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The lack of data on the species-specific Target Strength (TS) on ancillary species limits the application
of acoustic surveys in assessing their abundance and distribution worldwide. The TS values of Scomber
colias and Trachurus mediterraneus in use in the Mediterranean Sea rely on studies conducted on
other species in the Atlantic and Pacific oceans. Nevertheless, the application of backscattering
models offers the possibility to overcome the absence of empirical data handling the parameters

that most affect the TS. X-ray scans were performed on 82 specimens to get digital representations

of the swimbladder and the fish body which were used as input for the application of the Kirchhoff
Ray Mode model to measure the TS as a function of frequency and tilt angle. The morphometric
differences between the two species produced divergent relative frequency responses and broadband
TS patterns. Moreover, comparing the results with one ex-situ experiment, we found a good
agreement considering a mean tilt angle of - 10°, standard deviation =12°. Our results provide the first
theoretical insights into the use of backscattering models as a tool to distinguish between species in
the Mediterranean Sea by acoustic method, increasing the knowledge of the acoustic reflectivity of
ancillary species.

Atlantic chub mackerel (Scomber colias) and Mediterranean horse mackerel (Trachurus mediterraneus) are two
pelagic species found in the temperate waters of the Mediterranean and Atlantic Seas. They play an important
ecological role in the pelagic niche since they are mainly plankton and small fish feeders that contribute to linking
the lower and the higher level of the trophic chain'~. However, they are generally considered ancillary species in
the Adriatic Sea*. In the Mediterranean Sea, they have low economical value and they mostly represent bycatch
and discard of the small pelagic fishery>®. Yet, in recent years S. colias and T. mediterraneus assumed certain
importance as commercial food sources, as demonstrated by the expanding landings. S. colias catches, which
showed an increasing trend from 2005 to 2019 in the Adriatic Sea and the same trend was registered from 2010
to 2019 in the entire Mediterranean Sea’. Otherwise, in some areas of the Eastern Atlantic, it became a target
species, marked by an exponential increase in landings during the last 15 years®. T. mediterraneus accounts for
around 1.3% of all landings in the Mediterranean, with total catches of about 45,000 tons in 2016-2018% and a
substantial portion of landings in the southwestern Mediterranean® and the Adriatic Sea!’.

The aforementioned data underlines the importance that the species covered by this study is progressively
gaining in Mediterranean waters. Nevertheless, only recently, a stock assessment was performed on Mediter-
ranean horse mackerel* thanks to the data collected during the regular acoustic survey carried out annually
in the Adriatic Sea within the framework of the EU Mediterranean International Acoustic Survey (MEDIAS)
project'!, whereas, in the Atlantic Ocean the stocks of these species are assessed yearly based on acoustic surveys
accomplished by the International Council for the Exploration of the Sea (ICES). The authors note that survey
and commercial catch data on these species are often not reliable for different reasons, such as the lack of geo-
graphical coverage, misidentification of species, and gear selectivity®'2. When acoustic survey time series are
available, the poor and heterogeneous knowledge of the species-specific target strength (TS) of these secondary
species does not allow us to make reliable estimates of species biomass® which is particularly valuable in the case
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of the application of harvest control rules in the management plan. Both STECF and ICES stress the importance
of monitoring the status of the Scomber and Trachurus genus in the Mediterranean Sea and Atlantic Ocean.

Acoustic surveys have the potential to provide reliable fishery-independent data since they are viewed as one
of the highly effective approaches for assessing the distribution and abundance of pelagic species'’. However,
the conversion of volume backscattering strength, provided by the surveys, to an absolute biomass estimate
requires knowledge of the species-specific acoustic backscattering cross-section. This is expressed in terms of
target strength relation: TS = 10log,,(c/4m) in which sigma is the amount of incident wave reflected by the cross-
section of a single target and includes the scattering properties of the species convolved with behaviour'*™*°. In-
situ and ex-situ methods are suitable for the measurement of the species-specific TS in the natural environment
or controlled conditions and are currently considered the best method to compute the TS to convert volume
backscattering strength into biomass from acoustic survey'*™**. However, only the use of backscattering models
allows us to predict theoretical backscatter from accurate measurement and setting of organism anatomy, mate-
rial properties, swimbladder morphology, tilt angles, and frequencies®. TS is affected by acoustic frequency, fish
body length, orientation (tilt angle), depth and physiological factors?*%. Furthermore, the backscatter is mostly
attributable to the dimensions and shape of the swimbladder, which is responsible for up to 95% of the backscatter
of a fish'®. Therefore, in fish species identification and assessment using scientific echosounders, the knowledge
of the cross-sectional area, volume and tilt angle of the swimbladder is of primary importance.

The first published models conventionally modelled the swimbladder as a simple geometrical shape such as a
sphere, a finite cylinder or a prolate spheroid/ellipsoids solving the backscatter through analytical solutions*?*.
Successively, more sophisticated models called approximate analytical models based on the approximation of
the swimbladder shape were pursued by sectioning it into a compound of finite cylinders solved by Kirch-
hoff Approximation model (KA), Deformed Cylinder Model (DCM) and Kirchhoff Ray approximation Mode
model(KRM)?%. Subsequently, complex finite surface elements were solved using numerical models such as
the Boundary Element Method (BEM), the Fourier matching model (FMM) and theFinite Element Method
(FEM)*%8, All these models are still in use, each having advantages and constraints, and the choice of model
depends on the target shape, the tilt angle range investigated, data availability and power computer availability**?.
Numerical models are computationally demanding and require detailed measurements of swimbladder and fish
body characteristics. They account for the finer morphometric variation on the surface resulting in more precise
and accurate measurements of acoustic reflectivity, which can help to draw broadband frequency patterns®.
Conversely, analytical models approximate complex swimbladder shapes by solving the backscatter from one or
more simplified geometric figures but, they do not require super-computer computations and high-resolution
measurements’'. Generally, there is a good agreement between models and empirical experiments®'—*, but some
authors found significant differences between models, in-situ and ex-situ experiments®~%.

With a continuously growing interest in the use of broadband in acoustic surveys, backscattering models
give insight into the feasibility of implementing broadband techniques for species identification purposes. The
recent commercial availability of echosounders capable of both narrowband and broadband is leading to a
shift in acoustics data collection in favour of broadband®*®*’. One of the main advantages is the increase in
near-frequency resolution that improves the characterization and classification of acoustic targets*. The use of
broadband pulses gives fisheries acoustics scientists the possibility to distinguish fish of different sizes belonging
to the same species®. However, to the best of the author’s knowledge, a single work was published on broadband
acoustics response of fish in the Mediterranean Sea®’, where the multi-frequency backscatter still represents a
good tool for species discrimination®’. Moreover, backscattering models have never been used on the species
dealt with in this study.

In this paper, we collected digital images of fish anatomy through X-ray scans to develop approximate analyti-
cal models in order to investigate the swimbladder morphology and compute the species-specific TS functions
of S. colias and T. mediterraneus in the Adriatic Sea. Results were compared with ex-situ experiments conducted
on the same species in the same area. We used the Kirchhoff ray mode model (KRM) to study the variation of
TS as a function of tilt angle, frequency and fish length. In particular, we focused attention on the development
of species-specific TS vs Total length (TL) function. Moreover, by considering different tilt angle intervals, we
proposed a species-specific relative frequency response (RFI) and broadband backscatter curve. Results were
compared between species providing preliminary evidence on the possible application of RFI and broadband
pulses for species discrimination purposes in the Adriatic Sea.

Materials and methods

Fish sample. Fish were collected in the Adriatic Sea during the 2020 and 2021 MEDIAS survey carried
out between June and July by the Acoustics Group of CNR-IRBIM of Ancona on board of R/V G. Dallaporta.
The fishing operations were undertaken with a mid-water trawl characterized by an 18 mm cod-end mesh size
equipped with SIMRAD’s FX80 trawl sonar to monitor the behaviour of the net. The net was cast at a seabed
depth ranging from 25 to 90 m at around 4 knots for ~ 30 min. Before each trawl, water temperature and salinity
were collected using a CTD probe (SEABIRD 911 PLUS) to compute the sound speed in the water. The sites of
the hauls where the fish were collected are shown in Fig. 1. A data collection plan was developed as follows: once
on board, active and healthy fishes were immediately transferred and held in a 200-L tank with running seawa-
ter on board for at least 4 h, 12 h when possible. After this period of acclimation surface pressure, the fish that
exhibited normal swimming behaviour were anaesthetized in the tank mixing a path of 9:1 ethanol with 4 ppm
of clove oil to avoid the possible release of gas during the successively freezing operation*!. All fishes were frozen
as soon as possible at —20° in plastic bags. In order to reduce the influence of depth pressure, hauls carried out
at the surface or at low depth have been primarily selected for specimen collection. The study complies with the
Italian animal research legislation (D. Lgs. N. 26 of 04/03/2014).
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Figure 1. Net sampling positions (black dots). The figure also reports the transect plan followed during the
2020 and 2021 MEDIAS survey in the North Adriatic Sea (GSA 17).

Swimbladder measurements. Specimens were defrosted and scanned with an RT 400 HF/TS X-ray at
veterinary facilities. The fishes were placed at about 1 m from the X-ray source on a detector plate with known
dimensions. In each session from 1 to 5 specimens were radiographed on dorsal and lateral view to collect
two-dimensional projection images of the swimbladder (Fig. 2). Different trials with other fishes of the same
dimensions collected during the survey were carried out before image acquisition, in order to adjust instrument
settings to guarantee maximum resolution. The exposure and current were 2 mA/s while the voltage was set at
52-65 (kVp)*»*2. A metal ichtyometer was placed in each scan for image calibration purposes.

DICOM image files from X-ray scans were processed using Image]J software. The images that presented an
inflated and intact swimbladder were adjusted to improve the contrast between the swimbladder and the fish’s
body and when necessary the fish was rotated to get a horizontal sagittal axis. Thereafter, a grayscale threshold
was set to automatically trace the boundary of the fish body and the swimbladder. Whereas the greyscale thresh-
old was unable to accurately detect the swimbladder boundaries (especially on dorsal view), they were traced
manually. We collected dorsal surface—swimbladder length (sbl), defined by the distance between anterior and
posterior margins—swimbladder height (sbh), defined by the maximum thickness in the lateral aspect—swim-
bladder width (sbw), defined by maximum thickness in the dorsal aspect and swimbladder tilt angle (sb©),
defined as the tilt between the centreline and the straight line crossing the latter, as shown in Fig. 2. Next, from
the traced dorsal surface, we computed the mean cross-sectional area, while the volume was obtained following
the formula: V' = 47 /3(sbl/2)(sbh/2)(sbw/2). All measurements are reported in Fig. 2. Measurement results
were plotted against the TL through a linear regression model. Afterwards, a t-test was performed to compare
the swimbladder morphologies of the two species. Finally, a log-regression model was set on both species to
investigate the growth curve of the mean cross-sectional area against TL. Next, each fish was placed in a Cartesian
plane and x;, zj and w; coordinates, where x; and z; are the upper and lower coordinates along the longitudinal
axis and wj is the width of the body on dorsal view, were collected, initially each 10 mm for the fish body and 5
mm for the swimbladder and subsequently each 1 mm for both.

Backscatter modelling and data analysis. Coordinates obtained from X-ray image processing of fish
with inflated and intact swimbladder were used as input parameters for the application of the Kirchhoff ray
mode model. Kirchhoft-Ray approximation is used for computing the scattering of finite-length cylinders, sum-
ming coherently the scattering from consecutive and potentially offset gas-filled (swimbladder) and fluid-filled
(fish body) stacked cylinders, which gives a 3D representation of the fish and the swimbladder. A correction
for the tapers at each end of the elements is included to improve the accuracy of the model®. Typical acoustic
fish parameters required by the model and water parameters, computed on the basis of the environmental data
collected during the survey with a CTD (SEABIRD 911 PLUS) probe, are given in Table 1. KRMr package** was
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Figure 2. Soft X-ray lateral and dorsal radiographs of T. mediterraneus (a) and S. colias (b). Swimbladder
borders are shown with yellow lines, while the arrows depict the swimbladder measurements.

Model parameters Values | Source

Speed of sound in water (ms™!) 1509 CTD measurements
Speed of sound in fish body (ms™!) 1570 Gauthier and Horne?
Speed of sound in swimbladder (ms™!) | 345 Clay and Horne*
Density of the water (kgm’3) 1026 Gauthier and Horne?
Density of fish body (kgm™) 1070 Gauthier and Horne?
Density of the swimbladder (kgm’S) 1.24 Clay and Horne?

Table 1. Acoustic parameters used for KRM computations.

used to apply the KRM model on fish and swimbladder shapes. An analytical model on a theoretical sphere was
used as a benchmark for KRM backscatter results. A theoretical sphere along with the fish body and swimblad-
der shape collected for a S. colias specimen were employed to assess the KRM performance by comparing the
results obtained from coarse and refined slice thickness in a range between £/10 and 2 mm.

Moreover, the ensemble influence of slice thickness and tilt angle was performed. Finally, the TS of a three-
dimensional prolate spheroid with semi-major (sbl/2) and semi-minor (/(sbh * sbw/4)) axis modelled following
the size of a typical swimbladder size of a small S. colias specimen, was computed by solving the Kirchhoff—
Helmholtz integral equation in the Acoustic modules of COMSOL Multiphysics 6.0 software through the Finite
Element Method (FEM) in broadband, in order to validate the result of the KRM model. More details on the
FEM model and formula can be found in supplementary materials.

The backscattering cross section was computed as a function of the tilt angle strictly within a range between
65° and 115° because, as demonstrated by Macaulay et al.*>, at a high off-broadside tilt angle the KRM model
becomes not accurate. The corresponding backscattering cross section in the linear domain (o},,) was averaged
for each chosen Gaussian tilt angle interval and then logarithmically transformed to TS values. The following
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tilt angles distribution was chosen to represent near-normal and abnormal swimming behaviour of fish: 90° + 5%
90°+10° 90° +20°. The other tilt angle intervals are intended to represent the increasing swimming-orientated
direction of fish. A tilt angle of 90° with a standard deviation of 10 and 20 was set as suggested by Membiela
and Dell’Erba* for fish spread at different depths. Then we added another tilt angle interval to compute the TS
considering an abnormal fish swimming behavior. The mean tilt angle of 101° with a standard deviation of 12°
was set adding the mean and standard deviation of the swimbladder related to the fish body angle computed
during the swimbladder measurements. Corresponding mean TS values for each tilt angle interval were then
regressed in function of fish TL using the standard model: TS = mlogL + b and the model proposed by Foote
(1987): TS = 20logL + by. Mean oy, from the normal tilt angle interval (88° s.d. 13°) and at a broadside angle
at 38 kHz were related to the results of the other discrete frequencies usually used during acoustics surveys (70,
120, 200 kHz) to compute the relative frequency response following the formula: 7,(f) = o;(f)/0:(38)*.

Results

Swimbladder morphology. A total of 82 specimens divided as follow were collected: 25 Atlantic chub
mackerels (TL size range, 11-33.7 cm), and 57 Mediterranean horse mackerels (TL size range, 11.2-27.7 cm).
The size range obtained was roughly representative of the one commonly found in the Adriatic Sea. 5 specimens
for each species out of the 82 fish subjected to X-ray scan showed a deflated swimbladder. The data analysis on
the remaining animals gave the values reported in Table 2. The wide fish size range, especially for S. colias, occa-
sioned a high gap between minimum and maximum values of swimbladder measurements. Despite the similar
mean TL, the swimbladder of T. mediterraneus is on average 20 mm longer, 1 mm smaller and 2.3 mm less wide
compared to S. colias, which in turn leads to different volume and area.

Swimbladder length, height, width, volume and area increase proportionally to the total length. The regres-
sions depicted in Fig. 3 clearly show a significant positive relationship characterized by a high level of significance
(p<0.001) and a good fit of all models (r*>0.95). Therefore, in order to remove the effect of length, the residuals
of the models were kept as relative swimbladder sizes for comparison between the two species’ morphologies.
Once the length effect was removed, the t-test revealed high divergence in swimbladder length, height, width,
and volume (p<0.001 in each case) while a lower but still significant difference characterized the area (p <0.05).
Overall, the swimbladder of T. mediterraneus appears elongated, pear-shaped and slightly compressed laterally
with a thin posterior end that increases towards the head up to a wide frontal region. The haemal spines, clearly
visible inside the cavity, generally make ripples on the swimbladder surface. Conversely, S. colias displays a
spherical-like swimbladder characterized by narrow anterior and posterior regions defined by large width and
height proportionally to the length as shown in Fig. 4.

KRM accuracy. The KRM model employed in this study shows a good agreement with the analytical model
(see supplementary Figure S1). Figure 5 shows the results of the KRM model in broadband considering a broad-
side angle of a single 11.5 cm specimen of S. colias of as an example. A small fish was preferred, as a trade-off
between representation and computational time needed to solve the equations. The model was applied to refined
and coarse measurements, firstly only on the swimbladder (length=19 mm) and later by removing the swim-
bladder from the fish body and finally summing the TS backscatter from the union. The results showed differ-
ences up to 0.4 dB in the swimbladder. Notably, over 120 kHz the TS curve obtained with a slice thickness of
2 mm is closer to the one obtained with £/10. No differences were detected for the fish bodywhile considering
the whole fish, TS resulted higher for the 2 mm slice thickness at high frequencies. TS curve has undertaken
detectable changes among cylinder size only at steeper negative angles (—25°) (more details in supplementary
Figures S2-53). Conversely, significant differences up to 10 dB on the backscatter were detected between 2 and
1 mm slice thickness computations for a sphere of 0.2 mm radius, while there were any variations between £/10
and 1 mm except for the fluid sphere over 220 kHz (see Supplementary Figure S4 for further details). For these
reasons, in the subsequent analysis, we used a slice thickness of 1 mm as a good trade-off both for swimbladder
and fish body measurements. The KRM model was also tested on a prolate-spheroid against the FEM model
(Fig. 6). The prolate spheroid semi-major and semi-minor axis were defined based on the swimbladder dimen-
sions of a small specimen (semi-major axes=0.015 m; semi-minor axes=0.002 m) from one species covered by
this study, in order to limit the CPU necessary for computations.

T. mediterraneus | S. colias
Measure Mean Min | Max |Mean |Min | Max
Total length (cm) 15.4 112 |23.1 14.4 11.1 | 337
Sb length (mm) 50 354 | 77.7 30 6.7 93.8
Sb width (mm) 4.8 27 |74 7.1 3.6 22.4
Sb height (mm) 4 23 |69 5 2 18.7
Volume (mm?) 562 150.7 | 1833 |2027.7 |74.2 |20,628
Area (mm?) 198.1 68.7 | 4754 | 184 453 | 11325
Sb O (°) 10.9 5.54|14.8 11.4 6.34 | 143

Table 2. Morphological characteristics of fish body and swimbladder of T. mediterraneus and S. colias.
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Figure 3. Linear relationships between swimbladder length, height, width, area and volume and total length of
T. mediterraneus (top) and S. colias (below). The shadow areas express the 95% confidence intervals.

The simulations indicated that the model agreed within 1 dB along the frequencies spectrum from 70 to
200 kHz and 0.5 dB between 38 and 70 kHz.

Target Strength analysis.

Table 3 shows TS-TL function results based on five tilt angle distributions. b

values of the standard model were lower than the b,, values except for a mean tilt angle of 101° with a standard
deviation of 12°, which does not fit well into the linear regression for T. mediterraneus (r*~0.1).
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Figure 4. Comparisons between dimensionless swimbladder morphological characteristics of T. mediterraneus
and S. colias. The p-value resulted from the Student t-test are depicted. The x axes report the values of the
residuals resulting from the linear regression models shown in Fig. 3. The distribution of data is illustrated by

a boxplot showing the medians (horizontal lines), percentiles (box borders), and 5-95% percentiles (vertical
lines).

Conversely, the coefficient of determination 7* shows a good fit in the regression models with no differences
between the slope fitted to the data and a fixed slope of 20. Figure 7 shows the relationship between TS and TL
considering a tilt angle of 88°+13°. The higher standard error found for Scomber colias is mainly due to the
lower number of samples. Thereafter, the overall mean oy obtained at discrete frequencies 70, 120 and 200 kHz
were divided by the values resulting from 38 kHz getting the patterns shown in Fig. 8. At a tilt angle of 88°+13°,
the r;(f) at 70 and 200 kHz settles at a ratio of ~0.35 and ~ 0.20 respectively for both species, whereas the main
contrast concerns the results at 120 kHz, characterized by a difference of 0.30.

At a broadside angle, as expected, the mean backscattering cross-section values at the other frequencies rose,
leading to all r;(f) values being over 0.7. In this case, the diagnostic frequency is 70 kHz, which is characterized
by a ratio even higher than 1, rather than 120 kHz that yielded to similar ratios of ~0.90 for chub mackerel as
well as for the Mediterranean horse mackerel. However, the trend between these frequencies showed a clear
downward pattern for T. mediterraneus and an upward pattern for S. colias at the tilt angles taken into account.

Discussion

The high amount of samples with intact swimbladder (77) achieved after the X-ray scans prove the validity of
the experimental plan both on T. mediterraneus and S. colias, which was based on the best literature on this
topic?+*3464849 The X-ray scan revealed wide differences in the swimbladder morphologies and a slight variation
in the orientation within the fish body, which was partially reflected in the backscattering variation between
the two species. Nevertheless, the dorsal aspect is known to be the most important diagnostic character in TS
studies®, and in our case, the dimensionless results showed similar mean-cross-sectional area values, despite the
dorsal area of T. mediterraneus being slightly, but significantly, smaller. This can explain the closeness between
b, values which are within 2.5 dB of variation at any tilt angle cases (see Table 3). The cross-sectional area is
also a fundamental parameter for the decision of the most correct TS-TL function, especially in our case where
the other dimensionless swimbladder measurements were highly divergent (see Fig. 4). As demonstrated by
McClatchie et al.’!, the choice of correct slope for the species-specific TS-TL function should not be done
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calculated through the KRM model (in red) and the FEM model (in black). The vertical dashed lines indicate
the reference frequencies more frequently used in fisheries acoustics.

a-priori but should be based on morphological analysis, choosing the most appropriate value®?. For both the
Mediterranean horse mackerel and the chub mackerel the mean cross-sectional area grows proportionally to the
total length as shown in Fig. 2. Notably, the growth is allometric, since it significantly differs from the isometric
regression (slope=2.69, p<0.001 for T. mediterraneus; slope=2.6, p <0.001 for, S. colias) see Figure S5.Therefore,
assuming a slope value close to 20 cannot be considered a good approximation for the species considered in
the present work. Nevertheless, in the following discussion, we will focus on the b, results rather than on b for
comparison purposes with other studies.

This is the second study concerning the use of backscattering models on fish species in the Mediterranean
Sea; the first one described a model-based TS-TL relationship on T. mediterraneus and S. colias®®. An advantage
in modelling compared to empirical experiments is the possibility of increasing the amount of data when a
limited number of samples are available, gaining species-specific TS variability and backscattering patterns®>*.
Approximate analytical models such as KRM are a good trade-off between model complexity and computational
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Tilt angle (°) TS=mlogl+b TS=201log l+b,,
Mean ‘ St.dev | m ‘ b ‘ s.e ‘ r by ‘ s.e ‘ r

T. mediterraneus

90 5 21.3 -65.88 | 1.2 0.62 | -64.27 |1.19 |0.62
90 10 24.6 -70.12 |1 0.75 | -6451 |1 0.73
90 20 25 -71.58 1078 |084 |-6548 |1.63 |0.80
101 12 8.88 -56.52 | 143 |0.14 |-70.04 |1.6 0.1
88 13 26 -71.65 086 |0.78 |-64.4 095 |0.76
S. colias

90 5 2465 |-71.25 | 125 |0.88 |-66 1.34 |0.82
90 10 26 -732 126 |0.88 |-66.44 |147 |0.82
90 20 2572 | -74.06 |13 0.89 | -67.58 | 148 |0.84
101 12 14.2 -62.54 |1.16 |0.74 |-69.43 |1.38 |0.85
88 13 26.9 -7448 |13 0.89 |-66.65 |1.59 |0.83

Table 3. TS-TL standard model and with slope forced to 20 by tilt angle distributions. Standard model slope
(m), conversion parameters b and b,, standard error (s.e.) and R? are shown. The values are expressed in dB re
1 m%

T. mediterraneus
B 1s=20 log(L) -64.4 (+ 0.95) §
-36 TS =26 log(L) -71.65 (+ 0.86)
-39
42
< asl 8
o 12 16 20 24
] S. colias
E . TS = 20 log(L) -66.65 (+ 1.59)
: TS =26.9log(L)-74.48 (x 1.3)
-40
-45 -
) 13 18 22 27 32
TL (cm)

Figure 7. Target strength vs total length relationship with a mean fish tilt angle of 88° s.d. 13°. The standard
model regression is shown in red, and in black the model with the slope forced to 20.

demand, which limits the application of numerical models such as the FEM model to relatively smaller-filled
objects™, even though using an approximation model involves a decrease in accuracy especially at steeper angles
and low aspect ratio*®. Therefore, an accuracy test could be useful to determine the suitability of the model based
on species and swimbladder morphologies. Nevertheless, the KRM model applied herein sums coherently the
backscatter from fish body and swimbladder which is not always the case in nature. The inhomogeneous structure
of fish and their variable orientation could yield different echo phases. Consequently, the scatter distribution can
change rapidly, leading to more complicated variations in the echo amplitude during acoustic data collection in
the field. In the present work, a FEM model was selected as a benchmark since using the formal exact theoretical
solution to simulate fish scattering from a Prolate Spheroid Model (PSM) presents certain computational dif-
ficulties when calculating the infinite series, particularly when dealing with large aspect ratio values. In contrast,
employing a Finite Element Method (FEM) model makes this process simpler. Moreover, FEM backscatter has
been demonstrated to have negligible differences with analytical Prolate Spheroid model (PSMS) at all angles
and aspect ratios*. To apply the KRM model, Jech et al.? suggested dividing the fish body and the swimbladder
into finite cylinders 1 mm thick for operational purposes, while Macaulay et al.*> used very thin cylinders up
to 0.05 mm. However, slicing real shapes under £/10 accuracy is in many instances time-consuming, hence we
tried to test the accuracy of the model by considering coarser measurements. In the case of fish body, it did not
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Figure 8. Mean relative frequencies responses (continuous lines) and confidence intervals (dashed areas) of
T. mediterraneus and S. colias considering a mean tilt angle of 88°, standard deviation of 13° (upper panel) and
broadside angle (lower panel).

affect the TS results likely due to the fairly small variation of the object along the x axes. Conversely, the slight
differences detected for the swimbladder could affect the backscatter. Nevertheless, considering the whole fish
and the results obtained on a theoretical sphere, a slice thickness of 2 mm appears not suitable, while 1 mm size
can be considered highly accurate and any further effort in obtaining tiny cylinder unnecessary. We, accord-
ingly, suggest collecting a measurel mm each both for swimbladder and for fish body for use of the KRM model.
Moreover, the comparison between FEM and the approximate analytical model proved the suitability of KRM
for our swimbladder shapes. Indeed, the maximum difference of 1 dB detected between them on an elongated
swimbladder characterized by a semi-minor axes less than half of the length of the semi-major axes can be
considered a good approximation®.

New TS-TL relationships derived from models are seldom employed for acoustic abundance estimates®.
Most frequently, models are exploited for comparison purposes with ex-situ or in-situ experiments®****°%%’, The
relationship found in this work can be compared with the study carried out on these species by Palermino et al..
During these ex-situ experiments, the tilt angles of the specimens were not detected, the choice of a wide range
of tilt angles for model development, therefore, can help the interpretation of both model and experimental data.

In the previous study, Palermino et al.* found b and b,, values for the two species very close to each other as
reported in Table 4. Our findings at an assumed normal swimming behavior of 88°+13° were ~ 5 dB higher for
both species and along the tilt angle intervals, the difference is almost constant except for orientations of 90° +20°
and 101°+ 12°, where the results are lower and closer to the b,,=—71.4 dB for T. mediterraneus and b,,=—71.6 dB
for S. colias obtained in Palermino et al.>® (Table 4). Fish orientation is one of the parameters that influence the TS
the most, especially when it is measured in unnatural and natural conditions'*!>#**, It has been demonstrated
that during ex-situ experiments fishes display a steeper angle than in their natural state which in turn can affect
TS measurements®. Despite the efforts and the novelty of the use of a piece of rope instead of a hook performed
during the single ex-situ experiments conducted in 2013 and 2014°%, the Mediterranean horse mackerel and
chub mackerel specimens were likely constrained to a fairly abnormal swimming behavior. Consequently, at 38

T. mediterraneus S. colias

Present work Ex-situ experiment Present work Ex-situ experiment
Tilt angle (°) b by b by b by b by
90 (s.d=5) —65.88 —64.27 -71.25 -66.00
90 (s.d=10) -70.12 —64.51 -73.2 —-66.40
90 (s.d=20) -71.58 -65.48 -64.9 -71.4 —74.06 -67.58 -63.8 -71.6
101 (s.d=12) -56.52 -70.40 —62.54 -69.13
88 (s.d=13) —71.65 —64.40 —74.48 ~66.65

Table 4. Comparison between conversion parameters b and b,, found in this work and the results obtained
in Palermino et al.*® at 38 kHz. The reported values are in dB re 1 m Note the shortfalls that underline the b,
values usually employed for the conversion of backscattering volume in biomass.
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kHz the b,, value of —70.4 dB for T. mediterraneus and —69.43 dB for S. colias found through the KRM model
considering an abnormal tilt angle displacement in this study could be considered almost in agreement with
empirical experiments within a 2 dB interval. We can assume these results as being the correct ones also for the
other tilt angle intervals with an approximation of 2 dB. Moreover, the fish backbone backscatter could have
caused shadowing effects on the swimbladder, due to the dorsal configuration, leading to differences in TS values
measured from the ex situ experiment compared to ones computed through the KRM model in which the fish
backbones were not modelled®'. Nevertheless, in swimbladder fish, this effect could be more relevant for higher
frequencies than for lower and we assume no significant differences at 38 kHz®"6%,

Theoretical and empirical experiments proved that the peak of backscatter in fish with swimbladder is
achieved at a negative tilt angle of ~ 10°, followed by a drop at steeper angles characterized by individual-fish
pattern®>>*36. S, colias displays a TS pattern against tilt angle characterized by modest variation along the tilt
angles reaching a peak at around —4° at 38 kHz. Conversely, the TS peak of T. mediterraneus was recorded close
to — 10° at the same frequency®. Some authors provided evidence of a quite steeper positive or negative tilt angle
kept by fish of the Scomber and Trachurus genus in normal swimming behaviour®*®. It should be highlighted
that when the vessel approach fish schools or shoals during daytime acoustic surveys activity they are inclined
to display an avoidance behaviour, especially in shallow waters causing an abnormal swimming behaviour lead-
ing in turn to a drop in the TS, However, fish orientation depends on an ensemble of natural factors such as
light intensity and feeding migrations®***’, and therefore the most suitable b, value could vary between shift-
ing survey conditions. The b,, values presented in Tables 3 and 4 at normal swimming behaviour (88°+13°) are
closer to that of — 68.7 dB now in use in the Mediterranean Sea®®®. They are also close to the values detected by
other studies conducted in the Atlantic and the Pacific Oceans on related species: Trachurus capensis, Trachurus
symmetricus mutphy and Scomber japonicus®>’°-7? Conversely, they diverge from other studies carried out on
these species®”%7>7% Notably, the conversion parameter values obtained with a tilt angle of 101°+12° for T.
mediterraneus here are closer to the results published by Pefia and Foote® that applied a Kirchhoff approxima-
tion on specimens of Trachurus symmetricus murphy subjected to MRI scanner.

The small differences could be mainly linked to the species but also to the methodology and the size of the
fish. The multi-frequency approach for the identification of fish species has been applied since the early 2000s”>7".
It is now commonly used in post-processing acoustic data analysis worldwide’®. However, the technique is still
focused on a few target species due to the lack of data on other pelagic fish species especially in the Mediter-
ranean Sea’”’.

The results obtained in this study applying the relative frequency response formula pointed out a clear oppo-
site pattern between 70 and 120 kHz, which is not affected by the tilt angle: S. colias showed a rising curve while
T. mediterraneus displayed a decreasing curve. These are the first multi-frequency backscatter evidence on both
species worldwide, although the relative frequency response of the congeneric species Trachurus trachurus has
already been studied in 2005%. Our results differ from the latter, giving the possibility to distinguish between the
three co-occurrence species in the Adriatic Sea via an acoustic tool. Again, the typical swimbladder morphologies
could be responsible for these acoustic fingerprints. The differences in swimbladder physiology and morphologi-
cal structures could justify the change in RFI between species belonging to different genera. Conversely, the vari-
ability in condition factors and habitat preferences could justify differences in RFI between congeneric species®'.
Moreover, the technological improvements undertaken by acoustic equipment during the last two decades should
be underlined, as they might have determined slight differences in TS values compared to past measurements.
The current use of split-beam transducer enhances the detection of the precise position of fish in the three-
dimensional space being particularly suitable for this kind of study*’. In a broadband view, small variations in
swimbladder shape translate into changes in the TS curve. This grant the opportunity to distinguish between
species overcoming the influence of size’*8>%. The frequency-dependent backscatter depicted in Fig. 8 for a
broadside angle reflects the broadband trend reported by Palermino et al.*’, lending robustness to our analysis.

Conclusions

Backscatter models are not intended to replace empirical measurements, but they are useful to corroborate
target strength experiments and to fill the gap in the knowledge of species that hardly fulfil the requirements
of monospecific shoals of spread fish for the application of the in-situ method. This is the case of T. mediter-
raneus and S. colias in the Mediterranean Sea. The implementation of a backscattering model added essential
information to the knowledge of the acoustic reflectivity of T. mediterraneus and S. colias in the Mediterranean
Sea. Through swimbladder measurements, we proved the allometric growth of the mean cross-section area for
both species which supports the use of best fit b instead of b,, during the conversion of acoustic backscatter
volume in abundance for the species this study deals with. The results provided underline the importance of the
use of multiple frequencies, confirming that the higher the number of frequencies in use, the higher the species
discrimination power gained. The results are in agreement with empirical measurements obtained during some
ex-situ experiments carried out in the Adriatic Sea. Nevertheless, further effort should be made to get in-situ
measures of TS of ancillary species, since during ex-situ experiments the swimming behaviour may not be rep-
resentative of the natural state of fish.
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Data available on request. The data underlying this article will be shared on reasonable request to the corre-
sponding author.

Received: 14 February 2023; Accepted: 8 September 2023
Published online: 13 September 2023

Scientific Reports |

(2023) 13:15182 | https://doi.org/10.1038/s41598-023-42326-4 nature portfolio



www.nature.com/scientificreports/

References

1.

Sever, T. M., Bayhan, B., Bilecenoglu, M. & Mavili, S. Diet composition of the juvenile chub mackerel (Scomber japonicus) in the
Aegean Sea (Izmir Bay, Turkey). J. Appl. Ichthyol. 22, 145-148 (2006).

2. Santi¢, M., Rada, B. & Pallaoro, A. Diet of juveniles Mediterranean horse mackerel, Trachurus mediterraneus and horse mackerel,
Trachurus trachurus (Carangidae), from the eastern central Adriatic. Cah. Biol. Mar. 54, 41-48 (2013).

3. Bourg, B. L. et al. Trophic niche overlap of sprat and commercial small pelagic teleosts in the Gulf of Lions ( NW Mediterranean
Sea) Trophic niche overlap of sprat and commercial small pelagic teleosts in the Gulf of Lions ( NW Mediterranean Sea). J. Sea
Res. 103, 138-146 (2015).

4. Angelini, S. et al. Understanding the dynamics of ancillary pelagic species in the adriatic sea. Front. Mar. Sci. 8, 1-16 (2021).

5. Tsagarakis, K., Vassilopoulou, V., Kallianiotis, A. & Machias, A. Discards of the purse seine fishery targeting small pelagic fish in
the eastern Mediterranean Sea. Sci. Mar. 76, 561-572 (2012).

6. Carbonell, A. et al. Modelling trawling discards of the Alboran fisheries in the Mediterranean Sea. Reg. Stud. Mar. Sci. 23, 73-86
(2018).

7. FAO. Science and management of small pelagics/Science et aménagement des petits pélagiques. In Symposium on Science and
the Challenge of Managing Small Pelagic Fisheries on Shared Stocks in Northwest Africa, 11-14 March 2008, Casablanca, Morocco/
Science et aménagement des petits pélagiques. Symposium sur la science et le défi de laménagement des p (2008).

8. ICES. Workshop on Atlantic Chub Mackerel (Scomber Colias) (Wkcolias). Vol. 2 (2020).

9. FAO. The State of Mediterranean and Black Sea Fisheries 2020 (2020). https://doi.org/10.4060/cb2429en

10. Santi¢, M., Jardas, I. & Pallaoro, A. Feeding habits of mediterranean horse mackerel, Trachurus mediterraneus (Carangidae), in
the central Adriatic Sea. Cybium 27, 247-253 (2003).

11. Leonori, I. et al. History of hydroacoustic surveys of small pelagic fish species in the European Mediterranean Sea. Mediterr. Mar.
Sci. 22, 751-768 (2021).

12. Scientific & (STECF), T. and E. C. for E. Methodology for the stock assessments in the Mediterranean Sea (STECF-16-14). https://stecf.
jrc.ec.europa.eu/documents/43805/1446742/STECF+16-14+-+Methods+for+ MED+stock+assessments_JRC102680.pdf (2016).
https://doi.org/10.2788/227221.

13. Simmonds, J. & MacLennan, D. N. Fisheries Acoustics: Theory and Practice. Fish and Aquatic Resources Series (2005).

14. Foote, K. G. Fish target strengths for use in echo integrator surveys. J. Acoust. Soc. Am. 82, 981-987 (1987).

15. Ona, E. Physiological factors causing natural variations in acoustic target strength of fish. J. Mar. Biol. Assoc. U. K. 70, 107-127
(1990).

16. O’Driscoll, R. L. et al. First in situ estimates of acoustic target strength of Antarctic toothfish (Dissostichus mawsoni). Fish. Res.
206, 79-84 (2018).

17. Kubilius, R. & Ona, E. Target strength and tilt-angle distribution of the lesser sandeel (Ammodytes marinus). ICES J. Mar. Sci. 69,
1099-1107 (2012).

18. Salvetat, J. et al. In situ target strength measurement of the black triggerfish Melichthys niger and the ocean triggerfish Canthidermis
sufflamen. Mar. Freshw. Res. 71, 1118-1127 (2020).

19. Henderson, M. J. & Horne, J. K. Comparison of in situ, ex situ, and backscatter model estimates of Pacific hake (Merluccius pro-
ductus) target strength. Can. J. Fish. Aquat. Sci. 64, 1781-1794 (2007).

20. Jech, J. M. et al. Comparisons among ten models of acoustic backscattering used in aquatic ecosystem research. J. Acoust. Soc. Am.
138, 3742-3764 (2015).

21. Nakken, O. & Olsen, K. Target strength measurements of fish (1977).

22. Hazen, E. L. & Horne, J. K. A method for evaluating the effects of biological factors on fish target strength. ICES J. Mar. Sci. 60,
555-562 (2003).

23. Clay, C. S. & Heist, B. G. Acoustic scattering by fish—Acoustic models and a two-parameter fit. J. Acoust. Soc. Am. 75, 1077-1083
(1984).

24. Furusawa, M. Prolate spheroidal models for predicting general trends of fish target strength. . Acoust. Soc. Jpn. 9, 13-24 (1988).

25. Clay, C. S. & Horne, J. K. Acoustic models and target strengths of the Atlantic cod (Gadus morhua). J. Acoust. Soc. Am. 92,
2350-2351 (1992).

26. Foote, K. G. & Francis, D. T. I. Comparing Kirchhoff-approximation and boundary-element models for computing gadoid target
strengths comparing Kirchhoff-approximation and boundary-element models for computing gadoid target strengths. J. Acoust.
Soc. Am. 111, 1644-1654 (2002).

27. Francis, D. T. L. & Foote, K. G. Depth-dependent target strengths of gadoids by the boundary-element method. J. Acoust. Soc. Am.
114, 3136-3146 (2003).

28. O’Driscoll, R. L., Macaulay, G. J., Gauthier, S., Pinkerton, M. & Hanchet, S. Distribution, abundance and acoustic properties of
Antarctic silverfish (Pleuragramma antarcticum) in the Ross Sea. Deep. Res. Part II Top. Stud. Oceanogr. 58, 181-195 (2011).

29. Gauthier, S. & Horne, J. K. Acoustic characteristics of forage fish species in the Gulf of Alaska and Bering Sea based on Kirchhoff-
approximation models. Can. J. Fish. Aquat. Sci. 61, 1839-1850 (2004).

30. Kubilius, R., Macaulay, G. J. & Ona, E. Remote sizing of fish-like targets using broadband acoustics. Fish. Res. 228, 105568 (2020).

31. Reeder, D. B., Jech, ]. M. & Stanton, T. K. Broadband acoustic backscatter and high-resolution morphology of fish: Measurement
and modeling. J. Acoust. Soc. Am. 116, 747-761 (2004).

32. Horne, J. K., Walline, P. D. & Jech, J. M. Comparing acoustic model predictions to in situ backscatter measurements of fish with
dual-chambered swimbladders. J. Fish Biol. 57, 1105-1121 (2000).

33. Hazen, E. L. & Horne, J. K. Comparing the modelled and measured target-strength variability of walleye pollock, Theragra chal-
cogramma. ICES J. Mar. Sci. 61, 363-377 (2004).

34. Sawada, K. Target strength measurements and modeling of walleye pollock and pacific hake. Fish. Sci. 65, 193-205 (1999).

35. Pefia, H. & Foote, K. G. Modelling the target strength of Trachurus symmetricus murphyi based on high-resolution swimbladder
morphometry using an MRI scanner. ICES J. Mar. Sci. 65, 1751-1761 (2008).

36. Stanton, T. K., Chu, D,, Jech, J. M. & Irish, J. D. New broadband methods for resonance classification and high-resolution imagery
of fish with swimbladders using a modified commercial broadband echosounder. ICES J. Mar. Sci. 67, 365-378 (2010).

37. Bassett, C., De Robertis, A. & Wilson, C. D. Broadband echosounder measurements of the frequency response of fishes and
euphausiids in the Gulf of Alaska. ICES J. Mar. Sci. 75, 1131-1142 (2018).

38. Benoit-Bird, K. J. & Waluk, C. M. Exploring the promise of broadband fisheries echosounders for species discrimination with
quantitative assessment of data processing effects. J. Acoust. Soc. Am. 147, 411-427 (2020).

39. Palermino, A., Pedersen, G., Korneliussen, R. J., De Felice, A. & Leonori, I. Application of backscattering models for target strength
measurement of Trachurus mediterraneus and Scomber colias in the Mediterranean Sea. In 45th Scandinavian Symposium on Physi-
cal Acustics. Vol. 31 (2022).

40. Korneliussen, R. ]. Acoustic target classification. ICES Cooperative Research Report No. 344 (2018). https://doi.org/10.17895/ices.
pub.4567

41. Javahery, S., Nekoubin, H. & Moradlu, A. H. Effect of anaesthesia with clove oil in fish (review). Fish Physiol. Biochem. 38,
1545-1552 (2012).

Scientific Reports|  (2023) 13:15182 | https://doi.org/10.1038/541598-023-42326-4 nature portfolio


https://doi.org/10.4060/cb2429en
https://stecf.jrc.ec.europa.eu/documents/43805/1446742/STECF+16-14+-+Methods+for+MED+stock+assessments_JRC102680.pdf
https://stecf.jrc.ec.europa.eu/documents/43805/1446742/STECF+16-14+-+Methods+for+MED+stock+assessments_JRC102680.pdf
https://doi.org/10.2788/227221
https://doi.org/10.17895/ices.pub.4567
https://doi.org/10.17895/ices.pub.4567

www.nature.com/scientificreports/

42.

43.

44,

45.

46.

47.

48.

49.

50.
51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

62.

63.

64.

65.

66.

67.

68.
69.

70.
71.

72.

73.

74.

75.

76.

77.

78.

Scoulding, B., Chu, D., Ona, E. & Fernandes, P. G. Target strengths of two abundant mesopelagic fish species. J. Acoust. Soc. Am.
137, 989-1000 (2015).

Clay, C. S. & Horne, J. K. Acoustic models and target strengths of the Atlantic cod (Gadus morhua). J. Acoust. Soc. Am. 92,
2350-2351 (1994).

Gastauer, S. KRMr: Kirchhoff Ray Mode Model for fisheries acoustics. R package version 0.3.0. Zenodo, 0.4.6. https://doi.org/10.
5281/zenodo.7795866 (2023).

Macaulay, G. J., Pefia, H., Fissler, S. M. M., Pedersen, G. & Ona, E. Accuracy of the Kirchhoff-approximation and Kirchhoff-ray-
mode fish swimbladder acoustic scattering models. PLoS ONE 8, e64055 (2013).

Membiela, F. A. & dell’Erba, M. G. A hydrodynamic analytical model of fish tilt angle: Implications regarding acoustic target
strength modelling. Ecol. Model. 387, 70-82 (2018).

Pedersen, G., Korneliussen, R. J. & Ona, E. The relative frequency response, as derived from individually separated targets on cod,
saithe and Norway pout by Material & Methods. ICES CM documents 2004/R:16 (2004).

Yasuma, H., Sawada, K., Takao, Y., Miyashita, K. & Aoki, I. Swimbladder condition and target strength of myctophid fish in the
temperate zone of the Northwest Pacific. ICES J. Mar. Sci. 67, 135-144 (2010).

Dornan, T, Fielding, S., Saunders, R. A. & Genner, M. ]. Swimbladder morphology masks Southern Ocean mesopelagic fish
biomass. Proc. R. Soc. B Biol. Sci. 286, 20190353 (2019).

Love, R. H. Dorsal-aspect target strength of an individual fish. J. Acoust. Soc. Am. 49, 816-823 (1971).

McClatchie, S., Alsop, J., Ye, Z. & Coombs, R. F. Consequence of swimbladder model choice and fish orientation to target strength
of three New Zealand fish species. ICES J. Mar. Sci. 53, 847-862 (1996).

McClatchie, S., Macaulay, G. J. & Coombs, R. F. A requiem for the use of 20 log10 Length for acoustic target strength with special
reference to deep-sea fishes. ICES J. Mar. Sci. 60, 419-428 (2003).

Fassler, S. M. M., Donnell, C. O. & Jech, J. M. Boarfish (Capros aper) target strength modelled from magnetic resonance imaging
(MRI) scans of its swimbladder. ICES J. Mar. Sci. 70, 296-303 (2013).

Gonzalez, J. D, Lavia, E. E, Blan, S., Maas, M. & Madirolas, A. Boundary element method to analyze acoustic scattering from a
coupled swimbladder-fish body configuration. J. Sound Vib. 486, 115609 (2020).

Khodabandeloo, B., Klevjer, T. A. & Pedersen, G. Mesopelagic flesh shear viscosity estimation from in situ broadband backscat-
tering measurements by a viscous—elastic. ICES J. Mar. Sci. 1-15 (2021).

Madirolas, A. et al. Acoustic target strength (TS) of argentine anchovy (Engraulis anchoita): the nighttime scattering layer. ICES
J. Mar. Sci. 74, 1408-1420 (2017).

Sobradillo, B. et al. Target strength and swimbladder morphology of Mueller’s pearlside (Maurolicus muelleri). Sci. Rep. 9, 1-14
(2019).

Palermino, A. et al. First target strength measurement of Trachurus mediterraneus and Scomber colias in the Mediterranean Sea.
Fish. Res. 240, 105973 (2021).

Horne, J. K. The influence of ontogeny, physiology, and behaviour on the target strength of walleye pollock (Theragra chalco-
gramma). ICES J. Mar. Sci. 60, 1063-1074 (2003).

Ebango Ngando, N., Song, L., Cui, H. & Xu, S. Relationship between the spatiotemporal distribution of dominant small pelagic
fishes and environmental factors in Mauritanian waters. J. Ocean Univ. China 19, 393-408 (2020).

. Pérez-Arjona, I, Godinho, L. & Espinosa, V. Influence of fish backbone model geometrical features on the numerical target strength

of swimbladdered fish. ICES J. Mar. Sci. 77, 2870-2881 (2020).

Forland, T. N., Hobaek, H., Ona, E. & Korneliussen, R. J. Simulations, Broad bandwidth acoustic backscattering from sandeel—
measurements and finite element Tonje. ICES J. Mar. Sci. 71, 1894-1903 (2014).

Fernandes, P. G., Copland, P,, Garcia, R., Nicosevici, T. & Scoulding, B. Additional evidence for fisheries acoustics: Small cameras
and angling gear provide tilt angle distributions and other relevant data for mackerel surveys. ICES J. Mar. Sci. 73, 2009-2019
(2016).

Mithger, L. M. The response of squid and fish to changes in the angular distribution of light. . Mar. Biol. Assoc. U. K. 83, 849-856
(2003).

Barange, M. & Hampton, I. Influence of trawling on in situ estimates of Cape horse mackerel (Trachurus trachurus capensis) target
strength. ICES J. Mar. Sci. 51, 121-126 (1994).

Hjellvik, V., Handegard, N. O. & Ona, E. Correcting for vessel avoidance in acoustic-abundance estimates for herring. ICES J. Mar.
Sci. 65, 1036-1045 (2008).

Yasuda, T., Nagano, N. & Kitano, H. Diel vertical migration of chub mackerel: preliminary evidence from a biologging study. Mar.
Ecol. Prog. Ser. 598, 147-151 (2018).

Lillo, S., Cordova, J. & Paillaman, A. Target-strength measurements of hake and jack mackerel. ICES J. Mar. Sci. 53, 267-271 (1996).
MEDIAS. MEDIAS HANDBOOK Common protocol for the MEDIterranean International Acoustic Survey (MEDIAS). Vol. 16 http://
www.medias-project.eu/medias/website/ (2021).

Axelsen, B. E. IN SITUTS OF CAPE HORSE MACKEREL (Trachurus capensis) (1999).

Svellingen, I. & Ona, E. A summary of target strength observations on fishes from the shelf off West Africa. J. Acoust. Soc. Am.
105, 1049-1049 (1999).

Robles, J., Cruz, R. C. L. La, Marin, C. & Aliaga, A. In situ target-strength measurement of Peruvian jack mackerel (Trachurus-
murphyi) obtained in the October-December 2011 scientific survey. In 2017 IEEE/OES Acoust. Underw. Geosci. Symp. RIO Acoust.
2017 2018-Janua, 1-4 (2017).

Gutiérrez, M. & Maclennan, D. N. Resultados preliminares de las mediciones de fuerza de blanco in situ de las principales especies
pelagicas. Crucero BIC Humboldt 9803-05 de tumbes a tacna. Inst. del Mar del Peru 135, 16-19 (1998).

Axelsen, B. E., Bauleth-D’Almeida, G. & Kanandjembo, A. In situ measurements of the aoustic target strength of Cape horse
mackerel Trachurus trachurus capensis off Namibia. Afr. J. Mar. Sci. 25, 239-251 (2003).

Korneliussen, R. J. & Ona, E. An operational system for processing and visualizing multi-frequency acoustic data. ICES J. Mar.
Sci. 59, 293-313 (2002).

Hannachi, M., Abdallah, L. B. & Marrakchi, O. Acoustic identification of small-pelagic fish species: target strength analysis and
school descriptor classification. MedSudMed Tech. Doc. 90-99 (2004).

McKelvey, D. R. & Wilson, C. D. Discriminant classification of fish and zooplankton backscattering at 38 and 120 kHz. Trans. Am.
Fish. Soc. 135, 488-499 (2006).

Korneliussen, R. J. et al. The large scale survey system—LSSS. In Proceedings of Scandinavian Symposium on Physical Acoustics.
Vol. 29, p. 6 (2006).

. Anonymous. Harmonization of the acoustic data in the Mediterraneans 2002-2006 (2012).
. Fernades et al. Species Identification Methods from Acoustic Multi-frequency Information. Sinfami, Final Report (2005).
. Santi¢, M., Rada, B. & Paladin, A. Condition and length-weight relationship of the horse mackerel (Trachurus trachurus L.) and

the Mediterranean horse mackerel (Trachurus mediterraneus L.) from the eastern Adriatic Sea. Arch. Biol. Sci. 63, 421-428 (2011).

. Khodabandeloo, B., Ona, E., Macaulay, G. ]. & Korneliussen, R. Nonlinear crosstalk in broadband multi-channel echosounders.

J. Acoust. Soc. Am. 149, 87-101 (2021).

Scientific Reports |

(2023) 13:15182 | https://doi.org/10.1038/s41598-023-42326-4 nature portfolio


https://doi.org/10.5281/zenodo.7795866
https://doi.org/10.5281/zenodo.7795866
http://www.medias-project.eu/medias/website/
http://www.medias-project.eu/medias/website/

www.nature.com/scientificreports/

83. Khodabandeloo, B., Agersted, M. D., Klevjer, T., Macaulay, G. J. & Melle, W. Estimating target strength and physical characteristics
of gas-bearing mesopelagic fish from wideband in situ echoes using a viscous-elastic scattering model. J. Acoust. Soc. Am. 149,
673-691 (2021).

Acknowledgements

The research work that led to these results was carried out in the framework of the PhD project “Innovative tech-
nologies and Sustainable use of Mediterranean Sea fishery and Biological Resources” (FishMed-PhD). The study
was largely supported by the MEDIAS research project in the framework of the EC—MIPAAF Italian National
Fisheries Data Collection Programs. The authors acknowledge the captain and crew of R/V Dallaporta and the
researchers and technical personnel involved in the scientific surveys. The authors acknowledge the veterinary
clinic Dr. Monica De Felice for the support in X-ray scans. A great thanks to the colleagues of the Institute of
Marine Research of Bergen, Norway for the valuable advices.

Author contributions

A P. wrote the main manuscript text and was involved in the acquisition, analysis and interpretation of data. A.D.
and L.L. contributed to the conception and supervision of the work. G.C., I.B,, I.C. and M.C. contributed to the
data collection and experimental design. All the authors have substantially revised the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-023-42326-4.

Correspondence and requests for materials should be addressed to I.L.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |

(2023) 13:15182 | https://doi.org/10.1038/s41598-023-42326-4 nature portfolio


https://doi.org/10.1038/s41598-023-42326-4
https://doi.org/10.1038/s41598-023-42326-4
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Application of an analytical approach to characterize the target strength of ancillary pelagic fish species
	Materials and methods
	Fish sample. 
	Swimbladder measurements. 
	Backscatter modelling and data analysis. 

	Results
	Swimbladder morphology. 
	KRM accuracy. 
	Target Strength analysis. 

	Discussion
	Conclusions
	References
	Acknowledgements


