (Table 1). Spectral curves of the TS between
18–300 kHz were obtained using the KRM model for tilt angle ranges of (−5◦, 15◦) and
(0◦, 10◦) (Figure 8). Overall, the spectral curves show a similar trend of variation for both
sets of tilt angles. The TS shows a decreasing trend in the frequency range of 18 kHz to
30 kHz, while it remains relatively stable at other frequencies.

Figure 8. Frequency response of Larmichthys crocea to TS. The figure on the left was plotted with the
tilt angle (−5◦, 15◦), and the figure on the right was plotted with the tilt angle (0◦, 10◦).

4. Discussion

In this study, the KRM model was used to measure the TS of L. crocea at different body
lengths, tilt angles, and acoustic detection frequencies. Among these factors, changes in tilt
angle have a particularly significant effect on TS compared to body length and frequency.
For example, Sample No. 6 at 70 kHz has a maximum TS of −35.14 dB at a −16◦ tilt
angle and a minimum of −78.84 dB at a −45◦ tilt angle (Figure 4). This study utilized two
commonly used tilt angle ranges (−5◦, 15◦) and (0◦, 10◦), when calculating the average
TS. Furusawa [48] proposed these tilt angle ranges and demonstrated that the average TS
calculated in these ranges is in good agreement with the actual TS. The results of the study
revealed minimal differences in the average TS obtained from the two tilt angle ranges at
the same frequencies, with an average difference of 0.82 dB for 11 samples (Table 3). The
differences in b20 values in the two tilt angle ranges are 0.28 dB (70 kHz), 0.13 dB (120 kHz),
and 0.24 dB (200 kHz). These findings underscore the significant role of tilt angle variation

125



Fishes 2024, 9, 424

on fish TS. Therefore, it is essential to conduct further research on how TS varies with tilt
angle during different fish behaviors to improve the accuracy of TS measurements.

As the detection frequency increased, the number of secondary peaks in the TS in-
creased (Figure 4). At three different frequencies, the average tilt angles where the TS
reaches its maximum values are −15.2◦, −15.8◦, and −15.9◦ (Figure 4), which are close
to the average tilt angle of −14.3◦ between the swim bladder and the fish body (Table 2).
Similar results have been reported in other studies involving fish with swim bladders,
confirming the significant impact of the swim bladder on TS [19,49,50]. Because the swim
bladder is not a standard ellipsoid, there are differences in the tilt angles between the swim
bladder and the fish body, as well as in the tilt angles where TS reaches its maximum values,
which vary with detection frequency [51]. L. crocea are classified as swim bladder fish,
with the swim bladder serving as the primary organ for acoustic scattering, contributing
approximately 90% to 95% of the fish’s scattering capability [18]. In contrast, other tissues
and organs(such as bones, muscles, and viscera) make minimal contributions to the overall
TS due to their density being similar to that of the surrounding water [52]. Therefore,
considering the decisive role of the swim bladder in determining the TS of swim bladder
fish species, factors such as the position, shape, and size of the swim bladder within the
abdominal cavity, as well as influencing factors such as gastric fullness and gonadal de-
velopment, are crucial in influencing fish TS [53]. For the same swim bladder fish species,
even if they have similar body shapes, their TS can vary due to factors such as distribution
in marine areas, temperature and salinity conditions, individual growth status, and body
condition [54].

Body length is a primary factor affecting the TS of fish [6]. Therefore, studying the
relationship between TS and body length in L. crocea is an important basis for acoustic
assessment in fisheries. Luan et al. [42] using a controlled experimental method, measured
the TS of L. crocea from different directions at frequencies of 50·kHz and 200 kHz, only the
lateral TS equations were given: TS = 24.8·log10L − 73.9 (at 50 kHz) and TS = 23.9·log10L −
71.3 (200 kHz). However, typical fishery resource surveys are conducted from the dorsal
direction of the fish. Shang [43] analyzed variations in the dorsal TS of L. crocea at 430 kHz
with respect to tilt angle, body length, and weight using the controlled experimental
method and an ellipsoid model. He derived equations for dorsal TS based on body length
and weight as TS = 23.5·log10 L − 75.8 and TS = 8.8·log10 G–64.4. However, the frequencies
commonly used in fisheries acoustic surveys are 38 kHz, 70 kHz, 120 kHz, and 200 kHz.
The frequency 430 kHz is not commonly used in fisheries acoustic surveys, so these results
cannot be used in the fishery acoustic assessment of nearshore L. crocea resources.

In this study, equations between dorsal TS and body length of L. crocea were obtained
for three commonly used frequencies (70 kHz, 120 kHz, and 200 kHz) using the KRM
model. To find the most suitable equation, we compared the least squares method with
the standard b20 expression. The results indicate that both fitted equations exhibited some
deviations at different acoustic frequencies and tilt angle ranges. Notably, the R2 of the
equation using the least squares method is significantly higher than that of the standard
b20 equation, both at different frequencies and tilt angle ranges (Table 5). Therefore, using
least squares method fitted equations in the fisheries acoustic assessment of L. crocea is
clearly superior to the standard b20 equation. The b20 value in the resulting standard b20
expression is smaller than the default b20 value of −68 dB for swim bladder fish. Therefore,
the use of the standard b20 equation in previous surveys would have overestimated the
actual TS, which led to a certain underestimation of the resource amount of L. crocea. We
also suggest using the least square method equation to fit the formula, in order to improve
the accuracy of L. crocea resource assessment. To obtain the continuous variation pattern
of TS with frequency in L. crocea, we plotted the spectral curve using Sample 6. The mean
TS exhibited a decreasing trend in the frequency range of 18 kHz to 30 kHz, but remained
relatively stable between 30 kHz and 300 kHz (Figure 8). A comparison of the spectral
curves of the mean TS revealed similar trends in the two tilt angle ranges (−5◦, 15◦) and (0◦,
10◦). Gauthier and Horne’s [55] study of Pacific herring (Clupea pallasii) and Walleye pollock
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(Theragra chalcogramma) reported similar variations, with TS decreasing at low frequencies
and stabilizing at high frequencies. Based on these observations, it is recommended to
use frequencies of 70 kHz and 120 kHz in future surveys. In addition, understanding
the spectral characteristics of L. crocea aids in species identification during mixed-species
marine fishery surveys.

Table 5. The least squares method equation and the standard b20 equation are established for the
two tilt angle ranges under the three acoustic detection frequencies of 70 kHz, 120 kHz, and 200 kHz
respectively.

Tilt Angle
Distribution

Frequency
(kHz)

Least Squares Method
Equation

Standard b20

Equation

(−5◦, 15◦)

70 TS = 32.99·log10L − 87.36
(R2 = 0.8686)

TS = 20·log10L − 70.16
(R2 = 0.6113)

120 TS = 33.26·log10L − 87.77
(R2 = 0.9531)

TS = 20·log10L − 71.23
(R2 = 0.8010)

200 TS = 39.46·log10L − 95.51
(R2 = 0.9382)

TS = 20·log10L − 71.24
(R2 = 0.7096)

(0◦, 10◦)

70 TS = 28.69·log10L − 81.71
(R2 = 0.7119)

TS = 20·log10L − 70.88
(R2 = 0.6453)

120 TS = 32.30·log10L − 86.44
(R2 = 0.8460)

TS = 20·log10L − 71.10
(R2 = 0.7228)

200 TS = 45.87·log10L − 103.73
(R2 = 0.9559)

TS = 20·log10L − 71.48
(R2 = 0.6512)
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Abstract: This study provides a comprehensive analysis of the spatio-temporal dynamics of fish
resources in the confluence waters of Poyang Lake and the Yangtze River, focusing on the initial phase
of a 10-year fishing ban implemented in January 2020. Through hydroacoustic surveys conducted
during both high-water (September 2020) and low-water (January 2021) periods, we identified
significant variations in fish density and individual size across different sections. During the high
water level period, fish concentrations were primarily observed in the confluence area between the
Yangtze River and Poyang Lake, exhibiting higher densities compared to other regions. Conversely,
fish congregated in the deep-water zones of the main river during the low water level period. The
fish population was dominated by small to medium-sized individuals, with mean body lengths of
12.47 cm and 12.62 cm during the high and low water level periods, respectively. Notably, 42 and 33
fish species were recorded during the high-water and low-water surveys, respectively, emphasizing
the region’s rich biodiversity. Importantly, the study demonstrates that the fishing ban has resulted
in substantial increases in both fish density and mean body length, underscoring its effectiveness in
fostering fish population recovery. These findings provide critical baseline data to inform scientific
conservation and management strategies in this ecologically sensitive river–lake ecosystem.

Keywords: hydroacoustics; fish distribution; spatial and temporal variation; fishing ban; biodiversity
conservation

Key Contribution: This study provides novel insights into the temporal and spatial distribution of
fish resources in a river–lake confluence ecosystem during the initial phase of a fishing ban. The
findings reveal significant increases in fish density and average body length, demonstrating the ban’s
effectiveness in fostering fish population recovery and underscoring the importance of conservation
efforts in such ecologically sensitive areas.

1. Introduction

The confluence of Poyang Lake and the Yangtze River serves as a transition zone
between its midstream and downstream [1,2]. This extensive river segment, spanning
approximately 151.9 km in length, exemplifies an abundance of water resources and a
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diverse array of habitats, thereby creating highly conducive ecological conditions for the
proliferation and development of aquatic organisms [3]. Naturally connected to Poyang
Lake, the confluence area facilitates the completion of fish life cycles by offering various
habitats. The main channel serves as a migration route for essential economic fish species
such as the four major Chinese carps, and it is also a feeding ground for most settled
cyprinid fish species [4,5], and seasonal flooding results in distinct fish distribution patterns
between the main channel and the Yangtze River main stream [6]. However, recent years
have witnessed increasing human water-related activities, leading to a deteriorating situa-
tion of fish resources in the confluence area, which connects the main channel of Poyang
Lake and the Yangtze River. These issues include a decline in fish species diversity, a shift
towards smaller and younger individuals, and homogenization of the fish community
structure [7,8].

In January 2020, the Ministry of Agriculture and Rural Affairs announced the imple-
mentation of a “10-year fishing ban” in key water areas of the Yangtze River basin. Rapidly
assessing the distribution of fishery resources under this comprehensive fishing ban has
become a current research focus. Currently, there is a dearth of research utilizing acoustic
techniques to evaluate fish resources in the confluence of Poyang Lake and the Yangtze
River. There are only a few studies evaluating the fish resources in a single habitat of Poyang
Lake or the Yangtze River, such as the significant recovery of Coilia nasus populations in the
Poyang Lake after the fishing ban, and the improvement of miniaturization trends [9,10].
With traditional survey methods facing limitations, acoustic assessment techniques have
gradually been adopted in the main stream of the Yangtze River and lakes [11,12]. These
methods enable rapid and accurate monitoring of fishery resources without damaging the
fish population. Against this backdrop, this study conducted acoustic surveys in the main
stream of the Yangtze River in the Jiujiang section and the connecting channel in the Poyang
Lake during the initial stages of the fishing ban in September 2020 and January 2021. These
surveys analyzed the distribution characteristics of fish resources during both the high
and low water level period, aiming to provide baseline data for the implementation of
the fishing ban policy and inform scientific conservation and management efforts for fish
resources in the confluence of the Poyang Lake and the Yangtze River.

2. Materials and Methods

2.1. Study Area and Procedures

The Jiujiang section of the Yangtze River spans from Fuxingzhou sandbar to Mi-
anchuanzhou sandbar, with a total length of approximately 151.9 km. This section serves
as a transition zone between the middle and lower reaches of the Yangtze River. The
confluence is naturally connected to Poyang Lake and the Yangtze River, forming a com-
plex ecosystem that integrates rivers and lakes [13]. For the purpose of comprehensively
analyzing the temporal and spatial distribution characteristics of fish resources in the
confluence of Poyang Lake and the Yangtze River, we divided the hydroacoustic detection
area into three distinct regions based on the characteristics of the river sections. Section A
covers the stretch from Fuxingzhou sandbar to the entrance of Poyang Lake in the main
stream of the Yangtze River, spanning approximately 50 km. Section B extends from the
Zhangjiazhou sandbar to the Mianchuan sandbar, with a length of roughly 56 km. Lastly,
Section C encompasses the area from the entrance of Poyang Lake in Hukou County to
Pingfeng waters, covering approximately 30 km (Figure 1).

In each sampling section, catches were obtained by fishing with various nets. Each
evening (18:00–06:00), fixed gillnets that were 20 mm in size were deployed between 15 and
30 m offshore. During the daytime, from 6:00 to 18:00, drift nets that were 50 and 70 mm in
size were employed in the deep-water area. Hydroacoustic data were collected, combined
with the catch surveying in various sections with different niches (such as backwaters,
pools, etc.) using different types of nets. The phylogenetic categorization of fish was
completed as Chen [14]. Anesthesia was administered to the fish using MS-222 (Sigma
Aldrich Chemical Co., St. Louis, USA), and each species’ body length was measured in
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millimeters. Fish species safeguarded by the Chinese government and those threatened
species on the lUCN (International Union for the Conservation of Nature and Natural
Resources) and CITES (Convention on International Trade in Endangered Species of Wild
Fauna and Flora) lists were reintroduced back into the water.

Figure 1. (a) Partition and sampling point distribution. (b) Schematic diagram of hydroacoustic
detection area and route in high water level period. (c) Schematic diagram of hydroacoustic detection
area and route in low water level period.

In this study, we conducted hydroacoustic surveys during September 2020 and January
2021, along with two different water periods (Figure 1) in the Yangtze River basin using a
calibrated SIMRAD EY60 system. The system’s working power was 300 W, its pulse width
was 64 μs, and its transducer frequency was 200 kHz with an angle of 7◦ at −3 dB. The
transducer was installed on the front of the boat at a depth of 0.5 m under the water surface,
with a navigation speed of 8–10 km/h. The GPS data were gathered using a GPS receiver
(Garmin, Taiwan, China), and the instrument was calibrated using a tungsten–copper metal
ball with a diameter of 13.7 mm before starting the investigation [15]. Throughout the
detection process, the TS threshold was adjusted to −70 dB, representing the minimum
setting that effectively minimized noise interference in the echogram. The pulse interval
was 5 ping/s. Through observation of the echogram, it was found that the fish density in
the survey area was low and most individual echoes did not overlap, thus the echo counting
method was adopted. The other parameters are referenced in Supplementary Table S1. All
detection activities were conducted during daylight hours, specifically, from 8:30 to 16:30.
The degree of coverage values for each study was determined using Formula (1) [16], in
which Λ is the coverage value, L represents the total length of acoustic transects, and A is
the studied area. The results varied from 12 to 15. These coverage values were above the
minimum recommendations noted in the literature [17,18].

Λ = D/
√

A (1)
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2.2. Data Processing and Transformation

The dataset incorporated for analysis encompassed the range from 1 m beneath the
water surface to 0.5 m above the riverbed. Before processing the data, we first made
a judgment based on the overall acoustic characteristics of the fish. We observed that
the fish density in the survey area was low, and most individual echoes did not overlap.
Therefore, we decided to use the echo counting method in our study. A comprehensive
four-step procedure was implemented to identify targets [17]. Initially, file transformation
was executed, where raw data files (.raw) were converted into the .uuu format using the
converter tool within Sonar5-Pro software (Kongsberg Maritime Inc., Horten, Norway) [18].
Subsequently, bottom detection was carried out using an image analysis detector to delin-
eate the riverbed in each file. Manual adjustments were then made to refine the detected
riverbed line. In the third stage, target tracking was performed to detect individual targets,
with optimal parameter configurations applied. Lastly, track filtering was applied to the
acquired fish-basket dataset to sieve out targets based on specific criteria, and the targets
with No. Echoes greater than 4, Max Ping Gap equals 2 pings, and Gating Range equals
0.3 m. The population density of mature individuals was subsequently estimated using the
following formula:

Density = target number/survey volume. (2)

Survey volume = 0.5 × (2 × H × tan3.5◦ × H) × sampling pings × 0.42, (3)

TS = 25.76 Log TL − 105.32, (4)

According to the calculation empirical Formula (2), the number of the target was
acquired through the aforementioned procedure. The quantity of water in the investi-
gation was determined by modeling it as a triangular prism, employing the subsequent
mathematical expression. According to the calculation empirical Formula (3), where H
denotes the mean water depth throughout the sampling duration, the constant value of 0.42
has been derived from the mean vessel velocity of 9 km per hour, signifying the average
distance traversed by the vessel in response to a single ping. Since the fish population in
Poyang Lake is predominantly composed of carps, we employ the carp-specific regression
formula developed by Frouzova et al. as Formula (4) [19], where TL denotes the total
length in millimeters.

In this study, the survey routes during both the high and low water level periods were
largely consistent, with each being divided into 1 km segments. The fish density in each
segment was calculated, and these density values along with their respective coordinate
data were imported into ArcGIS. The Inverse Distance Weighting (IDW) method was then
used for interpolation to generate a horizontal distribution map of fish density in this river
section [20]. When analyzing the spatial distribution characteristics of fish, non-parametric
tests were conducted using SPSS to analyze the target strength and density of fish in
different river sections and periods.

3. Results

3.1. Fish Target Strength and Spatial Distribution Characteristics

The average target strength (TS) of fish during the high water level stage is −51.32 dB,
corresponding to an average total length of 12.47 cm. There are significant differences
in TS values between different sections (p < 0.05), with a decreasing trend from section
C to section A. In contrast, during low water levels, the average TS is slightly different,
at −51.18 dB, corresponding to an average total length of 12.62 cm. The TS value of
section A is significantly lower than that of sections B and C (p < 0.05) (Figure 2). During
these two periods, the TS values were concentrated between −70 and −43 dB, with a
proportion greater than 90%, indicating that small and medium-sized fish were dominant.
The proportions in the five intervals of −37 to −34, −40 to −37, and −43 to −40 are all less
than 5% (Figure 3). These findings indicate that the overall size distribution of fish remains
similar under different water level conditions; however, the distribution proportion of fish
varies within a specific target strength range. Especially, the proportion of the maximum
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fish population recorded during the two water levels varies within different TS ranges,
with the maximum proportion occurring between −67 and −64 dB during low water levels
and −52 to −49 dB during high water levels.

Figure 2. Distribution of the target strengths between different sections during the high (a) and low
(b) water level periods. (The box plot illustrates the following statistical measures: the minimum
value, the first quartile–25th percentile, the median, the third quartile–75th percentile, and the
maximum value. Outliers are marked with points. The horizontal lines connecting the boxes indicate
a comparison between the two river sections during these periods. The asterisks above these lines
signify the level of significance in the differences observed; ** denotes a highly significant difference
with p < 0.01.)

Figure 3. Distribution of different groups of target strength during the high and low water level periods.

Based on the total length of fish, they were categorized into four groups: 0–10 cm,
10–20 cm, 20–30 cm, and >30 cm (Figure 4). The analysis revealed that fish within the
0–10 cm length group dominated the study area. During high water levels, the proportions
of 0–10 cm fish in sections A, B, and C were 58.06%, 51.32%, and 4.00%, respectively.
Notably, section C exhibited higher proportions of fish in the 10–20 cm and 20–30 cm
categories compared to sections A and B. Among fish exceeding 30 cm in length, section
B had the highest proportion. During low water levels, 0–10 cm fish were primarily
distributed in sections A and B, while 10–20 cm fish were concentrated in section C. Fish in
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the 20–30 cm and >30 cm categories were mainly found in sections B and C. As illustrated in
Figure 5, during high water levels, larger fish were primarily concentrated in the upstream
area approximately 15 km from Zhangjiazhou to Fuxingzhou in sections C and B. In
contrast, during low water levels, they were mainly distributed near the confluence of
sections C and B, specifically, at the tail of the sandbar in Zhangjiazhou and the head of the
sandbar in Mianchuanzhou.

Figure 4. Distribution of total length during the high (a) and low (b) water level periods (A, B, and C
are the codes for different river sections, as shown in Figure 1).

Figure 5. Distribution map of the fish target strength during the high and low water level periods.

3.2. Spatial Distribution Characteristics of Fish Density

The depth and fish density in the study area varied spatially and temporally (Figure 6).
As shown in Figure 6a, the average water depth in the autumn study area is 16.72 ± 4.37 m,
with a maximum water depth of 39.12 m and a minimum water depth of 4.3 m. The
average water depths of river sections A, B, and C are 16.72 ± 4.37 m, 22.40 ± 7.38 m,
and 10.20 ± 2.72 m, respectively. The average water depth in the winter research area
is 10.71 ± 4.99 m, with a maximum depth of 33.49 m and a minimum depth of 2.65 m.
The average water depths of river sections A, B, and C are 9.33 ± 5.56 m, 13.36 ± 5.97 m,
and 10.11 ± 2.23 m, respectively. During the high water level period (September 2020),
the average fish density was 93.85 ind./1000 m3, ranging from 0 to 680.61 ind./1000 m3.
The fish density in sections A, B, and C were 78.62 ind./1000 m3, 96.93 ind./1000 m3, and
106.78 ind./1000 m3, respectively (Figure 6b). There were no significant differences in fish
density among the three sections (p > 0.05). The horizontal distribution map of fish density
in Figure 7 showed a patchy aggregation pattern, mainly concentrated from the tail of the
sandbar in Zhangjiazhou to the 15 km downstream of the confluence of Poyang Lake with
the main stream, with scattered distributions at the head of the sandbar in Mianchuanzhou
and the tail of the sandbar in Fuxingzhou.
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(a) (b) 

Figure 6. The water depth (a) and fish density (b) in different sections during the high and low water
level period (A, B, and C are the codes for different river sections, as shown in Figure 1).

 

Figure 7. Distribution map of fish density during the high and low water level period.

The average fish density in the study area during the low water level period was
111.17 ind./1000 m3, ranging from 0 to 428.32 ind./1000 m3. The fish density in sections A,
B, and C were 101.0 ind./1000 m3, 163.21 ind./1000 m3, and 83.29 ind./1000 m3, respectively.
The fish density in section B was significantly greater than that in sections A and C (p < 0.05).
The horizontal distribution map of fish density (Figure 7) showed that during the low
water level period, fish were mainly distributed from the front and tail of the sandbar in
Zhangjiazhou to the 15 km downstream of the confluence of Poyang Lake with the main
stream, with scattered distributions at Pingfeng Mountain in the Poyang Lake, the head of
the sandbar in Mianchuanzhou, and the tail of the sandbar in Fuxingzhou.

3.3. Composition of Fish Population

During the high water level period of the study area (September 2020), a total of
42 species were collected, belonging to four orders, seven families, and 26 genera. As
shown in Table 1, the dominant species are Megalobrama terminalis, Coilia brachygnathus,
Carassius auratus, and Hypophthalmichthys molitrix. The fish species with a quantity propor-
tion greater than 1% included Coilia brachygnathus, Megalobrama terminalis, Acheilognathus
macropterus, Carassius auratus, Siniperca chuatsi, Hypophthalmichthys molitrix, Saurogobio
dabryi, Culter alburnus, Saurogobio dumerili, Culter dabryi, Pelteobaggrus nitidus, Parabramis
pekinensis, Megalobrama amblycephala, Aristichthys nobilis, and Xenocypris davidi. The body
length of the fish caught in this river section ranged from 3.60 to 83.80 cm, with the
arithmetic mean of the body length 20.25 cm.
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Table 1. The main characteristics of fish population ratio and body length during the two water periods.

High Water Level Period Low Water Level Period

Species
Proportion

(%)
Length

Range (cm)

Average
Length

(cm)
Species

Proportion
(%)

Length
Range (cm)

Average
Length

(cm)

Coilia brachygnathus 20.04% 11.30~35.40 23.44 Coilia brachygnathus 16.06% 9.50~35.00 21.59

Megalobrama terminalis 13.89% 10.70~37.40 24.10 Culter alburnus 9.28% 11.00~30.80 21.47

Acheilognathus macropterus 11.61% 3.60~10.00 6.11 Pseudobrama simoni 8.72% 9.00~14.00 11.63

Carassius auratus 8.36% 4.50~28.80 19.09 Parabramis pekinensis 6.94% 8.30~39.70 20.70

Siniperca chuatsi 4.70% 8.30~48.30 21.78 Hypophthalmichthys molitrix 6.78% 13.50~49.20 26.91

Hypophthalmichthys molitrix 4.08% 17.00~83.80 34.60 Acheilognathus macropterus 6.54% 2.00~11.50 8.08

Saurogobio dabryi 3.73% 6.40~16.60 10.05 Siniperca chuatsi 6.38% 10.50~43.30 21.38

Culter alburnus 3.52% 9.30~47.50 20.33 Carassius auratus 6.05% 7.40~28.00 15.95

Saurogobio dumerili 3.32% 5.40~13.50 8.42 Pelteobagrus fulvidraco 5.33% 9.00~35.00 13.46

Culter dabryi 3.04% 6.70~35.20 22.75 Siniperca kneri 3.87% 14.40~30.00 20.64

Pelteobaggrus nitidus 2.49% 5.80~24.20 13.76 Pelteobagrus fulvidraco 3.79% 8.90~22.00 12.29

Parabramis pekinensis 2.49% 6.40~39.20 26.65 Megalobrama terminalis 3.71% 10.90~43.00 19.62

Megalobrama amblycephala 2.28% 9.70~34.30 27.17 Xenocypris argentea 2.18% 11.50~21.70 15.70

Aristichthys nobilis 2.00% 16.50~61.00 39.62

Xenocypris davidi 1.80% 7.70~20.80 17.18

During the low water level period (January 2021), 33 species of fish were caught,
belonging to four orders, six families, and 22 genera. As shown in Table 1, he dominant
species were Hypophthalmichthys molitrix, Coilia brachygnathus, Parabramis pekinensis, and
Siniperca chuatsi. The fish species with a quantity proportion greater than 1% included
Coilia brachygnathus, Culter alburnus, Pseudobrama simoni, Parabramis pekinensis, Hypoph-
thalmichthys molitrix, Acheilognathus macropterus, Siniperca chuatsi, Carassius auratus, Pelteoba-
grus fulvidraco, Siniperca kneri, Pelteobagrus fulvidraco, Megalobrama terminalis, and Xenocypris
argentea. The body length of the fish caught in this river section during the low water level
period ranged from 2.00 to 49.20 cm, with the arithmetic mean of the body length 18.56 cm.

4. Discussion

4.1. Spatial and Temporal Characteristics of Fish Density

During the low water level period, the average density of fish in the C area is sig-
nificantly lower than that in the main stream areas A and B, with the B area of the main
stream having the highest average fish density. During the high water level period, the
average density of fish is highest in the C section. These changes may be related to seasonal
migratory behaviors of fish such as foraging, fattening, and overwintering. During the
high water level period, shallow beaches, sandbars, and vegetation near the shore are
submerged in the Poyang Lake, providing complex habitats for fish [21,22]. The river
channel connecting the lakes in the C section has also become a feeding and breeding
ground for various fish, especially a busy migration channel [23]. When the water level
drops, fish gather in the deep waters of the river for overwintering [24]. The main stream
has more deep-water areas [25,26], and the average water depth in the B section is greater
than that in the A section and C section, as described in Section 3.2; this may be the reason
for the highest density in the B River section, resulting in the highest density of the B section
of the river during the low water level period.

The density distribution of the two water level periods results indicate that the fish are
mainly distributed in the Pingfeng Mountain of section C and 15 km below the confluence
of section B, with obvious regional characteristics. At the same time, the distribution of fish
also shows a characteristic of being close to sandbars, such as the head and tail of sandbars
named Mianchuanzhou, Zhangjiazhou, and Fuxingzhou, which are fish gathering areas
(Figure 7). As a typical habitat in rivers, sandbars have formed diverse fish habitats due
to their complex hydrological environment [27]. At the same time, seasonal water will
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submerge sandbars, and the submerged plants in the bands on both sides of the sandbars
will become habitats and breeding grounds for fish [28].

The Zhangjiazhou area, where fish are mainly distributed, is the only estuary where
Poyang Lake flows into the Yangtze River. The ecological ecotone theory suggests that
an important feature of this area is high habitat heterogeneity, with high biodiversity and
productivity, and the river confluence is beneficial for increasing fish diversity [29,30]. For
the sandbar area, seasonal floods inundate the floodplain, providing abundant habitats
for fish to inhabit. Due to the temperature gradient and eddies formed at the confluence,
nutrients, woody debris, and organic matter gather there, which is conducive to buoyancy
and plant growth, providing a rich source of food for fish [31]. As the only intersection
connecting the Yangtze River and Poyang Lake, this area can also be seen as an ecological
transition zone [7,32]. The continuity and habitat heterogeneity in the time and space of
the rivers and lakes are also important reasons for the high density of fish in this area.

4.2. Fish Target Strength

After comparing the average water depth, average TS, and average fish density of
three river sections in different water periods, we found that section B has the deepest
water depth, followed by section A, and then section C. The average TS value and average
density value of fish during high water level periods are lower than those during low water
level periods, and the same applies to sections A and B. However, the average TS value
and average density value of section C during the high water level are lower than those
during low water levels. Further research has found that the distribution pattern is related
to physiological habits such as feeding, wintering, and reproduction in fish [24]. Sections
A and B are in the Yangtze River, while section C is contained in Poyang Lake. During
the low water level period, the water area of the Poyang Lake shrinks, and the C River
section becomes the deepest part of the Poyang Lake, making it more suitable for large fish
to overwinter here, thus becoming a wintering ground for the fish in the Poyang Lake [33].
The relevant topographic studies conducted in the Poyang Lake area have shown that the
water depth of the north channel area (section C) in the Poyang Lake is greater than that in
the main lake area and the southern dish lake area [34]. According to the fish catch survey,
the main species of fish caught in the C River section are dominated by large, long-bodied
fish such as grass carp, silver carp, catfish [35].

The results in Section 3.1 show that the fish assemblage in the study area is predomi-
nantly composed of small fish species, with sizes ranging from 1 to 10 cm, accounting for
over 45% across all three river sections. This is in accordance with findings reported in
previous studies [36,37]. Upon analyzing additional research in Section 3.3, it is evident
that the dominant species in this aquatic environment include Megalobrama terminalis, Coilia
brachygnathus, Carassius auratus, Hypophthalmichthys molitrix, Parabramis pekinensis, and
Siniperca chuatsi, all of which are primarily small fish species. This aligns with the situa-
tion depicted in the results of the current hydroacoustic survey. Furthermore, scholarly
research has indicated that the average total length of fish caught may be overestimated
due to the employment of nets with larger mesh sizes in fishing surveys resulting in in-
adequate capture of small fish, thereby biasing the catch towards larger individuals [38].
Consequently, future research endeavors should involve the selection of more suitable nets,
thereby improving the consistency with the results of underwater acoustic investigations.

4.3. Changes in Fish Resources Before and After the Fishing Ban

A comparison with research results from the waterway connecting Poyang Lake to
the Yangtze River prior to the fishing ban (in 2014) [39] reveals that both the average fish
density and Target Strength (TS) values are higher after the implementation of the fishing
ban (in September 2020). Specifically, the mean TS value of fish after the ban (−48.23 dB) is
greater than before (−56.4 dB). Additionally, the proportion of individuals with TS values
ranging from −70 to −55 dB (42.59%) is lower after the ban than before (54.6%), while
the proportion of individuals with TS values greater than −40 dB (1.23%) is higher than
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before (0.12%). The average fish density was 106.78 ind./1000 m3, which is higher than the
53.7 ind./1000 m3 before the fishing ban.

These findings suggest that the fishing ban policy has played a positive role in the
restoration of fish resources in the Yangtze River basin, with increases in both fish density
and individual size, and a mitigation of the trend towards miniaturization in the fish
population structure. Reports from other researchers also found the positive effects of the
fishing ban policy. For instance, fish in the different sections (Yichang to Chenglingji section,
main stream of the upper Yangtze River, Xiangjiaba Reservoir in the lower reaches of Jinsha
River, the Dongting Lake) of the Yangtze River basin [40–43] have shown an increasing
trend in size after the ban, and both the number of fish species and diversity indices have
increased. These observations further illustrate the beneficial impact of the ten-year fishing
ban policy on fish resource conservation.

The implementation of the fishing ban policy, as a pivotal initiative aimed at protecting
and restoring aquatic ecosystems, has gradually manifested its profound impact [44]. This
policy has not only markedly reduced the fishing intensity targeting adult fish populations,
thereby providing invaluable space and time for the natural growth of young fish and
subsequently promoting a dual increase in the quantity and size of fish resources, but it
has also effectively improved fish habitats through a series of scientific and reasonable
environmental protection measures and stringent regulation of human activities. These
measures encompass, but are not limited to, water purification, ecological restoration,
and the rational planning of fishing activities, all of which collectively act upon the fish
ecosystem to significantly enrich the food sources for fish and create favorable conditions
for the regeneration and proliferation of fish populations.

However, the restoration of ecosystems is a complex and lengthy process, a fact that
is particularly evident in the recovery of fish resources within the two key lakes of the
Yangtze River basin: Poyang Lake and Dongting Lake. According to relevant research,
achieving a basic balance in fish resources in these two lakes is expected to take a time
span of 3 to 5 years [45]. Taking Poyang Lake as an example, despite some progress in
fish resource recovery in recent years, the overall situation is still far from full restoration.
The current level of recovery, to some extent, is roughly comparable to the state in the
1990s [46], indicating that the road to ecosystem restoration remains long and arduous.
More severely, the ecosystem of Poyang Lake remains relatively fragile, with limited
resistance to external disturbances.

Therefore, the continuous monitoring and evaluation of fish resource recovery in
Poyang Lake are of paramount importance. This necessitates maintaining the continuity
and stability of the existing fishing ban policy while flexibly adjusting the specific im-
plementation details of the ban measures based on the actual situation of fish resource
recovery and the dynamic characteristics of ecosystem changes. By establishing a compre-
hensive monitoring system, timely access to firsthand data on fish resource recovery can be
obtained, providing robust support for scientific decision making. This, in turn, ensures
that the fishing ban policy can more effectively promote the protection and restoration of
fish resources, contributing to the ecological security and sustainable development of the
Yangtze River basin.

5. Conclusions

We utilized hydroacoustic methodologies to undertake a comprehensive and meticu-
lous examination of the spatial distribution patterns of fish in the confluence zone of the
Poyang Lake and the Yangtze River. The primary aim of this investigation was to assess
the condition of fish resources in this pivotal aquatic ecosystem during the early stages of
the implemented fishing ban. With this survey, we intended to generate robust data that
could facilitate subsequent scientific evaluations of the fishing ban’s efficacy and inform
effective conservation strategies for fish resources.

Our findings reveal that fish resources in our study area are predominantly clustered
within the confluence region and adjacent sandbar waters. This observation carries substan-
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tial implications for comprehending fish behavioral patterns and habitat preferences within
distinct ecological settings. Following the rigorous enforcement of the fishing ban policy,
we documented pronounced alterations in the fish resource status. A comparative analysis
of post-ban survey data with prior reports disclosed an increase in both the average fish
density and the average target strength (TS). This shift indicates that the fishing ban policy
has exerted a favorable influence on reversing the trend of fish population downsizing
and fostering an elevation in the abundance of larger fish species, thereby substantially
contributing to the recovery of fish resources in the typical river–lake confluence area.

Nonetheless, this study constitutes a preliminary foray into understanding the impact
of the fishing ban policy on fish resources in Poyang Lake. In the future, it is acknowledged
that the estimation of fish total length from TS remains an approximation, as highlighted by
the extensive hydroacoustic literature. To enhance the accuracy of this estimation, exploring
and incorporating various existing equations that consider not only the diverse shapes
of fish and the size of the swim bladder but also the positional relationship between the
fish and the transducer will be crucial. This will necessitate a more comprehensive and
nuanced approach to data analysis, potentially involving advanced modeling and simula-
tion techniques. By addressing these complexities, future research endeavors aim to refine
the understanding and application of hydroacoustic methods in fish resource assessment,
ultimately leading to more precise and reliable estimates of fish size and abundance.
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Abstract: A survey was conducted to evaluate the effectiveness of adaptive resolution
imaging sonar (ARIS), also known as an acoustic camera, for monitoring large jellyfish in
the Liaodong Bay area, China. The abundance and vertical distribution of large jellyfish
species, such as Nemopilema nomurai, Aurelia coerulea, and Cyanea nozakii, were obtained
from acoustic camera observation images, and the effectiveness of the acoustic camera
method was determined. The acoustic camera method provided visual information on the
number of large jellyfish and their positions in the water column and demonstrated that
they were more frequently located in the mid-upper water column of the surveyed area.
The results show that it is possible to identify three different types of large jellyfish using
acoustic camera sonar images, based on their size, shape, outline, and movement trajectory.
The acoustic camera method enables the effective monitoring of jellyfish abundance and
enables the observation of their vertical distribution, demonstrating its suitability for
monitoring large jellyfish in shallow waters. The results show that observations through
an acoustic camera can be used to study the horizontal and vertical spatial distribution
characteristics of large jellyfish and to observe their behavior.

Keywords: adaptive resolution imaging sonar (ARIS); Nemopilema nomurai; Aurelia coerulea;
Cyanea nozakii; abundance; distribution

Key Contribution: Images of different jellyfish species obtained through an acoustic cam-
era were analyzed; and the results indicated that it was possible to distinguish three distinct
types of large jellyfish in the images based on their size, shape, outline, and movement
trajectory. We thus validated the effectiveness of using an acoustic camera to monitor large
jellyfish populations in coastal waters.

1. Introduction

In recent years, the global decline in fisheries has been accompanied by a surge in
jellyfish populations. Marine ecosystems have likely been altered by factors such as climate
change, environmental pollution, overfishing, and marine engineering activities, resulting
in favorable conditions for jellyfish proliferation [1–6]. Since the late 20th century, large-
scale jellyfish blooms have been occurring increasingly frequently in many parts of the
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world, significantly impacting marine ecosystems, fisheries, coastal industries, and coastal
tourism [7–12]. The coastal waters of China are among those most severely affected by large-
scale jellyfish blooms [12–15]. However, accurately monitoring the abundance, biomass,
and spatial distribution of jellyfish populations remains a crucial challenge in assessing
ongoing jellyfish bloom occurrences. Internationally, monitoring jellyfish populations is a
difficult task due to their high water content, large size, patchy distribution, and presence at
varying depths in the water column. These factors have often led to inaccurate estimations
in monitoring survey results [16].

Traditional survey methods for monitoring jellyfish populations primarily include
net sampling [13–15,17] and visual observation [18–21], where the distribution and re-
source variation in jellyfish are studied, respectively. The advantages of these methods
are that they provide a standardized sampling approach, are easy to operate, and visu-
ally reflect the spatial distribution characteristics of large jellyfish. However, they lack
information and analytical data about swimming, aggregation, and the vertical move-
ment patterns of jellyfish underwater. Hence, new technologies, such as underwater
video [16] and aerial imaging [22] have been developed to monitor large jellyfish; how-
ever, both techniques have advantages and disadvantages [23]. The acoustic survey of
fishery resources demonstrates advantages such as high efficiency, broad adaptability,
and causing no harm to biological resources [24]. Internationally, acoustic technology
is gradually being applied to the monitoring and surveying of large jellyfish, achieving
positive results [25–29]. In the past two decades, acoustic cameras have been widely used
in international fishery management, playing a crucial role in fish behavior research [30–35],
fish population observation [36–41], fish length measurement [32–42], and even the survey
of aquatic plants [43,44] and benthic animals [45] in shallow lakes. Furthermore, acoustic
cameras have also been employed in the past for the monitoring and investigation of a
specific type of large jellyfish, such as Nemopilema nomurai in offshore waters [46,47], or
Aurelia aurita s.l. in a brackish water lake [48,49]. Given the limitations of traditional meth-
ods, and considering the successful application of acoustic cameras in various underwater
observation studies, we hypothesize that acoustic cameras could offer a more effective
alternative for monitoring jellyfish populations in Liaodong Bay by providing detailed
visual information on jellyfish abundance and distribution that traditional methods cannot.

Throughout the past decade, Chinese scholars have gradually begun utilizing acous-
tic cameras in fish resource surveys and for behavioral observations in different water
bodies [50–55], demonstrating the promising application of acoustic cameras in fishery
management in China. In China, net-based surveys [13,14,56–58] have traditionally served
as the primary means for monitoring large jellyfish. Subsequently, relevant reports on
visual surveys [59] of large jellyfish have been published. In recent years, low-altitude
Unmanned Aerial Vehicle remote sensing [60] and acoustic investigation [61–64] have grad-
ually been employed for the monitoring and investigation of large jellyfish in China. Large
jellyfish blooms have occurred frequently in the last two decades in Liaodong Bay, Bohai
Sea, China. The dominant species found in Liaodong Bay were N. nomurai, Aurelia coerulea,
and Cyanea nozakii [65]. However, since the blooms of C. nozakii in 2004 [66], economically
valuable jellyfish (Rhopilema esculentum) yields in the region have declined significantly.
From 2004 to the present, we conducted annual monitoring surveys of large jellyfish in
Liaodong Bay using anchor drift nets, focusing on species such as R. esculentum, N. nomurai,
A. coerulea, and C. nozakii, and achieved good monitoring results [67–70]. However, it is
difficult to conduct intuitive and real-time monitoring of the water layer distribution and
diurnal distribution patterns in large jellyfish. This study aims to evaluate the effectiveness
of acoustic cameras, specifically adaptive resolution imaging sonar (ARIS), in overcoming
these challenges by accurately monitoring the abundance, biomass, and spatial distribution
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of three large jellyfish species in Liaodong Bay. Since 2017, we have explored using an
acoustic camera to monitor the giant jellyfish N. nomurai [71]. In the current study, we
simultaneously used an acoustic camera and anchor drift nets to monitor the abundance
and distribution of various large jellyfish species in Liaodong Bay. In this study, images of
various large jellyfish species were obtained using an acoustic camera, and the advantages
and disadvantages of the acoustic camera method over anchor drift nets with regard to
large jellyfish monitoring were ascertained. In addition, we validated the effectiveness of
an acoustic camera for monitoring various large jellyfish species in coastal waters.

2. Materials and Methods

2.1. Study Area and Sampling Methods

Based on the results of previous surveys that identified the coastal waters near Yingkou
in Liaodong Bay as an area where large jellyfish frequently appear, we selected this region as
the monitoring area to conduct surveys on 3 July and 9 August 2018. The maximum water
depth in the survey area was 15 m. In accordance with the results of an investigation of large
jellyfish using anchor drift nets, carried out a few days prior to this survey, three regions
with relatively high quantities of large jellyfish were chosen as the locations for the net
gear survey and sonar observation, using the fishing vessel Liao Ying Fishery 15228 (power
88.2 kW). Following the local standard of Liaoning Province, “Technical specification for
monitoring survey and biomass assessment of disaster-causing jellyfish in offshore areas”
(DB21/T 2823-2017) and the “Technical specification for monitoring survey and biomass
assessment of disaster-causing jellyfish in offshore areas” (DB21/T 3368-2021) [72,73],
traditional net sampling was conducted to monitor the presence of large jellyfish. In
July, the sampling gear used was a Sardinella zunasi anchor drift net (60 m × 8 m; mesh
size: 3 cm), and in August, a jellyfish anchor drift net (60 m × 10 m; mesh size: 10 cm)
was used. Both types of nets are anchor drift nets that use sea currents to capture large
jellyfish. Three nets were connected end-to-end for deployment at each location, and
after 1 h, the nets were retrieved to count the number of large jellyfish captured. The
average number of large jellyfish caught in the three nets was then calculated. In addition,
after the deployment of the anchor drift nets, an acoustic camera observation transect
was established approximately 50 m from the nets in the direction of their deployment.
The amount of large jellyfish in the net was calculated using the catch number and the
filtration volume for each operation. The filtration volume was calculated using the net
height, net width, current velocity, soak time, and the rate of net height deformation, which
was assumed to be around 50%, according to the experience of the local fishers [58]. The
observation transect was located on the side where the jellyfish entered the net walls (see
Figure 1), and each transect was monitored for 1 h. The water current velocity was recorded
from the side of the vessel for 3 min using an electromagnetic current direction meter
(AEM213-D, JFE Advantech Co., Ltd., Nishinomiya, Japan) in the middle layer of the water
during net deployment.

2.2. Data Acquisition

Adaptive resolution imaging sonar (Aris Explorer 1800, Sound Metrics Corp, Bellevue,
WA, USA) was utilized in identification mode, a high-frequency mode of 1.8 MHz. The
effective depth of the observations corresponded to the water depth. The sonar beam
had a horizontal width of 0.3◦, a vertical width of 14◦, an overall field of view of 29◦,
and a total of 96 beams when operated in the high-frequency mode. The sonar images
(receiver gain: 15 dB) were transferred from the unit to a computer via control software at
7.3–15 frames s−1 and saved on a hard drive for later review. A custom-made bracket was
used to fix the main acoustic camera unit to the side of the vessel. The angle was adjusted
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such that the main unit (sensor) was submerged below the water surface and the probe was
located at a depth of 0.3 m below the water surface, where it remained perpendicular to the
surface (see Figure 2). Given that waves could influence the results of sonar observations,
we elected to carry out sonar observations in weather conditions of near calmness on the
sea surface (with wind speeds lower than Level 2 and wave heights less than 0.2 m) to
minimize the impact of waves. After deploying the nets, the survey vessel proceeded
along the designed transect at a speed of 0.7–0.9 m/s (2.5–3.5 km/h). Acoustic camera data
were collected for 1 h at each of the three transects. The number of large jellyfish, their
distribution in the water column, and the corresponding times were manually recorded
from videos taken using acoustic cameras. The number of large jellyfish observed in these
acoustic camera videos was counted at 1 min intervals to calculate their abundance.

Figure 1. Map showing the location of the transects of three large jellyfish species monitored using
acoustic cameras and nets in the coastal waters of Liaodong Bay, China, in 2018.

The manual counting of large jellyfish during sonar observations was conducted using
the ARIScope software (Version 2.5) that comes with the adaptive resolution imaging sonar.
As the morphological characteristics of the umbrella, oral arms, and tentacles of the three
species of large jellyfish are distinctly different, we can distinguish them by their individual
size, shape, outline, and movement trajectory in the acoustic camera images (see Figure 3);
when the objects were difficult to identify, we also checked several frames both before
and after the analytical frame to confirm the identification based on bell pulsation and
movement trajectory. The bell diameter of the large jellyfish was measured by drawing a
horizontal box using the right-click selection tool in the ARIScope software during manual
counting. The horizontal box was positioned such that its diagonal aligned with the
two lower edges of the jellyfish’s umbrella, and the length of this diagonal corresponded
to the umbrella diameter. In this study, we examined the spatial distribution as well
as the population dynamics over two months of N. nomurai (average bell diameters of
33.65 ± 9.40 cm in July and 50.04 ± 12.08 cm in August), A. coerulea (average bell diameters
of 15.67 ± 2.98 cm in July and 18.83 ± 4.08 cm in August), and C. nozakii (average bell
diameters of 23.44 ± 5.78 cm in July and 39.68 ± 10.44 cm in August), which were measured
using ARIScope software. All the large jellyfish obtained via the anchor drift net were
identified by species, and their numbers were counted, which were taken as the baseline
data for the sonar observations of the abundance of the different large jellyfish. The detailed
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elaboration of the morphological characteristics of the three large jellyfish types in the
acoustic camera images is introduced in Section 3.1 of the Results.

Figure 2. Schematic representation of the pyramid-shaped acoustic camera view field.

Figure 3. The enlarged acoustic camera images of the large jellyfish N. nomurai, A. coerulea, and C.
nozakii in July and August in the coastal waters of Liaodong Bay. (a) The umbrella, tentacles, and
oral arms of N. nomurai in acoustic camera images; (b) A. coerulea is seen as small and disk-shaped in
acoustic camera images; (c) the umbrella and tentacles of C. nozakii in acoustic camera images. The
white shade in the image delineates the outline of a large jellyfish.

147



Fishes 2025, 10, 105

2.3. Data Processing

The abundance of large jellyfish monitored using an acoustic camera or nets was
calculated by dividing the number of observed or captured jellyfish by the survey volume
using the following formula:

ρ = 1000 n/V (1)

where ρ is the abundance of large jellyfish (ind/1000 m3); n is the number of large jellyfish
detected with the sonar or captured with the net (ind); and V is the survey volume of the
sonar or nets (m3).

The survey volume for the acoustic cameras was calculated by multiplying the area
scanned using the camera during its operation by the transect length. We referred to
the method used by Mo et al. [74] during acoustic surveys of fisheries conducted in the
Dongqing and Guangzhao Reservoir areas of the Beipan River, and the water bodies
detected in each acoustic camera frame were approximated as a tetrahedron (Figure 2). The
sonar survey volume was calculated using the following formulas:

Vacoustic camera = SABC vt, (2)

SABC = 0.5 bh, (3)

b = 2h tan 7◦, (4)

where Vacoustic camera is the sonar-detected water volume (m3); SABC is the area of the central
vertical cross-section of the tetrahedron in the vertical direction of travel (m2); v is the vessel
speed during sonar scanning (m/s); t is the sonar scanning time (s); b is the width of the
farthest cross-section detected by the sonar (m); and h is the maximum imaging distance,
representing the actual effective depth scanned by the sonar (m) (Figure 4a).

The net survey volume was calculated by multiplying the cross-sectional area of the
net during the survey by the distance through which the current flowed. The net survey
volume was calculated using the following formula:

Vnet = LH vh T, (5)

where Vnet is the survey volume of the anchor drift net (m3); L is the width of the net spread
in the sea (m), which was 50 m in this study; H is the height of the net in the sea (m), the
rate of net height deformation, which was assumed to be around 50% when fully extended
under the impact of ocean currents, according to the experience of the local fishers [58]; vh

is the flow velocity through the net (m/s), which had an average speed of 0.265 m/s based
on field measurements in this study; and T is the net survey time (s) (Figure 4b).

The correlation between the abundance of large jellyfish observed through the acous-
tic camera and that surveyed using the anchor drift net was analyzed using Pearson’s
correlation analysis via the statistical software SPSS 22 to evaluate the effectiveness of the
acoustic method.
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Figure 4. Cont.
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Figure 4. Acoustic camera images of the large jellyfish species N. nomurai, A. coerulea, and C. nozakii
in July and August in coastal waters of Liaodong Bay. (a–c) Acoustic camera images of N. nomurai;
(d–f) Acoustic camera images of A. coerulea. (g–i) Acoustic camera images of C. nozakii. The white
shade in the image delineates the outline of a large jellyfish, while the white horizontal line at the
bottom of the figure represents the seabed.

3. Results

3.1. Morphological Characteristics of the Three Large Jellyfish Species in Acoustic Camera Images

Figure 5 shows nine images extracted from the acoustic camera videos. The top three
images, middle three images, and bottom three images correspond to observations of N.
nomurai, A. coerulea, and C. nozakii, respectively.

Figure 5. Cont.
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Figure 5. Horizontal distribution of N. nomurai, A. coerulea, and C. nozakii medusae abundance along
three transects, obtained through acoustic camera images in July and August in the coastal waters of
Liaodong Bay. (a) The horizontal distribution of N. nomurai in July. (b) The horizontal distribution of
A. coerulea in July. (c) The horizontal distribution of C. nozakii in July. (d) The horizontal distribution
of N. nomurai in August. (e) The horizontal distribution of A. coerulea in August. (f) The horizontal
distribution of C. nozakii in August.

Nemopilema nomurai belongs to the Rhizostomae order and is the largest jellyfish
species in the East Asian waters. As shown in Figure 4a–c, N. nomurai individuals are
relatively large, and the acoustic camera sonar images clearly reveal the outline of the
jellyfish. The arc-shaped contour of the umbrella and the oral arms and tentacles of N.
nomurai are distinct. Therefore, N. nomurai is the most easily identifiable of the three types
of jellyfish.

Aurelia coerulea belongs to the Semaeostomeae order. The bell diameter of A. coerulea
was significantly smaller than that of N. nomurai and C. nozakii, and the images captured by
the sonar were less clear. In images acquired from the acoustic camera video, A. coerulea
often appears as a small disc or oval shape, and the oral arms were shorter and hardly
visible in the acoustic camera images (Figure 4d–f).

Cyanea nozakii belongs to the Semaeostomeae order, and the umbrella of C. nozakii
is flatter with longer tentacles of similar width. Cyanea nozakii individuals were also
relatively large with an average bell diameter smaller than that of N. nomurai. As shown in
Figure 4d,h,i, the shapes and outlines of C. nozakii individuals were distinct from those of
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N. nomurai. They had a cotton ball-like shape in the sonar video, which helped distinguish
them from N. nomurai.

Therefore, combined with the above morphological features, we were able to identify
the three large jellyfish species in acoustic camera images based on their size, shape, outline,
and movement trajectory.

3.2. Horizontal Distribution of Large Jellyfish Abundance

The abundance of the three large jellyfish species observed using an acoustic camera
over a period of 1 h across the three survey transects showed different trends in July and
August. The left side of the survey transect was the front section, and the right side was
the back section. The horizontal distribution characteristics of the three survey transects of
the three large jellyfish species varied as follows.

According to the acoustic camera survey conducted in July, N. nomurai were scattered
in the middle sections of the first survey transect and the second survey transect but were
highly abundant and relatively uniformly distributed in the third survey transect. Aurelia
coerulea were mainly distributed in the middle and front sections of the first survey transect
and the front section of the second survey transect but were scattered throughout the third
survey transect. Cyanea nozakii had a scattered distribution throughout all three survey
transects (see Figure 5a–c).

According to the acoustic camera survey conducted in August, N. nomurai was present
only with a scattered distribution in part of the third survey transect and in the front and
middle sections of the second survey transect. N. nomurai was highly abundant in the first
survey transect and was distributed throughout almost every part of the transect. Aurelia
coerulea was sparsely distributed throughout parts of the second survey transect and the
third survey transect and was more abundant in the first survey transect. Cyanea nozakii
was distributed sporadically across the three survey transects (see Figure 5d–f).

3.3. Study of the Vertical Distribution of Large Jellyfish

Sonar images showed the following vertical distributions of N. nomurai in July: along
Transect 1, up to a depth of 5 m, N. nomurai mainly inhabited the middle water layer
(2.1–4.0 m); in Transect 2, up to a depth of 8 m, they primarily resided in the upper to
middle water layers (2.1–6.0 m); and in Transect 3, up to a depth of 14 m, they were more
abundant in the upper to middle water layers (1.1–6.0 m) (see Figure 6a). Overall, in July,
there were more N. nomurai present in the upper to middle water layers. The following
was observed in August: in Transect 1, up to a depth of 15 m, the N. nomurai individuals
were identified in almost all the water layers (1.1–14.0 m) and were most abundant in the
middle water layers (8.1–11.0 m); in Transect 2, up to a depth of 14 m, N. nomurai inhabited
the upper to middle water layers (0.7–7.0 m); and in Transect 3, up to a depth of 10 m, they
were more abundant in the upper to middle water layers (0.7–6.0 m). In August, N. nomurai
was still more abundant in the upper and middle water layers (see Figure 6b). Overall, in
both July and August, N. nomurai were most commonly found in the upper and middle
water layers of the surveyed area, whereas none were found in the bottom water layers.

Sonar images showed the following vertical distribution of A. coerulea in July: in
Transect 1, up to a depth of 5 m, A. coerulea mainly inhabited the middle water layer
(1.1–4.0 m); in Transect 2, up to a depth of 8 m, they primarily resided in the upper to
middle water layers (1.1–5.0 m); and in Transect 3, up to a depth of 14 m, they were more
abundant in the upper to middle water layers (4.1–7.0 m). Overall, in July, there were more
A. coerulea in the upper to middle water layers (see Figure 6c). The following was observed
in August: in Transect 1, up to a depth of 15 m, most of the A. coerulea inhabited the upper
and middle water layers (3.1–11.0 m); in Transect 2, up to a depth of 14 m, A. coerulea were
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found across almost all the water layers (0.7–12.0 m); in Transect 3, up to a depth of 10 m,
A. coerulea mainly inhabited the upper to middle water layer (0.7–8.0 m). In August, A.
coerulea was still more abundant in the upper and middle water layers (see Figure 6d).
Overall, in both July and August, A. coerulea were more commonly found in the upper and
middle water layers of the surveyed area, whereas none were found in the bottom water
layers.

Figure 6. The vertical distribution of the large jellyfish N. nomurai, A. coerulea, and C. nozakii medusae
obtained through acoustic camera images in July in Liaodong Bay. (a) N. nomurai in July; (b) N.
nomurai in August; (c) A. coerulea in July; (d) A. coerulea in August; (e) C. nozakii in July; (f) C. nozakii
in August.

Sonar images showed the following vertical distribution of C. nozakii medusae in July:
in Transect 1, up to a depth of 5 m, C. nozakii inhabited the upper to middle water layers
(1.1–3.0 m); in Transect 2, up to a depth of 8 m, they inhabited the upper to middle water
layers; and in Transect 3, up to a depth of 14 m, they were more abundant in the upper
water layers (1.1–3.0 m). Overall, in July, there were more C. nozakii in the upper to middle
water layers (see Figure 6e). The following was observed in August: in Transect 1, up
to a depth of 15 m, most of the C. nozakii inhabited the upper and middle water layers
(1.0–11.0 m); in Transect 2, up to a depth of 14 m, C. nozakii were found in almost all of the
water layers studied (1.1–11.0 m); and in Transect 3, up to a depth of 10 m, they were more
abundant in the upper and middle water layers (0.7–8.0 m). In August, C. nozakii was still
more abundant in the upper and middle water layers (see Figure 6f). Overall, in both July
and August, C. nozakii was more commonly found in the upper to middle water layers of
the surveyed area, whereas none were found in the bottom water layers.
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3.4. Comparison of Jellyfish Abundances Obtained via Acoustic Camera Observations and
Net Surveys

Based on the experience of local fishers, the deformation rate of the anchor drift net
was assumed to be approximately 50% when fully extended under the impact of ocean
currents [58], with the anchor drift nets usually placed in the middle water layers. To
validate the accuracy and reliability of the acoustic camera data for large jellyfish, we
compared the data from the anchor drift nets and acoustic cameras in the corresponding
water layers. In July, the water depths in the three survey sections were 5, 8, and 14 m.
Under the influence of ocean currents, the Sardinella zunasi anchor drift net deformed to
a height of 4 m. We analyzed and compared the acoustic camera data for large jellyfish
in the corresponding water layers of 1–5, 2–6, and 4–8 m in the three survey transects. In
August, the water depths at the three survey transects were 10, 14, and 15 m. The jellyfish
anchor drift net was deformed to a height of 5 m under the influence of ocean currents. We
analyzed and compared the acoustic camera data for large jellyfish in the corresponding
water layers of 2–7, 4–9, and 5–10 m across the three survey transects.

In July, 0.33, 0.5, and 47 N. nomurai, were captured using anchor drift nets over a
period of 1 h near the three surveyed transects, respectively. The abundances recorded via
the net surveys were 0.0017 ind/1000 m3, 0.0026 ind/1000 m3, and 0.25 ind/1000 m3, with
an average abundance of 0.08 ± 0.12 ind/1000 m3. In August, 63, 8.33, and 14.67 N. nomurai
were captured by the anchor drift nets over a period of 1 h along the three transects, respec-
tively. The abundances recorded via net survey were 0.26 ind/1000 m3, 0.03 ind/1000 m3,
and 0.06 ind/1000 m3, with an average abundance of 0.12 ±0.10 ind/1000 m3. In July, 6, 3,
and 20 N. nomurai were observed using sonar over a period of 1 h in the corresponding
water layers of the three survey transects, respectively. The abundances recorded using
sonar were 0.69 ind/1000 m3, 0.26 ind/1000 m3, and 1.15 ind/1000 m3, with an average
abundance of 0.70 ± 0.36 ind/1000 m3. The average abundance of N. nomurai observed
using sonar in July was 8.3 times higher than that recorded via the net surveys (Figure 7a).
In August, 79, 5, and 3 N. nomurai were observed using sonar over a period of 1 h along
the three surveyed transects, respectively. The abundances recorded using sonar were
2.89 ind/1000 m3, 0.25 ind/1000 m3, and 0.18 ind/1000 m3, with an average abundance
of 1.11 ± 1.26 ind/1000 m3. The average abundance of N. nomurai monitored using sonar
in August was 9.2 times higher than that recorded via the net surveys (Figure 7a). The
abundance of N. nomurai observed using sonar in July was slightly lower than that ob-
served in August. The net survey results were similar to those observed using the acoustic
cameras, which also showed that the abundance of N. nomurai in July was lower than that in
August, and that the abundance value obtained through the net survey was lower than that
observed using the acoustic cameras. There was a significant correlation (p < 0.05) between
the abundance of N. nomurai observed using the acoustic camera and that observed using
net surveys in July and August.

In July, 140, 131, and 26 A. coerulea were captured by the anchor drift nets over a 1 h
period near the three survey transects, respectively. The abundances recorded via the net
surveys were 0.74 ind/1000 m3, 0.69 ind/1000 m3, and 0.14 ind/1000 m3, with an average
abundance of 0.52 ± 0.27 ind/1000 m3. In August, 79, 4.67, and 4 A. coerulea were captured
by the anchor drift nets over a period of 1 h in the three transects. The abundances recorded
via the net surveys were 0.33 ind/1000 m3, 0.02 ind/1000 m3, and 0.02 ind/1000 m3, with
an average abundance of 0.12 ± 0.15 ind/1000 m3. In July, 38, 39, and 6 A. coerulea were
observed using sonar over a 1 h period across the three survey transects, respectively.
The abundances recorded using sonar were 4.35 ind/1000 m3, 3.35 ind/1000 m3, and
0.34 ind/1000 m3, with an average abundance of 2.68 ± 1.70 ind/1000 m3. The average
abundance of A. coerulea observed using sonar in July was 5.2 times higher than that
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recorded via the net surveys (Figure 7b). In August, 41, 5, and 7 A. coerulea were observed
using sonar over a period of 1 h in the three survey transects, respectively. The abundances
recorded using sonar were 1.50 ind/1000 m3, 0.25 ind/1000 m3, and 0.43 ind/1000 m3,
with an average abundance of 0.73 ± 0.55 ind/1000 m3. The average abundance of A.
coerulea monitored using sonar in August was 5.9 times higher than that recorded via the
net surveys (Figure 7b). There was an extremely significant correlation (p < 0.01) between
the abundance of A. coerulea observed using acoustic cameras and that observed via net
surveys in July and August.

Figure 7. Comparison of the abundance of the three species of large jellyfish medusae through
acoustic camera monitoring and net surveys in July and August in the coastal waters of Liaodong
Bay. (a) N. nomurai; (b) A. coerulea; (c) C. nozakii.

In July, 2, 0, and 2 C. nozakii were captured by the anchor drift nets over a 1 h period
near the three survey transects, respectively. The abundances recorded via net surveys were
0.0105 ind/1000 m3, 0 ind/1000 m3, and 0.0105 ind/1000 m3, with an average abundance
of 0.0070 ± 0.0049 ind/1000 m3. In August, 5, 3.33, and 28.67 C. nozakii were captured
by the anchor drift nets over a period of 1 h across the three transects, respectively. The
abundances recorded via the net surveys were 0.02 ind/1000 m3, 0.01 ind/1000 m3, and
0.12 ind/1000 m3, with an average abundance of 0.05 ± 0.05 ind/1000 m3. In July, 3, 2, and 0
C. nozakii were observed using sonar over a period of 1 h along the three survey transects, re-
spectively. The abundances recorded using sonar were 0.34 ind/1000 m3, 0.17 ind/1000 m3,
and 0 ind/1000 m3, with an average abundance of 0.17 ± 0.14 ind/1000 m3. The average
abundance of C. nozakii observed using sonar in July was 24.6 times higher than that
recorded via the net surveys (Figure 7c). In August, 5, 4, and 11 C. nozakii were observed
using sonar over a 1 h period in the three survey transects, respectively. The abundances
recorded using sonar were 0.18 ind/1000 m3, 0.20 ind/1000 m3, and 0.67 ind/1000 m3, with
an average abundance of 0.35 ± 0.23 ind/1000 m3. The average abundance of C. nozakii
monitored using sonar in August was 6.8 times higher than that recorded using the net
surveys (Figure 7c). There was a significant correlation (p < 0.05) between the abundance
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of C. nozakii observed using acoustic cameras and that observed using net surveys in July
and August.

3.5. Bell Diameters of Large Jellyfish Observed via Acoustic Camera

The bell diameter of the large jellyfish was measured by drawing a horizontal box
using the right-click selection tool in the ARIScope software during manual counting. The
horizontal box was positioned such that its diagonal aligned with the two lower edges
of the jellyfish’s umbrella, and the length of this diagonal corresponded to the umbrella
diameter. In July, the bell diameters of N. nomurai ranged from 15 cm to 55 cm, with an
average of 33.65 ± 9.40 cm, and in August, they ranged from 16 cm to 74 cm, with an
average of 50.04 ± 12.08 cm. Overall, in both July and August, N. nomurai bell diameters
ranging from 15 to 74 cm were observed (Figure 8a).

Figure 8. The bell diameter frequency distribution of the three large medusae jellyfish species in
Liaodong Bay from the net samples in July and August in the coastal waters of Liaodong Bay. (a) N.
nomurai; (b) A. coerulea; (c) C. nozakii.

In July, the bell diameters of A. coerulea ranged from 10 cm to 22 cm, with an average
of 15.67 ± 2.98 cm, and in August, they ranged from 10 cm to 26 cm, with an average of
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18.83 ± 4.08 cm. Overall, in both July and August, A. coerulea bell diameters ranging from
10 to 26 cm were observed (Figure 8b).

In July, the bell diameters of C. nozakii ranged from 15 cm to 33 cm, with an average
of 23.44 ± 5.78 cm, and in August, they ranged from 22 cm to 56 cm, with an average of
39.68 ± 10.44 cm. Overall, in both July and August, C. nozakii bell diameters ranging from
15 cm to 56 cm were observed (Figure 8c).

4. Discussion

4.1. Analysis of the Effect of Applying an Acoustic Camera in Large Jellyfish Monitoring

Han and Uye [48] used acoustic cameras to monitor Aurelia aurita s.l. in a Japanese
brackish coastal lake and observed bell diameters ranging from 4.1 cm to 19.6 cm (average
of 13.1 cm). In comparison, the jellyfish observed in this study had larger bell diameters,
making it easy to identify them in sonar images, which revealed a good observation effect.
The use of acoustic cameras to monitor large jellyfish was effective owing to their ultra-high
acoustic resolution, which allowed the outline, orientation, gonads, and appendages of
large jellyfish to be clearly identified [48]. This makes these cameras an effective method
for monitoring large jellyfish in shallow waters and for identifying their distribution in
the water column. The findings of this study indicate that abundance assessments can
be conducted using acoustic cameras without harming marine organisms, and that this
technology clearly visualizes the water column distribution and number of large jellyfish,
highlighting its excellent monitoring capabilities.

In this study, acoustic cameras were operated using a high-frequency identification
mode at 1.8 MHz. In the acoustic camera images, the three different large jellyfish species
were identified based on their size, morphology, outline, and movement trajectory. The
sonar images clearly show the outlines of N. nomurai individuals, including their oral
arms and tentacles. C. nozakii individuals are also large but can be distinguished from N.
nomurai based on their shapes, outlines, and movement trajectories. Although A. coerulea
individuals were smaller than those of the other two species, their individual size, outline,
and movement trajectory could be distinguished using the acoustic camera. However, the
images of A. coerulea were not as clear as those of N. nomurai and C. nozakii. In particular, it
was easy to confuse the smaller A. coerulea with other debris in the acoustic camera images.

Makabe et al. [49] found that the smallest bell diameter of Aurelia aurita s.l. identified
using an acoustic camera was 5 cm. In their study, Baumgartner et al. [32] reported
that the acoustic camera’s detection performance was poor for fish smaller than 7.5 cm,
demonstrating the inefficiency of acoustic cameras in observing smaller fish species. Jůza
et al. [75] found that fish less than 5 cm in length could not be clearly detected using
acoustic cameras, resulting in a severe underestimation of their abundance. Smith et al. [76]
set a detection threshold of 4 cm and noted that most fish at their study site were very small
(<10 cm), potentially leading to an underestimation of the small juvenile fish community
in their study. Therefore, acoustic cameras have a minimum detectable target size. In this
study, some images of smaller individuals of large jellyfish species were unclear. This is
related to the weak acoustic scattering intensity of the jellyfish [77]. In addition, species
identification errors may occur in smaller individuals. Large jellyfish have different body
shapes in the sea, and acoustic cameras only capture the dorsal side of the jellyfish bell
at times, thus failing to effectively display the oral arms, tentacles, and other features.
Although N. nomurai, A. coerulea, and C. nozakii can be differentiated based on their sizes,
shapes, outlines, and movement trajectories, some jellyfish that are similar in size and shape
to R. esculentum can sometimes be difficult to differentiate, especially when the individuals
are smaller. As the current study also used an anchor drift net survey and found no R.
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esculentum in the surveyed area, all individuals were considered N. nomurai, and were
subsequently identified as such.

4.2. Advantages and Disadvantages of Using Acoustic Cameras Compared to Traditional
Techniques in the Monitoring of Large Jellyfish

Acoustic cameras have clear advantages over traditional surveys. For example, anchor
drift nets are affected by ocean currents, and the net heights decrease in the sea. The rate
of net height deformation under the impact of ocean currents is around 50% when nets
are fully extended, according to the experience of the local fishers. Thus, the large jellyfish
above the anchor drift net in the sea could not be captured. Moreover, the detection blind
zone of the acoustic cameras in shallow seas (i.e., a water depth of less than 15 m) is only 1
m at the surface layer, and the detection water layer of the anchor drift net is obviously not
as comprehensive as that of an acoustic camera. In this study, compared to the net survey,
the acoustic camera enabled more accurate monitoring of the abundance of large jellyfish
in the surveyed area, as it can simultaneously scan all of the water layers in shallow waters.
Han and Uye [48] found that the abundance of Aurelia aurita s.l. measured using an acoustic
camera was 3.3 times higher than that measured using plankton nets, thereby offering
a more accurate assessment of their abundance. In this study, the average abundance
of large jellyfish observed using an acoustic camera was significantly higher than that
observed using plankton nets. Similarly, the abundances of N. nomurai observed via the
acoustic camera in the corresponding water layers in July and August were 8.3 times and
9.2 times higher than those observed using anchor drift nets, respectively. In addition, the
abundances of A. coerulea were 5.2 times and 5.9 times higher than those observed using
anchor drift nets, whereas the abundances of C. nozakii were 24.6 times and 6.8 times higher
than those observed using anchor drift nets. In this study, the acoustic camera scanning
volume in the corresponding water layers (ranging from approximately 8733 to 27,291 m3

depending on the water depth), over a period of 1 h, was significantly smaller than the
scanning volume of the anchor drift net in the 1 h period (approximately 190,800 m3 in July
and 238,500 m3 in August). Under varying water depth conditions, the volume of seawater
filtered by the anchor drift net within the 1 h period was approximately 9–22 times greater
than that detected with the acoustic camera in the same period. This may have resulted in
more random errors in the acoustic camera monitoring data compared to those derived
from the net surveys, particularly when the abundance of large jellyfish was low. We
conducted a Pearson correlation analysis between the abundance data of the three types
of large jellyfish observed using sonar and the data of those observed with anchor drift
nets. The results demonstrated that the abundance data obtained from acoustic camera
observations and anchor net surveys for each type of large jellyfish exhibited significant
correlations (p < 0.05). This confirms that anchor net survey data can serve as reliable
baseline data for validating acoustic camera observations of large jellyfish populations.
This finding further substantiates the effectiveness of the acoustic camera in accurately
monitoring large jellyfish populations. In future studies, extending the observation time
and increasing the scanning volume may yield more robust results.

When compared to traditional anchor drift net surveys, there are clear advantages to
using acoustic cameras in fish behavioral studies, particularly during nighttime observa-
tions or in turbid environments [35,76]. Smith et al. [76] conducted fish surveys on artificial
estuarine shorelines in North Carolina, USA, using traditional fish sampling equipment
and acoustic cameras. Their preliminary results indicated no significant differences in
fish detection numbers between day and night using acoustic cameras, which contrasts
with many previous studies that used traditional fish sampling techniques and reported
significantly higher catches at night. This suggests that traditional fish sampling methods
may underestimate fish numbers during the day because of visual avoidance effects (e.g.,
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foraging, predator avoidance, or breeding). Compared to net and diving surveys, acoustic
camera sampling efficiency is less likely to be affected by light availability or stronger
daytime fish avoidance behaviors [78], thus resulting in more accurate monitoring of fish
behavior. Given the varying water layers in which large jellyfish are distributed, acoustic
cameras are clearly a powerful tool for studying the behavior of large jellyfish. In the future,
acoustic cameras could be used to observe diurnal movement patterns of large jellyfish in
shallow waters.

In terms of the counting method employed here, manual counting was sufficient to
meet the data processing requirements because there were relatively few large jellyfish.
Similarly to the results of Honda and Watanabe [46], Han and Uye [48], and Makabe
et al. [49], we only used manual counting on sonar observation images of large jellyfish
and did not employ software-based automatic counting. In cases where a considerable
variety and quantity of large jellyfish are observed with an acoustic camera, automatic
counting techniques can significantly economize human and material resources. Currently,
automatic counting techniques for analyzing acoustic camera observation data obtained
through underwater acoustic processing software [79–81], as well as intelligent recognition,
classification, and automatic counting techniques developed by convolutional neural
networks in machine deep learning [82], are applied in research on fish. Whether these
techniques can be applied to the processing of data obtained using acoustic cameras for
large jellyfish will be the subject of future studies.

There are certain limitations associated with acoustic cameras with regard to the
monitoring of large jellyfish. Acoustic cameras have a detection blind zone of approximately
1 m at the surface, which means that targets located in the surface layer of the water cannot
be detected [49,74,83]. As a result, large jellyfish present close to the water’s surface are not
detected. Conversely, although acoustic cameras also have a detection range limitation (a
maximum detection distance of 15 m at a frequency of 1.8 MHz and 35 m at a frequency
of 1.1 MHz), this limitation makes them suitable for use in relatively shallow waters. In
addition, acoustic cameras have a minimum size limitation. In order to ensure image
clarity within the observation range, some applications set a target detection threshold of
4–5 cm [76,83,84]. It is difficult to identify small individuals of large jellyfish species, which
could lead to underestimation of their numbers. In addition, anchor drift nets offer several
advantages over acoustic cameras. The former method is cost-effective and operationally
simple for surveying large jellyfish species. By simultaneously covering a larger volume
of seawater over a single period of time, an anchor drift net reduces random errors in
the collected data, thereby enhancing the reliability of the survey results. Therefore, the
combined use of multiple sampling techniques is effective for fishery resource surveys [76].
Future monitoring of large jellyfish requires a comprehensive approach that uses various
techniques to compensate for the shortcomings of each method. Depending on the specific
conditions of the survey area, acoustic cameras, traditional nets, and visual surveys can
be combined. Acoustic cameras can be used to monitor large jellyfish in complex marine
environments or when the number of large jellyfish is too high, causing nets to break and
making net surveys challenging.

5. Conclusions

The results of this study demonstrated that acoustic cameras (adaptive resolution
imaging sonar) are suitable for monitoring large jellyfish populations in coastal waters. In
future work, we will employ an acoustic camera to monitor large jellyfish over a wider
range of shallow seas and conduct behavioral studies on them.
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