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Chub mackerel (Scomber japonicus) is an important commercial fish in the Northwest Pacific Ocean. Accurate target strength (TS) underpins acoustic stock assessment but the TS of S. japonicus is still poorly understood. In this study, the Kirchhoff-ray mode (KRM) model was used to estimate the TS of S. japonicus and its relationship with sound wave frequency and fish morphology. The results revealed that TS values varied with pitch angle shifts, with the impact on fish scattering strength being greater at higher frequency. This is less important because 38 kHz has been used for the biomass assessment of these fish resources. At frequencies of 38 kHz, 70 kHz, 120 kHz and 200 kHz, TS was greatest at a pitch angle range of -10° to 0°, which was related to the angle of the swim bladder tilt. There were almost no differences between TS estimated using the measured pitch angle distributions and using the universal distribution. When the measured pitch angle was N[-3°,4°], the average TS of S. japonicus with body length of 12.04–22.17 cm at four frequencies was -48.88 dB, -49.14 dB, -49.75 dB and -48.55 dB, respectively. The regression intercept (b20) in TS–body length equation was -73.27 dB, -73.56 dB, -74.18 dB and -73.46 dB, respectively. Variation in TS range at 0–300 m depth was about 10 dB. The simulated broadband target strength spectrum shows the scattering characteristics of individuals with different swim bladder length between 0–250 kHz. These results could be used for identification of S. japonicus in echograms and provide reference for acoustic stock assessment of S. japonicus in the Northwest Pacific Ocean.




Keywords: Kirchhoff-ray mode model, target strength, Scomber japonicus, Northwest Pacific Ocean, acoustic



Introduction

The Northwest Pacific Ocean has abundant fishery resources (Chiba et al., 2009; Miyamoto et al., 2020). As the most productive marine fishery area in the world, total catches in this area reached 20.06 million tons in 2018, accounting for 23.76% of total marine catches (FAO, 2020). Chub mackerel (Scomber japonicus) is a warm-water pelagic fish. As one of the most economically important fish species in the Northwest Pacific Ocean, it plays an important role in the marine fisheries of China, Japan, and South Korea. Total global catch of S. japonicus was 1.56 million tons in 2018, accounting for 2% of total marine catches (FAO, 2020). However, S. japonicus biomass has declined sharply since 1997 and has remained low over the past few decades (Takahashi et al., 2014). To develop appropriate fishery management measures and sustainably use S. japonicus resources, it is necessary to assess its biomass accurately.

Underwater acoustic surveys can provide high-resolution information in large-scale bodies of water and are widely used in monitoring behavior of marine organisms (Muñoz et al., 2020), habitat distribution research (Zhang et al., 2020), and stock assessment (Stierhoff et al., 2019; Escobar-Flores et al., 2020). Target strength (TS) is a key parameter used to identify species in the echogram and convert the echo signal into biomass. TS varies between species and is affected by many factors including swim bladder characteristics (Foote, 1980), body size (Lu et al., 2011), swimming pitch angle (Horne, 2003), water depth (Mukai and Iida, 1996), and incident sound wave frequency (Foote, 1982). Therefore, it is very important to correctly identify target species, estimate their TS, and understand the factors that affect TS variation to accurately assess stocks of marine fish.

Estimation methods of TS mainly include in situ, ex situ, and theoretical models (Sobradillo et al., 2021). The in situ method records the TS of fish in their natural environment. This method requires the target fish to be discretely distributed and single-species (Simmonds and MacLennan, 2005). However, these conditions are difficult to satisfy, especially in mixed species aggregations. The ex situ method measures the TS of target fish in an artificial acoustic experimental arena; however, the experimental arena is challenging to set up and has poor flexibility. Theoretical models approximate the main source of acoustic scattering to a regular geometric model based on scattering theories and biological characteristics of the fish. Then, computer simulations are used to estimate TS. Because the model method is simple, flexible and low-cost, it could enable the study of the factors affecting TS (Hazen and Horne, 2003). Additionally, theoretical models could improve the ability to identify and classify targets in echograms (Jech and Horne, 2002) and reduce the uncertainty of stock assessment (Khodabandeloo et al., 2021).

The Kirchhoff-ray mode (KRM) model could simulate the process of sound waves from seawater into the body and swim bladder of fish. It uses low-mode solutions and Kirchhoff-ray approximations to estimate resonant and geometric backscatter from the body and swim bladder of fish (Gauthier and Horne, 2004). The results of the KRM model are consistent with those of in situ and ex situ methods (Horne, 2003; Kang et al., 2004; Kusdinar et al., 2014). Some researchers have used the KRM model to study the effects of different factors on TS. For example, Hazen and Horne (2003) used KRM to determine that pitch angle and frequency had greater effects on walleye pollock (Theragra chalcogramma) TS compared to length, while depth had the least effect. Gauthier and Horne (2004) established the TS–length equation for five pelagic fish species in the Bering Sea and the Gulf of Alaska.

The purpose of this study was to estimate the impacts of morphological characteristics on the TS of S. japonicus in the Northwest Pacific Ocean, so as to improve the acoustic stock assessment accuracy. First, the morphological characteristics of the swim bladder and its changes with fish growth were described based on X-ray images. Then, the KRM model was used to calculate theTS of S. japonicus and to analyze variation in TS with fish body and swim bladder shape at different frequencies. Four common frequencies used in acoustic fishery surveys, including 38 kHz, 70 kHz, 120 kHz and 200 kHz, were selected. Finally, a broadband TS spectrum was produced by simulating the variation of TS with frequency in the range of 0–250 kHz. Our work could provide a scientific basis for signal identification of S. japonicus in echograms and provide reference for acoustic stock assessment of S. japonicus in the Northwest Pacific Ocean.



Materials and Methods


Field Sampling

Samples were obtained from 147°E–165°E, 33°N–44°N in the Northwest Pacific Ocean by the Shanghai Ocean University research vessel (RV) Songhang. The survey was conducted from June 18 to August 7, 2021 using a four-panel midwater trawl with a mean speed of 4.6 knots. Samples were frozen in seawater immediately after being captured and stored in plastic bottles at -20°C onboard the research vessel.



Morphological Measurements

One month after capture, frozen samples were transferred to the laboratory. There, the bottles were slowly thawed in cold water over a period of 20 h to minimize any changes in swim bladder shape (Yasuma et al., 2010). After the length and weight measurements of samples were recorded, a specialized MIKASA HF100HA X-ray imaging system, with input voltage of AC220 V maximum tube voltage of 100 kV, and maximum tube current of 40 mA, was used to map the outlines of each fish. Both lateral and dorsal aspects from 18 individuals were X-rayed. Morphological parameters of each sample were measured as shown in Figure 1, including body length (BL), body height (BH), body width (BW), swim bladder length (SL), swim bladder height (SH) and swim bladder width (SW). The swim bladder tilt angle was also measured relative to the main axis of the lateral image aspect.




Figure 1 | Morphological measurements on lateral and dorsal X-ray images. The air-filled swim bladder can be seen as a dark shape within the fish body. The symbols BL, BH and BW represent body length, body height, and body width, respectively. While the symbols SL, SH and SW represent swim bladder length, swim bladder height, and swim bladder width, respectively.





TS Estimation

Since the lack of in situ data, the KRM model (Clay and Horne, 1994) was used to estimate TS. Acoustic parameters, such as the density contrast (g) and sound speed contrast (h), were needed in this model. Previous researchers found that fish flesh had g values ranging from ~1.02 to 1.06 and h values from ~1.02 to 1.08 (Love, 1978; Medwin and Clay, 1998; Gastauer et al., 2016). Typical acoustic parameters of fish with a swim bladder, measured using Atlantic cod (Gadus morhua), from literature (Clay and Horne, 1994) were chosen in our model (Table 1), which were also used in the jack mackerel (Trachurus japonicus) TS research performed by Hwang et al. (2015). TS of fish is closely related to the sound wave frequency and the swimming pitch angle. Broadband scattering characteristics with a frequency in the range of 0–250 kHz were simulated to plot the entire broadband TS spectrum. According to Yasuma et al. (2003), when the incidence sound wave is perpendicular to the dorsal aspect of the fish body, the pitch angle is defined as 0°. Shifts in TS, when the swimming pitch angle ranged from −50° (head-down) to 50° (head-up), were estimated at frequencies of 38 kHz, 70 kHz, 120 kHz, and 200 kHz. Average TS value was calculated from estimated TS across the pitch angle distribution. This value was used as the TS of individual fish (Yasuma et al., 2010). Pitch angle follows a normal distribution defined by   where   is the mean pitch angle and Std is the standard deviation (Furusawa, 1988; Bairstow et al., 2021). In this paper, three previously determined pitch angle distributions were used. Two of them were observed from S. japonicus, N[−3°,4°] (Nauen and Lauder, 2002) and N[−0.5°,0.09°] (Gibb et al., 1999), while another one was a universal distribution calculated from many species, N[−5°,10°] (Kusdinar et al., 2014; Sun et al., 2021). The average TS of S. japonicus could be calculated as follows:

 


Table 1 | Acoustic parameters used in the KRM model of the TS of S. japonicus.



Where   is the average TS of all S. japonicus samples, and   is the average backscattering cross-section of all samples. According to Boyle’s law (Scoulding et al., 2015; Proud et al., 2019), the following model (Sobradillo et al., 2019) was used to estimate TS variation relative to depth:

 

where σz is the backscattering cross-section at depth z, and a is the estimated contraction rate whose value is −0.67 for a free ellipsoid (Ona, 2003).

The relationship between TS and body length at four frequencies was analyzed using the least-squares method. TS–body length equation could be expressed as:

 

where a is the slope of the regression, b is the intercept, and BL represents body length. According to Furusawa (1988), equation (3) could be transformed into:

 

where b20 is the intercept when a=20.




Results


Morphology of S. japonicus

The range of body length of the 18 S. japonicus was 12.98–22.17 cm, with a mean of 16.08±3.15 cm (mean ± SD). The range of swim bladder length was 1.45–6.63 cm, with a mean of 3.64 ± 1.49 cm. Tilt angle was from 1.7° to 14.0° and mean tilt angle was 8.26° ± 3.62°.



TS Variation With Body Pitch Angle Shifts

Figure 2 shows TS variation of each sample in relation to pitch angle shifts. We used ∆TS (TSmax-TSmin) to represent this variation. When pitch angle shifted from −50° to 50°, the ∆TS range of the 18 S. japonicus at four frequencies was 12.33–52.68 dB, 28.81–45.34 dB, 26.38–52.30 dB, and 28.57–50.15 dB, respectively.




Figure 2 | Variation in TS of each sample with pitch angle ranging from -50° to 50°. Using ∆TS, the difference between the maximum TS and the minimum TS, to represent the variation values. The range of ∆TS was: (A) 12.33–52.68 dB at 38 kHz; (B) 28.81–45.34 dB at 70 kHz; (C) 26.38–52.30 dB at 120 kHz; (D) 28.57–50.15 dB at 200 kHz. Top and bottom edges of the box represent maximum and minimum values of TS, respectively. The middle line is the half of ∆TS.



At the same frequency, body length did not affect ∆TS of S. japonicus. Figure 3 details TS variation related to body, swim bladder, and the whole fish (BL=14.81cm) relative to pitch angle shifts. Observed variation in TS relative to whole fish was consistent with the observed variation of swim bladder TS, but not that of the body. TS was significantly affected by the pitch angle and varied greatly with frequency. At a frequency of 38 kHz, 70 kHz, 120 kHz, and 200 kHz, TS peaked (main lobe) around −10° to 0°. As frequency increased, the main lobes increased directionality, the number of side lobe peaks and fluctuation increased. These results suggest that the impact of fish behavior on scattering strength becomes greater with increasing frequency.




Figure 3 | TS variation of body, swim bladder, and the whole fish (BL=14.81cm) with pitch angle shifts at (A) 38 kHz, (B) 70 kHz, (C) 120 kHz and (D) 200 kHz.





Average TS

Average TS of each sample with different pitch angle distributions was estimated using the KRM model. The difference in average TS between the samples with the largest and smallest body length was about 10 dB. Small differences, nearly 1 dB, were observed among the average TS of individuals between each frequency.TS was estimated using the measured S. japonicus angle distributions N[−3°,4°] and N[−0.5°,0.09°], and the universal distribution N[−5°,10°] was almost identical. Differences between three distributions had little effect on the KRM results in this study.

Table 2 shows the   values of all S. japonicus at 38 kHz, 70 kHz, 120 kHz, and 200 kHz frequencies with different pitch angle distributions. The difference of the   between each frequency was about 1 dB, no matter which distribution was used.


Table 2 |   values for different pitch angle distributions at four frequencies.



S. japonicus usually lives in 0–300 m depth. Figure 4 shows TS variation relative to depth when angle distribution is N[−3°,4°]. TS decreased gradually as water depth increased. When the size of the swim bladder decreases due to pressure, the TS of the fish also decreases This phenomenon was greatest in depths of 0–60 m. The decrease slowed down in water deeper than 60 m and stabilized at 300 m. The shift range of TS from 0–300 m depth was about 10 dB.




Figure 4 | TS variation relative to depth when the angle distribution is N[−3°,4°] at (A) 38 kHz, (B) 70 kHz, (C) 120 kHz and (D) 200 kHz. On each box, the central line indicates the median TS value of all samples. The bottom and top edges of the box indicate the 25th and 75th percentiles, respectively. The whiskers extend to the most extreme data without outliers.





TS-BL Equation

The relationship between TS for average pitch angle and body length of S. japonicus is shown in Figure 5. The equations for the linear regression in Figure 5 are listed in Table 3.




Figure 5 | TS variation with body length estimated using the measured angle distributions N[−3°,4°] and N[−0.5°,0.09°], and the universal distribution N[−5°,10°] at (A) 38 kHz, (B) 70 kHz, (C) 120 kHz and (D) 200 kHz.




Table 3 | Equations of the linear regressions plotted in Figure 5.



TS increased along with body length at different frequencies. However, the fitted TS-BL equations always differed from the standard equations. As shown in Table 3, the regression slopes (a) were greater than 20 in all cases. This suggests that the backscattering cross-section of S. japonicus is not proportional to the square of body length and that the TS increases at a greater rate than body length. There were almost no differences between the b20 values estimated using the measured pitch angle distributions and the values estimated by using the universal distribution. The intercept and slope of the TS-BL equation was affected by frequency. For example, TS increased the least with BL at 38 kHz and the most at 200 kHz. The b20 decreased with frequency increasing.



The Broadband Scattering Characteristics

The broadband TS spectrum of the 18 S. japonicus, estimated using the pitch angle distribution N[−3°,4°], in the frequency range of 0–250 kHz, is shown in Figure 6. TS values decreased along with swim bladder length but the resonance frequency dominated by Rayleigh scattering increased. As frequency increased and entered into the Mie scattering range, TS began to fluctuate over a range of 5 dB. However, individuals with different swim bladder lengths showed two trends after 150 kHz. TS of fish whose SL>3 cm increased, while the TS of fish with SL>3 cm maintained stability.




Figure 6 | The broadband TS spectrum of the 18 S. japonicus, was estimated using the pitch angle distribution N[−3°,4°], in the frequency range of 0–250 kHz. The low frequency resonance range is shown, the wide peak is the swim bladder resonance. The solid line refers to the individuals with SL>3 cm; the broken line refers to individuals with SL<3 cm.






Discussion

The KRM model requires precise measurements of the body and swim bladder to obtain detailed morphological parameters. Therefore, we used a specialized X-ray imaging system to map the outlines of the fish, which reliably reflects the size of the swim bladder and its relative position in the body. Sample preservation quality greatly influenced image quality as the swim bladder may not be obvious in the poorly preserved samples. In this study, S. japonicus samples were collected in situ and frozen in seawater, ensuring the relative stability of the internal structure of the fish and improved measurement accuracy. However, morphology will inevitably change during freezing and thawing, and temperature cannot be kept constant during long periods of time needed for transportation. Sobradillo et al. (2019) proposed using liquid nitrogen to freeze samples and thaw them in a temperature-controlled environment (0°C), which can minimize damage to biological structures. It is better to take X-rays in situ when conditions permit, to avoid freezing and transportation. The total catch of S. japonicus during the survey period was 1,299 and their body length distribution follows N[16.15,4.14]. Among these catches, 946 individuals with gonadal maturity of stage 1 and stage 2 indicate that they were mainly juveniles. In this paper, the body length distribution of the 18 samples was N[15.86,3.15], which is consistent with the overall catches. Although there were few samples used in TS estimation, it would not have a large impact on conclusions.

The TS of fish is influenced by many factors. There are even differences in the same species due to variation in individual morphology. The size of this difference depends on the frequency of the sound waves (Gauthier and Horne, 2004). At 38 kHz, TS was relatively stable with body pitch angle shifts and there were fewer side lobes. While at higher frequencies, wavelength interaction in the body produced more interference which caused greater fluctuation in TS and more side lobes. TS of S. japonicus was sensitive to body pitch angle shifts at high frequencies. However, this is less important because 38 kHz has been used for the biomass assessment of these fish resources. S. japonicus have a swim bladder, which is filled with gas and has a stronger scattering ability than the rest of the fish body. Researchers have shown that the swim bladder accounts for more than 90% of the total scattering of fish with swim bladders (Foote, 1980) and that is why the maximum TS of the sample with a body length of 14.81 cm in Figure 3 appeared at a pitch angle of about −10°. Because the tilt angle of this sample was 8.4°, the swim bladder reached its normal aspect and intercepted the sound wave the most when the pitch angle was −10°.

Fish have different pitch angles due to differences in body size, swimming speed, and living conditions. In this paper, three pitch angle distributions were used to calculate TS of S. japonicus. Results show that there were almost no differences between TS calculated using the measured S. japonicus angle distributions and that estimated by using the universal distribution and this is consistent with the results of Furusawa (1988). Therefore, we conclude that the difference between the measured and universal angle distributions had little effect on the KRM results for S. japonicus. However, due to low samples sizes used to obtain these two measured distributions, N[−3°,4°] was observed using four samples and N[−0.5°,0.09°] was observed using only one; these conclusions are not generalizable. In addition, these two distributions were quite different, indicating differences in individual swimming patterns. To improve the accuracy of acoustic stock assessment, it is better to estimate TS of S. japonicus using the measured distribution. It is necessary to carry out comprehensive studies on the swimming posture of S. japonicus and to use more samples to measure the angle distribution.

There are few studies on TS of S. japonicus: Miyanohana et al. (1990) used four frequencies to measure TS of S. japonicus but they did not show the explicit values. Mukai et al. (1993) measured the b20 of individuals with a total length of 23.0–26.8 cm using the ex situ method, which was −64.1 dB at 25 kHz and −65.5 dB at 100 kHz. Gutiérrez and Maclennan (1998) reported the b20 of S. japonicus with a total length of 26–30 cm using the in situ method, which was −70.95 dB at 38 kHz and −70.8 dB at 120 kHz. The TS calculated using their b20 and our total length data were 2–8 dB higher than our KRM model results. Lee and Shin (2005) used the ex situ method to obtain the b20 for individuals with a total length of 26.2–38.3 cm which was −66.9 dB at 120 kHz and −71.1 dB at 200 kHz. TS calculated using their b20 were 6–12 dB higher than ours at 120 kHz and 1–7 dB higher at 200 kHz. Svellingen and Charouki (2008, cited in Palermino et al., 2021) used the in situ method to measure the b20 of S. japonicus with an average length of 21.8 cm which was −77.6 dB at 38 kHz and −79.8 dB at 120 kHz. Our TS were 0–6 dB higher than results calculated using their b20. Kurnia et al. (2011) reported that the TS of a S. japonicus with BL=21.4 cm was −40.02 dB at 50 kHz when the incidence wave was perpendicular to the dorsal aspect. While the sample with BL=21.33 cm in this paper had a simulated TS of −36.28 dB under the same frequency and pitch angle. These difference of these results indicate that there may be errors in the KRM estimation. However, the length of S. japonicus in most studies was larger than ours, which may be another reason that caused these differences in TS.

Density contrast value (g) and sound speed contrast value (h) of a fish’s body and swim bladder are not only important parameters in the KRM model but also in most TS models. Changes in g and h will affect the TS estimation (Chu and Wiebe, 2005; Kang et al., 2006; Matsukura et al., 2009). The results of Yasuma et al. (2009) showed that using g and h values in the primary research may lead to an error of about 10 dB when using the deformed cylinder model to calculate TS of fish without a swim bladder. For zooplankton TS estimation, small changes in g and h in the distorted wave born approximation model can result in errors of up to 20 dB (Chu et al., 2000). Therefore, the use of measured g and h is better for the accurate estimation of the TS of S. japonicus. In addition, the results of KRM model are affected by the sound speed and density of seawater. Eulachon (Thaleichthys pacificus) has a TS of 3–4 dB higher in freshwater than in seawater (Gauthier and Horne, 2004). For fish with a swim bladder, their volume has a greater effect on TS than g and h values (Mukai and Iida, 1996; Gorska and Ona, 2003). Studies showed that some mackerel species have a diel vertical migration behavior (Bertrand et al., 2004; Li et al., 2014; Tsuda et al., 2014; Paramo et al., 2015). They usually aggregate in deeper water during the daytime and move to the surface at night. These differences have strong implications for the estimation of biomass. Therefore, TS in different depths should be attended. According to Boyle’s law, there is a negative correlation between swim bladder volume and water depth. With increasing depth, pressure increases on the swim bladder causing a decrease in volume and the effective backscattering cross-section, which leads to a decrease in TS. Morphological characteristics in this study were obtained by taking X-ray images of fish out of the water. However, TS in different depths still needs further study and experimental data on TS at different depths are needed to validate the theoretical model.

In recent years, using broadband techniques to identify and classify species in echograms has become a hot topic in fishery acoustics (Stanton et al., 2010; Yan et al., 2020; Hasegawa et al., 2021; Xue et al., 2021). At the same time, a growing number of research vessels are equipped with broadband fish finders. The broadband scattering spectrum of S. japonicus produced by us can provide a reference for identifying S. japonicus in a mixed population echogram. The two observed trends in TS variation of individuals with different swim bladder lengths above 150 kHz may be related to the ratio of swim bladder lengths to acoustic wavelengths. It is necessary to select the appropriate frequency for the body length of the fish to improve accuracy when using the dB-difference method for stock assessment.
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Parameters were taken from Clay and Horne (1994) for cod.





