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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.
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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 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 continuous 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 (  T S   f    ), correlates with the backscattering from schools (  S v   f    ) of the same species:    S v   f   = T S   f   + 10   log  ⁡  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 [8,9,10,11]. 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 swimbladder, 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 perspective. 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 [18,19,20], as well as acoustic scattering model estimation methods based on morphological parameters [21,22,23]. 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 measurements 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.



In conducting research related to the TS of marine fish, the complexity of the environment 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 biological 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 maintain 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 between 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 scattering 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 acoustic 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 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.



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 dissection. 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 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 =   4 π  /  3   · (     l   a    /  2   ) · (     l   b    /  2   ) · (     l   c    /  2   )  



(1)






  S = π ·       l   a    /  2     ·       l   b    /  2      



(2)




where     l   a    ,     l   b    , and     l   c    , 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 =     s b l · s b w · s b h       1  /  3      



(3)




where   s b l  ,   s b w ,   and   s b h ,   respectively, represent the length, width, and height of the swimbladder (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:


      log   10    ⁡  L   = a + q ·     log   10    ⁡  r    



(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 (    σ   b s    ) 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).




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.



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]:


  R =    π   D   2     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.




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 (    σ   b s _ a v e    ), which is a linear representation of the average TS, was computed using the Probability Density Function (PDF) of the fish swimming angle distribution by the following:


    σ   b s _ a v e   =   ∫    θ   2       θ   1        σ   b s _ θ   f   θ     d θ  



(6)






    T S   a v e   = 10     log   10    ⁡    σ   b s _ a v e      



(7)







Here,   θ   represents the fish swimming angle, ranging from 40–140°.     σ   b s _ 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.



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 separately using the least-squares method at frequencies of 38 kHz, 70 kHz, 120 kHz, and 200 kHz, referencing empirical formulas [48]:


  T S = m     log   10    ⁡  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     T S   c m     (    b   20    ), as represented by the following equation:


  T S = 20     log   10    ⁡  L   +   T S   c m    



(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.



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).



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:


      log   10    ⁡  r   = 0.945     log   10    ⁡  L   − 0.992  



(10)







After freezing:


      log   10    ⁡  r   = 0.997     log   10    ⁡  L   − 1.32  



(11)







Based on post–freezing X-ray imaging data and the differences in swimbladder proportions 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.




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.



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 6 shows the average TS differences of Chub mackerel at various frequencies between the KRM model and ex situ measurements (ΔTS: TSex-situ–TSKRM), selecting 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. Subsequently, 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 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).



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 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:


  T S = 20     log   10    ⁡  L   − 66.76  



(12)








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


Currently, marine fishery resource surveys mainly rely on typical narrowband frequencies 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.



38 kHz:


  T S = 40.4     log   10    ⁡  L   − 92.41  



(13)







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


  T S = 20     log   10    ⁡  L   − 65.78  



(14)







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



70 kHz:


  T S = 19.41     log   10    ⁡  L   − 64.48  



(15)







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


  T S = 20     log   10    ⁡  L   − 65.26  



(16)







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



120 kHz:


  T S = 22.74     log   10    ⁡  L   − 70.21  



(17)







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


  T S = 20     log   10    ⁡  L   − 66.63  



(18)







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



200 kHz:


  T S = 27.22     log   10    ⁡  L   − 76.48  



(19)







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


  T S = 20     log   10    ⁡  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 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 independence 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 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. Additionally, 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 empirical 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 distribution. 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 geographic 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.




5. Conclusions


This study investigated the impact of freezing preservation on the swimbladder morphology and the TS of Chub mackerel, and compared two methods for TS estimation, then examined the broadband scattering characteristics. Our findings indicated that freezing 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 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). Our research could provide essential data for acoustic resource estimation and species identification.
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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. 
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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. 
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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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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. 
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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°. 
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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. 
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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. 
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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. 
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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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Table 1. Acoustic parameters used in the KRM model.
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	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










 





Table 2. Settings for the EK80 scientific echosounder system.
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	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










 





Table 3. Parameters for the single target detection-wideband operator in Echoview.
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	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










 





Table 4. Morphological parameters before and after freezing of Chub mackerel and Mann–Whitney U test.
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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.
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