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Abstract: Thornfish (Terapon jarbua) is a significantly commercial species inhabiting the shallow
coastal waters of the Indo-Pacific Ocean. To achieve effective underwater acoustic (UWA) monitoring
on the abundance and population dynamics of this species, the comprehensive target strength (TS)
characteristics should be investigated and understood. In this study, the Kirchhoff-ray mode (KRM)
model was adopted to evaluate and analyze the acoustic TS of T. jarbua and its variations with the
sound wave frequency, pitch angle distributions as well as morphological characteristics in the South
China Sea. A total of 19 samples were captured and evaluated at four types of frequencies of 38 kHz,
70 kHz, 120 kHz, and 200 kHz. The results demonstrated that the TS of T. jarbua varied with the pitch
angle shifts, and the number of secondary TS peaks increased as the increasing frequency accordingly.
Two classic pitch angle distributions that included N[—-5°, 15°] and N[0°, 10°] were adopted to
calculate the average TS of T. jarbua. The fitted TS-L regression formulations and the standard by
form equations were determined at different pitch angle distributions as well as frequencies. These
results could support the accurate and reliable UWA abundance estimation in the South China Sea to
facilitate a better understanding of the abundance and population dynamics of T. jarbua.
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1. Introduction

Thornfish (Terapon jarbua) is a significantly commercial fish species that likes to in-
habit warm shallow coastal waters throughout the Indo-Pacific Ocean [1]. Recently the
populations of T. jarbua have declined dramatically due to overfishing and habitat degrada-
tion. Therefore, it has become an urgent issue to ensure sustainable fishing with effective
monitoring and reasonable management.

Underwater acoustic (UWA) technology has drawn significant attention in evaluating
abundance, habitat distribution and behavior characteristics with its capability of high
efficiency, large spatial scale, non-contact without damage to marine organisms [2,3]. In
addition, it is also widely applied to species detection and identification [4,5]. Generally,
the acoustic target strength (TS) is an extremely important parameter that determines the
accuracy of abundance evaluation as well as target identification [6]. It has been reported
that the inaccurate TS information can induce an estimation error of up to 50% in biomass
estimation [7]. Thus, accurate TS measurement is a prerequisite for efficient abundance
assessment with the UWA surveys.

The TS of marine organisms is generally affected by some basics that include swim
bladder, body size, pitch angle, depth, and acoustic frequency. While TS can be formulated
as a function of body length (L) [8], the TS characteristics of marine organisms can be
acquired by identifying its spatiotemporal patterns through UWA methods [9,10]. Hence, a
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thorough relationship between TS and L is requested to ensure the estimation precision of
biomass [11,12].

TS acquisition approaches can be divided into three categories, which include in situ
measurement, ex situ measurement and acoustic scattering model [13]. The classic in situ
strategies apply UWA instruments to determine the TS of discrete targets in the natural
state. The depth-dependent TS of Anchovy (Engraulis japonicus) in situ measurements was
investigated in the Yellow Sea [14]. An acoustic-optical system was applied to the TS, length,
and tilt angle in situ measurements of Pacific Saury (Cololabis saira) and Japanese Anchovy
(Engraulis japonicus) [15]. The first in situ TS measurement of Black Triggerfish (Melichthys
niger) and Ocean Triggerfish (Canthidermis sufflamen) were conducted with combining
acoustic and optical recordings [16]. The in situ TS measurements of Chrysaora melanaster
were reported to further partition the relative contribution to acoustic backscattering in
mixed communities [17].

However, in situ TS measurements of marine organisms in their natural environment
may encounter some difficulties that lead to inaccurate TS information. A typical problem
is that some pelagic fishes gather in schools during the daytime that are too dense to
distinguish individual targets. Several potential mitigation strategies are employed to
suppress the influence of fish clusters on in situ TS measurements, including reducing the
sampling volume by placing the transducer closer to the fishes [18,19] and conducting the
field experiments at night with discrete species state [20]. Moreover, it exists the ideal status
that the dominant target species are considered as study members in their habitat [21,22].

An alternative approach is carried out to accomplish ex situ TS measurements of
marine organisms, which can provide better species isolation and density control to sup-
plement the in situ strategies [23]. The TS formula of Luciobarbus sp. related to L in ex
situ experiments was established in the lateral, oblique, and head-tail orientations [24].
The ex situ TS equation based on the total length and wet weight of Japanese Anchovy
was formulated in the coastal northwest Pacific [25]. As further research, the ex situ TS
measured comparison between different growth stages of Japanese Anchovy was investi-
gated to intend for the comprehensive awareness of its acoustic characteristics over every
growth stage [26]. The first attempt about ex situ TS measurements of three commercial
species that included Whitespotted Spinefoot (Siganus canaliculatus), Black Porgy (Acan-
thopagrus schlegelii), and Creek Red Bream (Lutjanus Argentimaculatus) was performed using
split-beam acoustics in the South China Sea [27].

Nevertheless, this type of ex situ TS measurements poses probable issues, including
the changes of target species in aspect of their behavior and the short-range problems with
the close proximity of the target species to the transducers in an artificial experimental
arena [28,29]. Meanwhile, it is extremely difficult to set up the acoustical experiment
platform with poor flexibility. In order to gain profound insight regarding the impact
of behavior on TS, theoretical acoustic models were developed to compensate for the
shortcomings of the above experimental measurement schemes.

The theoretical model approximates the main acoustic scattering source as a regular
geometric shape with simplicity, flexibility, and low cost, and then its TS corresponding
to various factors is determined by numerical simulations [30]. Otherwise, it also has the
ability to reduce the uncertainty of abundance estimation and facilitates target identification
and classification in echograms [31,32]. Many models have been constructed to facilitate
TS estimation, which include the spheroid model [33], prolate spheroid model [34], and
deformed cylinder model [35].

The Kirchhoff-ray mode (KRM) model can conveniently imitate the interaction process
of sound waves entering the fish body and swim bladder from seawater [36]. Moreover,
low-mode solutions and Kirchhoff-ray approximations are adopted to evaluate resonant
and geometric backscattering [37]. The KRM model was adopted to quantify the TS
variation of walleye pollock (Theragra chalcogramma) for elaborating the influence of its
ontogeny, physiology, and behavior [38]. In addition, it was also used to evaluate the
impacts of morphological characteristics on the TS of chub mackerel (Scomber japonicus) [39].
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It has also been extensively confirmed that the predicted results of the KRM model were
consistent with those of in situ and ex situ measurement strategies [40,41].

In this paper, the influences of morphological characteristics on the TS of T. jarbua in
the South China Sea were investigated and evaluated to facilitate the reliable and accurate
UWA abundance estimation as well as target classification. First, all fish samples were
scanned in a X-ray scanner to generate the X-ray images that can be used to extract the
morphological information of their shapes and sizes. Second, the KRM model was adopted
to compute the TS of T. jarbua, as well as its variations with pitch angle at different frequen-
cies were analyzed. Four types of conventional frequencies used in acoustic abundance
estimation, including 38 kHz, 70 kHz, 120 kHz, and 200 kHz, were selected. Moreover,
angle-averaged TS was applied to derive a series of fitting TS-L formulations and compare
these formulations with their byy-forms.

The above research could support the accurate and reliable UWA abundance esti-
mation in the South China Sea to facilitate a better understanding of the abundance and
population dynamics of T. jarbua. The rest of this paper is organized as follows. In Section 2,
the detailed fish samples collection, morphological parameters measurement and TS calcu-
lation are introduced. Section 3 describes the results corresponding to the morphology, TS
variations with pitch angle and TS-L formulations of T. jarbua. In Section 4, some factors
affecting TS of T. jarbua are discussed. Conclusions are summarized in Section 5.

2. Materials and Methods
2.1. Fish Samples Collection

The fish samples were collected through a trawl net on board a fishing vessel during
the UWA survey of inshore fishery resources in the South China Sea. A midwater trawl
was used to capture the specimens at a speed of 6~8 kn. All samples were free of external
damage to ensure their integrality. Specially, each sample was stored in the ice-water
mixture immediately in an insulated box to ensure its maximum freshness.

2.2. Morphological Information Acquisition

The samples with ice-water mixture were transferred to the laboratory within 24 h to
minimize any changes in their body and swim bladder shape. Before recording the body
length and body weight, each captured individual was radiographed in both the lateral and
dorsoventral orientations. A state-of-the-art X-ray imaging system (SOFTEX M-100) was
adopted to trace the outlines of fish body and swim bladder of each sample, with the input
voltage of AC 200 V and the maximum tube voltage of 100 kV. Morphological parameters
from 19 individuals were measured and recorded as shown in Figure 1, for facilitating the
spatial reconstruction of fish body and swim bladder and TS modelling.

Figure 1. Geometric construction of lateral and dorsoventral X-ray images. The air-filled swim
bladder can be regarded as a black shape in the fish body. The definition of the morphological
parameters of the fish body and swim bladder used to calculate the TS can be referred to [40].
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2.3. TS Model Calculation and Estimation

The acoustic backscatter of T. jarbua was modelled utilizing the spatial three-dimensional
fish body and swim bladder shapes. The KRM model approximates every scattering in-
dividual as an adjacent series of finite cylinders to characterize the acoustic properties of
each captured sample. The swim bladder was regarded as a set of gas-filled cylinders
surrounded by the fish body, which can be treated as a range of fluid-filled cylinder sections.
Total fish TS was formulated as the coherent sum of both fish body and swim bladder
cylindrical elements.

Due to the TS calculation demands of the KRM model, typical parameters are provided
in Table 1 [36]. The critical acoustic parameters including the density contrast and sound
velocity contrast can be calculated by the above parameters. Since the TS of T. jarbua is
extremely correlated with acoustic frequency as well as the pitch angle, the selections of
both acoustic frequency and pitch angle distribution are considerable. Referring to the
common frequencies used in the UWA investigation of offshore fisheries resources in the
South China Sea, four types of frequencies of 38 kHz, 70 kHz, 120 kHz, and 200 kHz were
determined for TS estimation. Meanwhile, the pitch angle ranged from —50° to 50° was
adopted to calculate the TS variations on the premise that the pitch angle was defined as 0°
while the incident sound wave was perpendicular to the dorsal aspect of fish body [42].

Table 1. Typical parameters used in the KRM model.

Medium Sound Velocity (m/s)
Sound velocity in seawater (m/s) 1490
Sound velocity in fish body (m/s) 1570
Sound velocity in swim bladder (m/s) 345
Density of seawater (kg/ m?) 1030
Density of fish body (kg/m?) 1070
Density of swim bladder (kg/m?) 1.24

The evaluated TS across the pitch angle distribution was applied to compute the aver-
age TS, which represented the TS of individual T. jarbua. Note that the pitch angle follows
a normal distribution, and two classic pitch angle distributions that include N[5, 15°]
and N[07, 10°] are adopted to calculate the average TS of T. jarbua [34]. As total fish TS can
be treated as the coherent sum of both fish body and swim bladder cylindrical elements,
the average TS of T. jarbua was calculated as follows [36].

The scattering length of swim bladder can be formulated as [36]

Rpe (1 — Rypp? ) No—1 ‘
L ~ ic(z\ﬁtu]) Xo: Agy [ (kpaj +1)cosy] %e_](Zkbvﬁw”)Auj, (1)

where R;. and Ry, are the reflection coefficients at the fish body-swim bladder interface and
the fish body-seawater interface, respectively. N; is the number of swim bladder segments,
and Ay, represents empirical amplitude. k; denotes the sound wave number inside the fish
body, and 4; is the equivalent radius of cylinder. x is the angle from the horizontal axis
to the axis of cylinder, ¢, denotes the empirical phase adjustment, and Au; represents the
projection of slice on the horizontal axis in the rotated coordinates.

The scattering length of fish body can be expressed as [36]

Rwh N~ 1 L —i2koy. —i2kvy. +i2ky, (v, —or, ) iy
N y (ka-)Z[e i Ty Tywe i }Auj, 2)

]
where Nj, is the number of fish body segments, and k denotes the sound wave number in
the water. vy, and vy, are the coordinates of the upper and lower surfaces of the cylinder,
respectively. T, is the transmission coefficient of sound wave incidence from the seawater

Lb%—l'
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to the fish body, Ty, denotes the transmission coefficient of sound wave incidence from the
fish body to the seawater, and 1, represents an empirical phase correction.

The total scattering length can be treated as a coherent summation, hence, the total
backscattering cross section can be written as

0ps = |Ls + L%, ®)
Accordingly, the TS of fish can be expressed as
TS = 10log,0ps- 4)

The relationship between TS and L was analyzed and summarized to derive a regres-
sion equation utilizing the least-squares approach, which can be formulated as

TS =alog,, L +b, (5)

where 7 is the slope of regression equation, and b denotes the intercept. Let a = 20,
Equation (5) can be rewritten as

where by represents the intercept while 2 = 20, and Equation (6) is also known as a
standard form.

3. Results
3.1. Biological Sampling and Measurement

A total of 19 T. jarbua were caught to facilitate the TS calculation, and the detailed
morphological parameters are provided in Table 2. From Table 2 we can notice that the
body length range of 19 T. jarbua was distributed from 9.97 cm to 20.52 cm, with an average
of 16.14 cm. The body weight range of all samples was 26.5 g to 240.3 g, with an average
of 129.7 g. In conclusion, the regression relationship between W and L can be determined
through the least-squares method as shown in Figure 2.

Table 2. Morphological parameters of T. jarbua samples.

Serial Number Body Length (cm) Body Weight (g)
1 16.01 133.4
2 19.06 181.1
3 19.06 174.5
4 20.52 240.3
5 10.05 30.0
6 10.95 33.3
7 15.24 109.5
8 10.78 35.0
9 16.39 125.3
10 17.31 130.5
11 16.48 119.6
12 17.62 154.1
13 19.70 200.2
14 19.48 213.3
15 18.44 177.5
16 18.00 171.1
17 9.97 26.5
18 15.98 108.0

19 15.57 100.5
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Figure 2. The regression equation of body weight of T. jarbua with body length.

From Figure 2, we can conclude that the W-L regression equation could be fitted as
W = 0.0391 - L287°, where the 95% confidence intervals of its fitted coefficients are [0.005129
0.07307] and [2.580 3.178], respectively. Moreover, R? = 0.98 indicates that there exists the
excellent goodness of fit between the factual data and the fitted curve.

3.2. TS Variation with Pitch Angle

The spatial structure coordinate parameters of the fish body and swim bladder were
acquired and established by measuring the X-ray images of all the samples. Then these
parameters were used to calculate the TS with the pitch angles ranging from —50° to 50°.
Let TSy, = TSmax — T'Smin denote the TS variational scale, the TS, scopes of the 19 T. jarbua
at four frequencies are provided in Figure 3. From Figure 3, we can see that the TS, scopes
at four types of frequencies of 38 kHz, 70 kHz, 120 kHz, and 200 kHz were 20.51-37.85 dB,
23.27-45.77 dB, 26.65-55.01 dB and 25.85-45.86 dB, respectively.
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Figure 3. TS scales of every individual with respect to the pitch angle ranging from —50° to 50°. Note
that the blue points located at the top and bottom endpoints of the vertical lines are the maximum
and minimum values of TS, respectively. The red middle point represents the half of TS.
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As a particular analysis, the TS variation with respect to fish body, swim bladder
and the whole fish (L = 16.01 cm) corresponding to the pitch angle transformations are
provided in Figure 4. From Figure 4, we can notice that the TS variation of the whole fish
is primarily consistent with that of the swim bladder other than the fish body regardless
of the frequencies, which indicates that the swim bladder is the dominant component of
acoustic backscattering in the whole fish.
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Figure 4. TS variation of fish body, swim bladder and the whole fish (L = 16.01 cm) corresponding to
the pitch angle transformations at four types of frequencies of 38 kHz, 70 kHz, 120 kHz, and 200 kHz.

The TS characteristics of T. jarbua were significantly affected by the pitch angle and
exhibited a multimodal distribution. Moreover, the frequency was also a considerable
element that affects the TS features. At four types of frequencies of 38 kHz, 70 kHz, 120 kHz,
and 200 kHz, the dominant TS peaks were located at the pitch angle of about —15° to —5°.
As the frequency increased, the number of secondary TS peaks also increased gradually.
These results indicated that the influence of fish posture corresponding to the fish behavior
on TS would be enhanced with increasing frequency.

3.3. TS Variation with Body Length

The average TS of each specimen corresponding to the different pitch angle distri-
butions at 38 kHz, 70 kHz, 120 kHz, and 200 kHz were investigated and calculated to
ultimately formulate the TS-L equation. At the same frequency, the differences in average
TS between the individuals with the maximum and minimum body length at the two pitch
angle distributions were not less than 1 dB, which increased as the increasing frequency.

Moreover, the average TS of all samples with respect to the two pitch angle distri-
butions at 38 kHz, 70 kHz, 120 kHz, and 200 kHz are provided in Table 3. From Table 3,
we can see that the differences in average TS between two pitch angle distributions at the
same frequency do not exceed 0.3 dB. For the same pitch angle distribution, the maximum
difference in average TS between different frequencies was about 2 dB.

After analyzing the TS characteristics of T. jarbua, a crucial objective was to acquire the
TS-L equation using the least-squares algorithm. The relationships between TS and body
length for different pitch angle distributions at four types of frequencies of 38 kHz, 70 kHz,
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o
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120 kHz, and 200 kHz are displayed in Figures 5-8. Furthermore, the fitted TS-L regression
formulations as well as the standard b,y form equations are listed in Table 4.

Table 3. Average TS of two pitch angle distributions at four types of frequencies of 38 kHz, 70 kHz,

120 kHz, and 200 kHz.
Pitch Angle Distribution Frequency (kHz) Average TS (dB)
38 -37.72
o Lo 70 —38.86
N[=5,15] 120 ~39.63
200 —39.53
38 —37.42
o Lo 70 —38.70
N [0 10 ] 120 -39.72
200 —39.51
.34

¢ Calculated data
—TS=27.63-log 1 0L-71.50, R?=0.9820
TS=20~10g1 0L-61.88
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Figure 5. TS variation of T. jarbua with body length calculated using the two pitch angle distributions
at 38 kHz. (a) TS variation with body length at N [750, 150] ; (b) TS variation with body length at
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Figure 6. TS variation of T. jarbua with body length calculated using the two pitch angle distributions
at 70 kHz. (a) TS variation with body length at N[5, 15°]; (b) TS variation with body length at

N[0°, 10°].



Electronics 2024, 13, 1279 90f 13

=36 =357
— ¢ Calculated data Py ¢ Calculated data
% ag| —T$-20.06"log, L-64.12, R’~0.8909 % 37 —T$=20.3-log, L-64.62, R*=0.7673
~" TS=20-log, L-63.78 ~" TS=20-log, L-63.88 .
= =
Bo_40! 039 |
£0_40 £0_39
5 5
E E
342 | 241
~ ~N
&0 &0
R F R F
=-44 = -43
= (.
-46 ‘ 45 ' R
5 10 15 20 25 5 10 15 20 25
Body length (cm) Body length (cm)
(a) (b)
Figure 7. TS variation of T. jarbua with body length calculated using the two pitch angle distributions
at 120 kHz. (a) TS variation with body length at N[—5", 15]; (b) TS variation with body length at
N[0°, 10°].
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Figure 8. TS variation of T. jarbua with body length calculated using the two pitch angle distributions
at 200 kHz. (a) TS variation with body length at N[5, 15]; (b) TS variation with body length at
N[0°, 10°].
Table 4. The regression equations as well as standard byy form equations of T. jarbua for two pitch
angle distributions at 38 kHz, 70 kHz, 120 kHz, and 200 kHz.
Pitch Angle Distribution Frequency (kHz) Regression Equation Standard byy Form Equation
38 TS =27.63-log,oL —71.50 TS =20-log; L —61.88
N[-5", 15] 70 TS =18.02 - log;oL — 60.78 TS =20-log;oL — 63.02
’ 120 TS =20.06 - log,,L — 64.12 TS =20-log,oL — 63.78
200 TS = 23.55-log,oL — 68.29 TS =20-log;oL — 63.69
38 TS =29.39 -log,oL —74.43 TS =20-log;oL —61.58
NIO. 10° 70 TS =18.63 - log,oL — 61.39 TS =20-log,oL — 62.85
[0, 10] 120 TS =20.3-logoL — 64.62 TS =20-log;,L — 63.88
200 TS =25.62-log,,L —70.87 TS =20-log,yL — 63.67

From Figures 5-8, we can conclude that TS increases with the increasing body length
at different pitch angle distributions and frequencies. The fitted TS-L regression equations
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generally exhibited a difference from the standard equations with the byy form. For four
frequencies, the R-squared values of the fitted TS-L regression equations at N[5, 15|
were larger than those at N[0°, 10|, which might be caused by the fact that the activity
habits of T. jarbua were in line with the N[5, 15 ]|.

As displayed in Table 4, when a = 20, the corresponding by first decreased and then
slightly increased as the frequency increased. Accordingly, the TS reached the maximum at
38 kHz and the minimum at 120 kHz in the same pitch angle distribution. The by values
for the two pitch angle distributions at the same frequency almost differed by less than
0.3 dB.

4. Discussion

The premise of TS calculation using the KRM model is to accurately measure and
record the particular morphological parameters of fish body and swim bladder for con-
structing the three-dimensional spatial coordinate of T. jarbua. Hence, a state-of-the-art
X-ray imaging system with a resolution of 0.01 mm was adopted to generate a X-ray image
for tracing the outlines of fish body and swim bladder of each individual, which could
authentically and precisely reflect the internal structure of the whole fish.

The freshness quality of samples significantly affected by the storage and transporta-
tion conditions resulted in the swim bladder structure might be deformed or even damaged,
so not each X-ray image could be adopted to calculate the TS of T. jarbua. In this study, all
samples were collected by a midwater trawl in situ and stored on the ice-water mixture in
an insulated box for ensuring its relative integrality of the biological structure of T. jarbua.
Different from freezing and then thawing, the samples were transferred to the laboratory
and completed for X-ray photography within 24 h, which minimized any changes in their
body and swim bladder shape to improve the measurement accuracy of morphological
parameters. It is desirable to implement in situ X-ray photography to avoid the effects of
storage and transportation on fish samples.

The TS of T. jarbua is affected by many factors, one of which is the frequency of the
sound wave [37]. In the low frequency case of 38 kHz, the TS variation with the pitch angle
exhibited a relatively stable state, with a dominant peak and a small number of secondary
peaks. The interaction between sound waves in the fish generated more interference at the
high frequency conditions, leading to more secondary peaks. Therefore, we can conclude
that the low frequency is more suitable for the abundance estimation of T. jarbua since its
TS was sensitive to the pitch angle at high frequencies. In fact, 38 kHz is also used as a
main frequency in the offshore fisheries resources assessment in the South China Sea.

Another significant factor affecting the TS of T. jarbua is the pitch angle, which is
related to the individual size, swimming posture as well as living conditions [39]. In
this study, two classic types of pitch angle distributions were adopted to calculate the
average TS of T. jarbua [34]. At the same frequency, there was almost no difference in
the average TS calculated for the two pitch angle distributions, which indicated that the
pitch angle distribution had little effects on the TS of T. jarbua using the KRM. A more
reasonable approach is to use an optical camera to record and investigate the actual pitch
angle distribution, for computing the average TS of T. jarbua.

T. jarbua is a type of fish with a two-chamber swim bladder, which is filled with gas. It
has been reported that the swim bladder contribution approximately accounts for 90-95%
of the overall acoustic backscattering of the whole fish and determines the magnitude
of the TS [43]. Therefore, those factors that can significantly affect the shape and size of
the swim bladder, such as stomach fullness, the development degree of gonadal as well
as the living water layer, have become considerable reasons for the scale of TS. It is also
necessary to implement comprehensive research on the TS variations with the physiological
characteristics of T. jarbua.
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5. Conclusions

Effective UWA surveys on the biomass require comprehensive knowledge of the TS
characteristics of T. jarbua. In this study, the KRM model was adopted to investigate and
evaluate the influences of morphological characteristics on the acoustic TS of T. jarbua in
the South China Sea, in order to improve the accuracy and reliability of acoustic abundance
assessment. A total of 19 individuals were captured and applied to estimate and analyze
the TS variations of T. jarbua with the sound wave frequency, pitch angle distribution as
well as body length. The results indicated that the TS of T. jarbua varied with the pitch
angle shifts, and the number of secondary TS peaks increased as the increasing frequency
accordingly. At four types of frequencies of 38 kHz, 70 kHz, 120 kHz, and 200 kHz, the
dominant TS peaks were located at the pitch angle of about —15° to —5°. The fitted TS-L
regression equations as well as the standard by form formulations were determined at
different pitch angle distributions and frequencies. These findings could provide significant
references for the accurate and reliable acoustic abundance estimation in the South China
Sea, facilitating a better understanding of the population dynamics of T. jarbua.
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