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Abstract. The four major Chinese carps (FMCCs)—silver carp (Hypophthalmichthys molitrix), bighead
carp (Aristichthys nobilis), grass carp (Ctenopharyngodon idella), and black carp (Mylopharyngodon
piceus)—are among the most commercially significant freshwater fish species in China. Accurate target
strength (TS) measurements are essential for acoustic stock assessments, yet reliable TS data for FMCCs
remain limited. This study utilized X-ray imaging to analyze 69 specimens across the four species,
generating digital representations of their swim bladders and body morphologies. The Kirchhoff-ray
mode (KRM) model was applied to estimate the TS of FMCCs and its variations based on sound wave
frequency, pitch angle distributions, and morphological features. Results revealed that the TS was
significantly affected by the pitch angle and varied greatly with frequency, TS was the highest within a
pitch angle range of 65° to 85°, and the number of secondary TS peaks increased with higher frequencies.
Regression equations for TS-body length (TS-BL) relationships, as well as standard b, formulations,
were established for various pitch angle distributions (N[90°, 5°], N[90°, 10°], N[90°, 20°], and N[85°,
15°]) and frequencies (70, 120, 200 kHz). A comparison with previous ex sifu experimental data
highlighted some discrepancies between the results from the modeling approach and ex situ methods.
This study provides fundamental data to support the stock assessment and species identification of
FMCCs, contributing valuable insights for sustainable fisheries management.
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Introduction

The four major Chinese carps (FMCCs)—silver carp (Hypophthalmichthys molitrix),
bighead carp (Aristichthys nobilis), grass carp (Ctenopharyngodon idella), and black
carp (Mylopharyngodon piceus)—are among the most important commercial freshwater
fish in China. These species play a crucial role in China's economy, ecology, and dietary
culture (Liu et al., 2017; Yuan et al., 2019; Xiao et al., 2022). FMCCs dominate the
country's freshwater aquaculture sector and are also widely present in many natural
water bodies (Yu et al., 2018). In 2022, the aquaculture production of FMCCs reached
13.8 million tons, constituting 51% of China's total freshwater fish aquaculture output
(27.1 million tons) (Yu et al., 2023). These carps are widely distributed in rivers, lakes,
and ponds across China. Among them, silver carp and bighead carp, which are filter-
feeding species, are believed to contribute to water quality improvement and are the
most commonly stocked fish in Chinese rivers and lakes (Zhang et al., 2022). However,
the FMCCs, also referred to as “Asian carps” in North America, are recognized as
highly invasive species outside their native range. Their introduction has caused severe
economic and ecological disruptions in affected regions (Kocovsky et al., 2018; Li et al.,
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2021; Robinson et al., 2021). Consequently, evaluating the biomass of FMCC resources
in aquatic environments is essential for developing effective fishery management
strategies and ensuring ecological security.

Acoustic techniques are widely recognized for their ability to cover large spatial
scales efficiently, and non-invasive nature, making them an effective method for
assessing the distribution and abundance of aquatic species (Koslow et al., 2009;
Gastauer et al., 2017; Takakura et al., 2023; Yamamoto et al., 2023; Kang et al., 2021,
2024a). These methods are particularly valued for their non-contact and non-damaging
approach to biological resources. In recent years, the application of acoustic technology
has expanded to include freshwater ecosystems and aquaculture environments (Jurvelius
et al., 2005; Godlewska et al., 2012; Li et al., 2024b). A critical parameter in acoustic
surveys is Target Strength (TS, dB re m?), which serves as the foundation for converting
measured acoustic backscatter into biomass estimates. Inaccurate TS measurements can
result in biomass estimation errors of up to 50% (Dunning et al., 2023; Li et al., 2024).
Particularly, establishing a robust relationship between TS and fish length is essential
for ensuring the accuracy of fish stock assessments.

Three commonly used methods for TS estimation are: (1) in situ measurements of
free-swimming fish in their natural habitat (Cordue et al., 2001; Stevens et al., 2021);
(2) ex situ measurements of dead or live fish in controlled environments, such as net
cages (Kang et al., 2004; Johnson et al., 2019); and (3) theoretical or numerical
backscattering models based on fish anatomy (Zhang et al., 2018). TS has been shown
to be influenced not only by fish length but also by factors such as behavior, swimming
direction, maturity status, and seasonal variations (Ona, 1990). A case study
demonstrated the derivation of the TS-fish length relationship through precise in situ
measurements of TS for rainbow smelt in freshwater environments (Rudstam et al.,
2003). The in situ method requires specific conditions, such as discrete distribution and
single-species dominance, which are challenging to meet, particularly in mixed-species
environments (Tong et al., 2022). Ex situ measurement in controlled environments, such
as cages, constrain the fish's free-swimming behavior and lack flexibility. By contrast,
backscattering models enable the prediction of theoretical backscatter using precise
measurements and settings, including organism anatomy, material properties,
swimbladder morphology, tilt angles, and frequencies (Henderson and Horne, 2007).

FMCCs are widely distributed across China and inhabit diverse water bodies beyond
its borders. Understanding the relationship between TS and factors such as fish length,
acoustic frequency, and pitch angle is therefore crucial. The TS data for FMCCs can
serve as a valuable reference for conducting acoustic surveys of this species across
various aquatic environments. This study aimed to establish the relationship between TS
and fish length for FMCCs at frequencies of 70, 120, and 200 kHz. Additionally, it
analyzed the effects of swimming angle, fish morphology, and other relevant factors on
TS. To evaluate the reliability of the findings in this study, further comparisons were
conducted with the outcomes of previous research.

Materials and methods
Fish samples

Fish samples were obtained from several aquaculture facilities located in Hubei,
Guizhou, Sichuan, and Chongqing provinces to ensure a diverse representation of fish
sources. For each species, multiple samples of different body lengths from juveniles to

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 23(5):9041-9054.
http://www.aloki.hu @ ISSN 1589 1623 (Print) @ ISSN 1785 0037 (Online)
DOIL: http://dx.doi.org/10.15666/acer/2305 90419054
© 2025, ALOKI Kft., Budapest, Hungary



Wan et al.: Acoustic target strength of four major Chinese carps using the Kirchhoff-ray mode model
-9043 -

adults were selected, including M. piceus (6.9 — 39.2 cm), C. idella (8.5 — 42.0 cm),
H. molitrix (6.6 — 43.0 cm), and A4. nobilis (8.6 — 46.9 cm).. The live fish were carefully
transported to the laboratory under safe conditions and acclimatized in water tanks for
12 hours to adapt to their new environment.

Morphological measurements

Live fish were anesthetized using a small dose of MS-222 before measuring their
total length (TL), body length (BL), and body weight (BW). X-ray imaging was
performed using a Digital Radiography X-Ray Machine System for Veterinary RV-32B
(maximum tube voltage: 120 kV; Dawei Veterinary Medical Co. Ltd. Jiangsu, China) to
capture detailed dorsal and lateral views of the fish. In total, 69 fresh FMCCs were
radiographed. Fig. I displays four representative individuals from each species. The
entire process, from removing the fish from the water to complete the X-ray scan, was
carefully managed to ensure it did not exceed two mins. Furthermore, 2 to 3 specimens
from each species were selected for dissection and detailed anatomical observation.

Figure 1. X-ray images of FMCCs. a M. piceus (BL = 28.8 cm). b C. idella (BL = 37.5 cm). ¢
H. molitrix (BL = 50.4 cm). d A. nobilis (BL = 55.9 cm)

KRM model and data analysis

The KRM model was employed to estimate TS. This model approximates each
scattering individual as an adjacent series of finite cylinders, capturing the acoustic
properties of each sample (Li et al., 2024). The swimbladder was conceptualized as a set
of gas-filled cylinders encased by the fish body, which can be represented as a series of
fluid-filled cylinder sections. Both the fish body and swimbladder were divided into
cylinders at 1 mm intervals, with their contours digitized using GetData Graph Digitizer
v2.26. KRM model is implemented via the “KRMr” package in R version 4.2.1
(Gastauer, 2023). Table 1 presents the typical parameters used in the KRM model for
calculating TS (Clay and Horne, 1994). The total fish TS was calculated as the coherent
sum of both the fish body and swimbladder cylindrical elements.
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Table 1. Acoustic parameters used for KRM computations

Model parameters Values
Speed of sound in water (m/s) 1485
Speed of sound in fish body (m/s) 1575
Speed of sound in swimbladder (m/s) 345
Density of the water (kg/m?) 1000
Density of fish body (kg/m?) 1063
Density of the swimbladder (kg/m?) 1.24

To investigate the variability of morphological structures in fish, the volumes of the
fish body and swimbladder was determined by summing the volumes of each individual
cylinder and constructing a relationship between the swimbladder volume and the body
length (BL) of the fish. The total volume can be given by:

Ny

V=Y mabL, (Eq.1)
1

where L; represents the jth cylinder along the fish vertebral column, a and b denote the
radii of the major and minor axes, respectively, of each elliptic cylinder (Yang et al.,
2023).

The TS of fish is closely related to both the sound wave frequency and the swimming
pitch angle (8). When the incident sound wave is perpendicular to the dorsal aspect of
the fish body, € > 90° indicates a head-up position, while 8 < 90° indicates a head-down
position. Using the KRM model, the TS of each fish was calculated over a frequency
range of 20 to 200 kHz and a swimming pitch angle range of 65° to 115°, corresponding
to 25° head-down and 25° head-up orientations. The average TS was determined by
averaging the estimated TS values across the pitch angle (Tong et al., 2022). Pitch angle
follows a normal distribution defined by N[6, Std] where 8 is the mean pitch angle and
Std is the standard deviation (Furusawa et al., 1988). To align with existing studies (Lin
et al., 2017; Xie et al., 2020; Palermino, 2023), we considered pitch angle distributions
of N[90°, 5°], N[90°, 10°], N[90°, 20°], and N[85°, 15°].

Using the least squares method to fit the TS results with BL, we derived a formula
representing the relationship between TS and BL, expressed as:

TS =mlog(BL)+b (Eq.2)

where m is the slope of the regression line, b is the intercept, and BL denotes body
length. According to Furusawa (1988), this equation could be reformulated as:

IS =20log,, BL+b,, (Eq.3)

where by is the intercept when m=20.
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Result
Morphology of FMCCs

A total of 69 fish samples were collected, representing four species: M. piceus (17
samples, BL range: 6.9 — 39.2 cm), C. idella (20 samples, BL range: 8.5 — 42.0 cm), H.
molitrix (17 samples, BL range: 6.6 — 43.0 cm), and A. nobilis (15 samples, BL range:
8.6 — 46.9 cm). The size ranges of these samples are broadly representative of the
individuals typically found in both aquaculture settings and natural environments. The
X-ray scan images of the samples were of high clarity, enabling clear identification of
the outlines of both the fish body and swimbladder. Using a three-dimensional
coordinate system derived from the X-ray images, we calculated the volumes of the fish
body and swimbladder for each individual. The average proportion of swimbladder
volume to fish body volume was calculated for each species as follows: M. piceus
(5.0%), C. idella (4.4%), H. molitrix (5.3%), and A. nobilis (4.5%). Detailed sample
data are provided in Table 2. Scatter plots of body length versus body volume (V) and
swimbladder volume (V) across the four species revealed power function relationships
(Fig. 2), although these trends may be influenced by individual variations in
swimbladder morphology.

Table 2. Morphological characteristics of fish body and swimbladder in FMCCs (Vy, = fish
body volume; Vs, = swimbladder volume)

Species M. piceus C. idella H. molitrix A. nobilis
Number of samples 17 20 17 15

Total length range (cm) 82-45.6 10.6 — 49.8 7.2-504 10.9-559

Body lengt range (cm) 6.9 -39.2 8.5-42.0 6.6 —43.0 8.6 -46.9

Body weigth range (g) 5-980 14 -1270 5—1440 11-1930
Vi (cm?) 4.5-969.2 12.4-1837.7 5.0-1768.8 11.7-2169.5

Ve (cm?) 0.2-43.0 04-113.6 02-92.4 0.4-113.3
Proportion 3.5% —6.6% 2.9% —6.2% 4.2%—17.1% 3.5% —5.6%

“Proportion” refers to the ratio of swimbladder volume to fish body volume

TS at various angles and frequencies

Fig. 3 illustrates the variation in total TS (TS;), swimbladder TS (TSs), and fish body
TS (TS¢) with pitch angle for four fish individuals: M. piceus (BL = 23.6 cm), C. idella
(BL = 37.5 cm), H. molitrix (BL = 43.0 cm), and A. nobilis (BL = 40.0 cm). The
analysis, based on the KRM model, was conducted at incident frequencies of 70 kHz,
120 kHz, and 200 kHz. The results show that the variation in TS relative to whole fish
was consistent with the variation of swimbladder TS, but not that of the body. TS was
significantly affected by the pitch angle and varied greatly with frequency. The peak TS;
for all four individuals were observed between pitch angles of 65° and 85°.
Additionally, as the frequency increases, the number of peaks in the TS curves also
increases. Notably, the curves of TSs and TS are nearly identical, indicating that the
swimbladder is the primary contributor to acoustic backscattering in the fish.

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 23(5):9041-9054.
http://www.aloki.hu @ ISSN 1589 1623 (Print) @ ISSN 1785 0037 (Online)
DOIL: http://dx.doi.org/10.15666/acer/2305 90419054
© 2025, ALOKI Kft., Budapest, Hungary



Wan et al.: Acoustic target strength of four major Chinese carps using the Kirchhoff-ray mode model

- 9046 -
1200 . 50 - .
M. piceus M. piceus
n 40 ‘
800 -
= o 30 -
£ £
S <
= ~ 20t
400 -
Vj, = 0.0139BL30703 10r V, = 0.0008BL3-0022
R2 =0.9965 R2 =0.9842
0 . , ' 0 . . . ,
5 15 25 35 45 55 5 15 25 35 45 55
2000 - -
C. idella 1 ¢ idelia s
100 |
1500 |
. __ 8ot
5 1000 g 60 -
3 5
~ sl
500 | 4
Vj, = 0.015BL309% 20 Vs = 0.0003BL3-3664
R2=0.9976 R2=0.9937
0 . \ ) 0 ; L
5 15 25 35 45 55 5 15 25 35 45 55
2000 L 100 "
H. molitrix - H. molitrix A
. 80
1500 -
= > 60
£ £
S 1000 S
= =~ 40t
]
500
Vi, = 0.0126BL3107 o V,, = 0.0005BL32048
R? =0.9979 R2=0.9974
0 . . ) 0 L .
5 15 25 35 45 55 5 15 25 35 45 55
2400 . 140 - .
A. nobilis 4 A. nobilis
2000 | 120 | A
1600 | _ 10 r
5 1200} 5 %7
3 2 60
800 [ |
400 Vg = 0.0164BL30831 ol V,, = 0.0005BL31%8
R? =0.9945 R2 =0.9955
0 L L J 0 e 1 1 1 J
5 15 25 35 45 55 5 15 25 35 45 55
BL(cm) BL(cm)

Figure 2. Relationship among fish body volume (Vy), swimbladder volume (Vi) and body
length (BL) across four fish species

Average TS

Table 3 presents the average TS values for all four fish species at frequencies of 70
kHz, 120 kHz, and 200 kHz, with varying pitch angle distributions. Within the same
range of pitch angles, the average TS difference among the four species at different
frequencies ranges from 0.59 dB to 3.62 dB. Similarly, at the same frequency, the
average TS difference among these species at different pitch angle ranges spans from
0.58 dB to 2.53 dB. This indicates that both frequency and swimming angle
significantly influence TS.
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Figure 3. Variation in TS of M. piceus (BL = 23.6 cm), C. idella (BL = 37.5 cm), H. molitrix
(BL = 43.0 cm), and A. nobilis (BL = 40.0 cm) across different frequencies and incidence tilt
angles. TS, denotes the TS of the entire fish. TS, represents the TS of the swimbladder. TSy
indicates the TS of the fish body

TS-BL equation

C. idella was selected as a representative case to display the TS-BL relationship (Fig.
4) due to its largest sample size (20 specimens) and broad body length (BL) range.
Meanwhile, Complete regression parameters for all species are provided in 7able 4. The
two curves in the forms of TS=mlog(BL)+b and TS=201g(BL)+bo essentially coincide.
Table 4 presents all the fitting results for the four fish species. The corresponding
parameters are: M. piceus (19.62 <m < 27.64, 0.87 < 1% < 0.96, —69.00 < by < —66.86);
C. idella (18.60 < m < 21.57, 0.86 < r? < 0.99, —68.38 < by < —64.85); H. molitrix
(10.30 <m < 18.37, 0.68 < r* < 0.94, —=73.50 < by < —68.56); A. nobilis (18.99 <m <
25.44,0.78 <1*> < 0.96, —72.25 < by < —67.74).
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Table 3. The average TS values for different pitch angle distributions at three frequencies

. e Average TS (dB)
Pitch angle distribution Frequency (kHz) M. piceus  C. idella _H. molitrix A, nobilis
70 —43.10 —39.71 —45.84 —45.48
N[90°, 5°] 120 —42.68 —40.67 —47.76 —48.46
200 —42.33 —40.99 —48.74 —49.10
70 —42.69 —40.27 —45.67 —45.36
N[90°, 10°] 120 —42.88 —40.48 —47.31 -47.90
200 —43.28 —41.09 —48.19 —48.73
70 —42.85 —41.8 —45.59 —45.46
N[90°, 15°] 120 —43.26 —42.12 —46.78 —47.02
200 —44.29 —43.22 —47.48 —47.82
70 —42.31 —40.11 —43.88 —44.04
N[85°, 15°] 120 —42.69 —40.60 —45.28 —45.93
200 —43.91 —41.38 —46.28 —46.82
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Figure 4. The relationship between TS and BL of C. idella for pitch angle
distributions N[90°, 5°]

Table 4. Fitting results for four fish species at different frequencies

. TS = mlog(BL)+b
Species T‘“(f,‘)“gle 70kHz 120kHz 200kHz
m b r b2o m b r’ b2o m b r’ b2o

IN[90°, 5°] | 27.64 —77.28 0.90 —67.55|27.51 —76.68 0.87 —67.13| 21.25 —68.60 0.87 —67.00
M. IN90°, 10°]| 25.36 —74.04 0.95 —67.22/22.69 —70.93 0.91 —67.51/23.35 ~72.13 0.94 —67.88
piceus |N[90°, 20°] | 22.00 ~70.05 0.95 —67.51| 19.62 —67.51 0.95 —68.00|21.47 ~70.82 0.95 —69.00
N[85°, 15°]| 24.77 72,93 0.96 —66.86| 20.72 —68.31 0.93 —67.40/22.32 —71.50 0.95 —68.54
N[90°, 5°] | 20.41 —65.39 0.87 —64.85[21.57 —66.54 0.87 —65.81|21.57 —68.12 0.86 —66.10
C INM90°, 10°]| 21.09 —66.80 0.95 —65.38| 19.60 -65.12 0.95 —65.66| 18.87 —64.83 0.94 —66.30
idella |N[90°,20°]| 20.36 —67.40 0.97 —66.95| 18.60 —65.64 0.98 —67.34|20.02 ~68.41 0.97 —68.38
N[8S°, 15°] 20.06 —65.34 0.98 —65.27| 19.91 —65.65 0.99 —65.77| 19.61 —66.06 0.97 —66.56
N[90°, 5°] | 10.30 —58.00 0.68 —70.34| 12.91 —64.14 0.70 —73.17| 18.37 —71.42 0.78 —73.50
H o IN[90°, 10°]| 13.59 —61.85 0.81 —70.01| 14.77 —65.85 0.79 —72.49| 17.86 ~70.43 0.88 —73.16
molitrix]N[90°, 20°] | 16.45 —65.69 0.94 —69.95| 17.43 —68.19 0.88 —71.46|16.90 —68.35 0.92 —72.29
N[8S°, 15°]] 16.13 —63.63 0.88 —68.56| 15.72 —65.03 0.75 —70.48| 16.33 —66.67 0.84 —7134
N[90°, 5°] | 18.99 —68.52 0.79 —69.81|22.03 —74.81 0.78 —71.50|25.64 —79.38 0.85 —72.25
A4 IN[90°, 10°7[ 19.93 —69.48 0.86 —69.57|22.54 —7425 0.87 —71.0325.23 —78.36 0.93 —71.72
nobilis IN[90°, 20°]| 20.51 =70.09 0.94 —69.45|22.14 —72.13 0.90 —70.52(22.83 ~74.86 0.96 —71.18
N[85°, 15°]| 20.47 —68.31 0.93 —67.74|21.92 —71.47 0.90 —69.04|23.39 —74.22 0.94 —69.94
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Discussion

To use the KRM model for calculating TS, it is essential to measure specific
morphological parameters of both the fish body and the swimbladder accurately. This
allows for constructing the three-dimensional spatial coordinates of the fish. Therefore,
the X-ray images must precisely reflect the true internal structure of the fish. For dead
or frozen fish, the morphology of the swimbladder can change significantly. Hence, we
opted to take X-ray images of live fish, ensuring the entire process from removing the
fish from water to completing the X-ray imaging did not exceed two mins. This ensures
the X-ray images closely reflect the true internal structure of the fish as it is in water. It
has been suggested that slice thickness affects the accuracy of KRM results (Macaulay
et al., 2013; Jech et al., 2015). Palermino (2023) compared the effects of different
cylinder thicknesses on KRM results and found that a thickness of 2 mm is
inappropriate, while 1 mm yields good results. However, opting for thinner slices is
time-consuming and labor-intensive.

The relationship equations between TS and BL for fish, derived through modeling
methods, are seldom used directly for biomass assessments in fish stock surveys.
Instead, they are primarily utilized for comparison with in situ or ex situ experimental
results. The FMCCs represent the most commonly found fish species in China, and
numerous studies have examined their TS. Table 5 presents a comparison between the
results of this study and previous research. Moreover, to facilitate a comparison of
methodologies, we have included TS-TL equations for two other fish species:
Larimichthys polyactis and Scomber colias. Notably, the equations derived from
modeling methods exhibit differences of 2 to 3 dB, or even greater, when compared to
those derived from ex situ methods (caged or tethered fish). Several factors may
contribute to these discrepancies: (1) variations in the number and specifications of
samples selected for formula fitting; (2) differences between the selected range of pitch
angles and the actual swimming angles of fish within net cages. To determine the actual
distribution probability of fish swimming angles in their natural habitat, Yoon (2023)
employed underwater cameras to ascertain the swimming angle range of Larimichthys
polyactis as N[86.8°, 21.9°]. The TS-TL equations obtained through modeling methods
and ex situ net cage methods also exhibited a variance of approximately 2 dB.

Table 5. Comparison of equations for TS-BL/TL relationships in fish using different methods

Species Method | Frequency | Tilt angle (°) [TS-BL/TL relationship Reference
C idell tethered 199 N[90°,10°] | TS=20.91g(TL)-63.40 Lin et al., 2017
. idella
KRM 200 N[90°, 10°] TS=201g(TL)—66.30 this study
caged 199 / TS=19.61g(BL)—66.50 Xie et al., 2020
H. molitrix .
KRM 200 N[85°, 15°] TS=201g(BL)—68.56 this study
A nobili caged 200 / TS=22.871g(BL)—84.50| Renetal., 2011
. nobilis
tethered 120 / TS=35.91g(TL)—90.30 Chen et al., 2019
imi caged 120 / TS=201g(TL)—68.62
Lartmzch{hys 8 &(TL) Yoon et al., 2023
polyactis KRM 120 N[86.8°,21.9°] | TS=201g(TL)—66.27
caged 38 / TS=201g(TL)—71.60 |Palermino et al., 2021
Scomber colias )
KRM 38 N[90°, 5°] TS=201g(TL)—66.00 |Palermino et al., 2023

Note: adjust all angle descriptions are consistent with those used in this study
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Several factors influence the TS of fish, including body length, frequency, and
swimming angle. This study, along with numerous previous studies, suggests that the
swimbladder is the predominant contributor to acoustic backscattering in fish,
accounting for over 90% of the effect. Consequently, factors affecting the
swimbladder's shape and size—such as dietary condition, gonad development, and its
position within the water column—significantly impact the TS of fish (Tong et al.,
2022; Yoon et al., 2023; Li et al., 2024). Considerable individual variability may occur
within species. Fig. 5 illustrates the differential growth rates of the fish's body and
swimbladder volume relative to increases in body length. Through X-ray imaging and
dissection, it was determined that both M. piceus and C. idella exhibit two
swimbladders each. Conversely, in H. molitrix and A. nobilis, individual variations
exist, with some possessing a single swimbladder while others have two. Moreover, the
number of swimbladders appears uncorrelated with the fish's developmental stage,
indicating that fish of both large and small sizes may have only one swimbladder
chamber. It becomes evident that fish of identical body length but differing
swimbladder quantities will exhibit variations in TS.

Figure 5. Two A. nobilis specimens with different numbers of swimbladders (left: BL = 9.4 cm;
right: BL = 46.9 cm)

The swimming angle is a critical factor influencing TS. Fish exhibit varying pitch
angles due to differences in body size, swimming speed, and environmental conditions.
In this study, four pitch angle distributions were used to calculate the TS of FMCCs.
The results reveal significant differences in TS values derived from the various angular
distributions, which also diverge from those obtained in previous studies using the ex
situ approach (Ren et al., 2011; Lin et al., 2017; Chen et al., 2019; Xie et al., 2020).
Measurements of fish weight and volume indicate that the average density of all four
species is less than 1 g/cm?. This buoyancy enables FMCCs to remain suspended in the
water without frequently tilting their bodies to maintain depth. Consequently, selecting
a narrower range of pitch angles may better represent actual conditions. However, in the
absence of field measurements to validate these findings, the results are less suitable for
direct application to fish stock assessments.

Based on X-ray imaging and the KRM model, this study systematically obtained the
cross-frequency acoustic TS spectra of the four major Chinese carps, and established
quantitative TS-BL equations under four typical pitch angle distributions. In recent
years, the application of broadband techniques to identify and classify species in
echograms has become a prominent focus in fishery acoustics (Yan et al., 2020; Tong et
al.,, 2022; Kang et al.,, 2024b). The coupled application of the KRM model and
broadband acoustic systems offers significant advantages: by collecting cross-frequency
TS spectra through broadband acoustic equipment and leveraging the unique TS
spectral characteristics of FMCCs modeled in this study (such as secondary peaks
varying with frequency), it becomes feasible to distinguish FMCCs from coexisting
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species in real time. Meanwhile, combining machine learning algorithms can further
improve the classification accuracy. The accuracy of TS-BL equations is the core of fish
resource assessment, and the dynamic distribution of fish pitch angles in natural habitats
is a key calibration parameter. Combining underwater cameras or acoustic telemetry
technology to record the real-time orientation of fish in natural habitats for calibrating
the KRM model can reduce uncertainties caused by static laboratory assumptions. For
example, Yoon (2023) used cameras to obtain the pitch angle distribution of
Larimichthys polyactis as N[86.8°, 21.9°]. The KRM model offers notable advantages,
including minimal sample requirements, efficiency in terms of time and labor.
Nonetheless, measuring TS in fish presents numerous challenges, such as variability in
swimming pitch angles among species, morphological differences between individuals,
and the influence of environmental factors, diurnal cycles, and seasonal changes on TS
(Clay and Horne, 1992; Lloret-Lloret et al., 2020; Yang et al., 2023). Many aspects
remain unknown, making them key areas for future research.

Conclusion

This study systematically quantifies the acoustic target strength (TS) characteristics
of the four major Chinese carps (FMCCs) by integrating the Kirchhoff-ray mode (KRM)
model with X-ray imaging. The swimbladder is confirmed as the dominant source of
acoustic scattering in FMCCs (contributing over 90% to TS). TS shows significant
sensitivity to pitch angle, peaking within the range of 65° to 85°, and the number of
secondary peaks in the TS curve increases notably with the elevation of acoustic
frequency (70 to 200 kHz). Morphological analysis further reveals that both body
volume and swimbladder volume exhibit power-law correlations with body length,
providing a morphological foundation for acoustic modeling.

The standardized TS-BL equations established based on the KRM model cover
frequency ranges of 70, 120, and 200 kHz, as well as four pitch angle distributions. The
spectral characteristics of TS across frequencies and pitch angles offer critical
references for in situ species identification.

The study has limitations in the lack of in situ measurement validation. Future
research should incorporate acoustic telemetry to verify the dynamic effects of pitch
angle variations and environmental factors (such as temperature and salinity) on TS in
natural environments, so as to enhance the universality of TS-BL equations and provide
more precise technical support for FMCC resource assessment and invasive species
control.
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