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SUMMARY

Tuna fisheries support one of the world's most valuable markets, with over 50% of the catch
coming from drifting fish aggregating devices (DFADs). To locate and quantify tuna on DFADs,
fishermen mostly use acoustic technologies, which significantly reduce the nominal fishing
effort, especially in tropical purse seine fisheries. However, to date, discrimination between
Species using purely acoustic methods has not been refined due to a lack of information on the
acoustic response of each species at different frequencies. Three tuna species can be found
simultaneously at DFADs: skipjack or SKJ (Katsuwanus pelamis), bigeye or BET (Thunnus obesus),
and yellowfin or YFT (Thunnus albacares), of which only the acoustic frequency responses of SKJ
and BET have been published. In this study, we present the frequency response obtained from
ex situ measurements of YFT recorded at 38, 70, 120 and 200 kHz. Records based on two data
sets were used to describe the relationship between acoustic signal or target strength (TS; dB re
1m2) and fish length across frequencies. The results described a flat response across
frequencies, with b20 (standard deviation) values of -71.5 (11), -72.3 (11), -71.6 (10), and -72.3
(11) dB at 38, 70, 120, and 200 kHz, respectively. These results, combined with previously
published increasing (SKJ) and decreasing (BET) responses, were used to develop a
discrimination algorithm for these 3 species. The algorithm was tested using acoustic data and
catches from commercial campaigns aboard a tuna vessel.



INTRODUCTION

More than half of the purse seine landings targeting tropical tunas come from fishing with Fish
Aggregating Devices (DFADs). These have sophisticated acoustic sensors on board (vertical and
side-looking echosounders, as well as long-range multibeam sonar) in addition to satellite
buoys equipped with low-cost acoustic echosounders, to allow fishermen to decide on which
FAD to visit. The use of acoustic devices before setting the nets improves the selectivity of the
catch (Lopez et al., 2014; Moreno et al., 2016). However, few studies have been published on
the acoustic characteristics of the species present at FADs (Bertrand, 1999; Lu et al., 2011;
Boyra et al., 2018, 2019), and most of the recorded data are currently underutilized,
hampering their potential to provide information on the location, composition and abundance
of species from a distance. There are mainly three tropical tuna species that can be aggregated
simultaneously in FADs (Fonteneau et al., 2013): skipjack or SKJ (Katsuwanus pelamis), bigeye
or BET (Thunnus obesus), and yellowfin or YFT (Thunnus albacares). Since 2014, AZTI, in
collaboration with ISSF, has been conducting a series of studies to improve the discrimination
between species and the determination of average size of tuna using both echosounder data
and sonar from the tuna vessels themselves. The first step in developing acoustic methods for
species discrimination is to determine the sound scattering properties of each species
separately, which are mainly defined by the backscattering cross-section (obs; m?) and its
logarithmic form, the target strength (TS; dB re 1 m?] (MacLennan et al., 2002). So far, during
the four surveys conducted (three in the Atlantic and one in the Pacific), it has been possible to
determine the acoustic characteristics of two of the three main species fished in the DFADs:
skipjack (Boyra et al., 2018) and bigeye tuna (Boyra et al., 2019), and to take the first steps
towards the acoustic discrimination of tropical tunas (Moreno et al., 2019). The main
objective of the present work is to determine the acoustic properties, mainly the TS(f) and
TS(L) relationships, of small-sized yellowfin tunas in captivity and combine them with the
previously published results of SKJ and BET to develop an acoustic discrimination algorithm for
tropical tunas (Moreno et al., 2019).

MATERIALS AND METHODS

The experiments were conducted at the IATTC Achotines Laboratory, located in Achotines Bay,
Panama (Figure 1). The first measurements were made in July 2016 (days 27, 28 and 29), and
the final measurements were between May 24 and June 22 of year 2022. The experiments
were conducted in an offshore cage with a diameter of 25 meters and a depth of just under 20
meters. The experiments consisted of capturing yellowfin tuna, transporting them alive to the
cage and then recording measurements with scientific acoustic equipment to study the
acoustic



characteristics of this species. Once the acoustic measurements were completed, the cage was
dismantled and all specimens were removed for biological sampling (length, width, height and
weight of each fish) and X-rays to study the swimbladder morphology (Figure 2, Table 1).

Acoustic sampling. A Simrad EK60 scientific echosounder with three split-beam transducers at
38, 120 and 200 kHz was used in 2016, and an EK80 with four split-beam transducers (38, 70,
120 and 200 kHz) was used for the 2022 measurements. All transducers had a 7-degree opening
beam and were vertically oriented downwards with an emitted pulse duration of 0.512 msin CW
mode. The maximum nearfield effect was determined as the sum of the emitted and
backscattered fields, from the transducer and the fish body, respectively. With this in mind, and
being rather conservative, the minimum depth at which data were considered reliable in this
study was set at 10 m.

The transducers were mounted on a steel plate, with a flotation system and a weight to keep it
stable below the surface line. The electronics were installed on a vessel with a battery system for
power supply and awnings to protect the computers from sunlight and rain. Calibration was
performed prior to data collection, using a 38.1 mm tungsten sphere at a depth of 24.5 m with
the settings specified in Table 2 and following the standard target method (Demer et al., 2015).

Data analysis. Acoustic recordings for TS estimation and TS-length relationship were made on
live tuna in both the 2016 and 2022 sets (Table 1, Figure 3). The study of the acoustic
characteristics of live yellowfin tuna was conducted using target strength analysis (Simmonds
and MacLennan, 2005), which consists of obtaining the echo of isolated yellowfin tuna targets
in the 10-25 m depth range. The echosounder data were processed using commercial (Echoview;
Hobart, Tasmania) and an open-source software (R, R Core Team, 2014). A single target
detection algorithm (MacLennan and Menz, 1996; Soule et al., 1996; Demer et al., 1999) was
used to discard unwanted echoes. The threshold for data analysis was set to -50 dB and other
parameters were left as their default values (see Table 3). In addition, a target tracking analysis
(Blackman, 1986) (see Table 3) was used to assign individual target detections to individual
tracks and to obtain the fish orientation by comparing the displacements along the horizontal
and vertical axes of the first and last echoes of each track.

The relationship between TS and fork length was modeled as a linear regression of the type:
TS =alogo(L) + b, (Eq. 1)

where the slope (a) was assumed to be 20 due to the small number of length samples available,
insufficient to generate an experimental slope. The b20 (Simmonds and MacLennan, 2005) of
yellowfin tuna was estimated for each frequency using the averaged length measurements.
However, the central TS value per frequency was obtained as the mode of the TS histogram,
after smoothing to a Gaussian density curve. This was done first to remove the effect of possible
noise in the distribution, but also to remove the effect of the minimum threshold on the final
central value. The mode of the distribution was then retained and used to obtain the TS(L)
relationship.

Frequency response-based discrimination algorithm. To develop a discrimination algorithm for
the three major tropical tuna species, two elements were used: (1) the individual frequency
response patterns of the three species and (2) an optimization process to determine the
interspecific classification limits of the algorithm. The frequency response patterns of each



individual species were obtained from the literature in the case of SKJ and BET (Boyra et al.,
2018, 2019; Moreno et al., 2019) and from the present study for YFT, and were defined in terms
of differences in mean volume backscattering strength (AMVBS) between frequency pairs (Eq.
2). These individual responses were used to define generic classification rules dependent on
undefined thresholds (to be defined in the optimization process):

{MVBS38 — MVBS,q, < A
MVBSsg — MVBS;,, < B

([ skj, if

Species = <« BET, if {MVBS38 — MVBS,, > D (EQ. 2)
A < MVBSgg - MVBSZOO < C
MVBS35 — MVBS 50 <D

YFT, if {

To obtain the thresholds that optimized the algorithm performance, each condition was tested
against multiple values to retain the thresholds that minimized the root mean square error
(RMSE) between the predicted and observed species proportions. Once the optimal thresholds
were defined, the RMSE metric was used to estimate the mask classification performance, both
overall and by species.

RESULTS AND DISCUSSION

Biological sampling. A total of 6 specimens were used in the experiments (Table 1). Mean fork
lengths of sets 1 and 2 were 52.7 cm and 51.4 cm, respectively. The swimbladder was elongated,
from 2 to 3 times longer than it was wide and occupied approximately 21% (+ 2.5) of the body
length. It was tilted 25 * 5 degrees from the horizontal axis of the body (Figure 2).

TS distributions. The modes of the TS distributions observed from the measurements of live
tuna in the cage were 2 to 4 dB higher in 2016 than in 2022. Set 1 had a central mode value of -
36 dB at all frequencies and Set 2 had values of -38, -40, -40 and -34 dB at 38, 70, 120 and 200
kHz, respectively (Figure 4).

TS versus depth. As recommended in previous studies the combined nearfields of the transducer
and the swimbladder were considered when calculating the nearfield area in a cage (Rodriguez-
Sanchez et al., 2016; Puig-Pons et al., 2022). The nearfied from the swimbladder covered
distances from 0.8 m to 3.9 m at 38 and 200 kHz, respectively. Conversely, the nearfield from the
transducer decreased with frequency, from 4.55 m at 38 kHz to 1.33 m at 200 kHz. The combined
nearfields from the transducer and the fish were used to define a rather conservative depth
threshold of 10 m. To test the variability of the data against depth, the distribution of TS values
from both sets was compared at two depth layers: from the 10 to 15 m and from 15 to 20 m. The
distributions across layers were not statistically different (p-value > 0.05), but the median values
were about 5 dB lower at 15-20 m depth than at 10-15 m depth (Figure 5). Physoclist species
such as yellowfin tuna are capable of compensating for gas volume changes with depth (Blaxter
and Batty, 1990), but as noted previously (Bertrand, 1999), volume changes resulting from rapid
descent may not be compensated for immediately, but with some “lag”, which would be
consistent with the decrease observed in this study.



TS versus tilt angle. A total of 2000 tracks were used to extract the fish orientation in each track
for the analysis of TS versus the apparent tilt angle of the fish. The distribution of angles fit a
Loess smoothing, with maximum (smoothed) TS values of -37.5 £ 0.5 dB between -15 and -30
degrees (Figure 6), and the lowest of -43 + 0.5 dB between 25 and 40 degrees. About 90% of the
tracks were detected at 0 + 15 degrees and only 5 tracks were tilted more than 75 degrees, either
up or down. The contribution of the fish orientation to the variability of the TS values is a well-
known issue (Dahl and Mathisen, 1983) that is mainly related to fish behaviour (McQuinn and
Winger, 2003). Both analyses were consistent with previous studies (Bertrand, 1999; Lu et al.,
2011; Puig-Pons et al., 2022) in that the highest backscatter was observed when tuna were
descending with the swimbladder cross-section oriented perpendicular to the transducer beam
(Figure 6).

TS versus fish length. The smoothed Gaussian distributions gave central mode TS values at -40.7,
-41.7,-39.4 and 38 dB at 38, 70, 120 and 200 kHz, respectively (Figure 7). These values were used
to fit the TS(L) model for each frequency, using the mean fork length of tuna at each set, yielding
b2 values of -71.5(11), -72.3(11), -71.6(10) and -72.3(11) dB (Figure 8). It is generally assumed
that TS depends on fish size according to a specific relationship (EQ. 1), with parameters defined
as a function of the growth rate of the resonant organs relative to the growth rate of the fish.
When data are scarce, such as length in the present study, it has been widely assumed that the
acoustic cross section is proportional to the horizontal section of the swimbladder, which is also
proportional to the square of the fish length (Simmonds and MacLennan, 2005). This relationship
implies that the a parameter in Eq. 1 is 20, and the b parameter is then defined as by This
assumption also allows the acoustic signal of the three tuna species of interest to be compared
using the same parameters.

Frequency response of three tropical tuna. These results were combined with the previously
published frequency response of BET and SKJ (Moreno et al., 2019) (Figure 9), which showed
that BET presented the highest by values of the three species at 38 and 120 kHz (-65.3 £ 8 and -
65.6 + 7 dB), with a decrease of almost 7 dB at 200 kHz. Conversely, the frequency response
described by SKJ was low at 38 kHz (-76 dB) and increased by almost 6 dB at high frequencies.
YFT described a flat frequency response, with variations of less than 1 dB across frequencies. In
general, the BET response decreased with frequency, the SKJ response increased and the YFT
response remained relatively flat across frequencies. The increasing or flat response is typical for
swimbladdered fish (Fernandes et al., 2006) as well as of other large physoclists (Pedersen et al.,
2004). On the other hand, SKJ does not have a swimbladder, which explains the increasing
response pattern with frequency, as is the case in other non-swimbladdered species (Mosteiro
et al., 2004; Fernandes et al., 2006; Korneliussen, 2010; Forland et al., 2014).

Discrimination algorithm. Four different thresholds were obtained for each combination of
frequencies used to resolve each of the three species. Thresholds A and B were used to
discriminate SKJ, where a bin was assigned to SKJ if the echointegrated energy was 1.6 dB higher
at 200 kHz than at 38 kHz, and 0.16 dB higher at 120 kHz than at 38 kHz. Thresholds C and D
were used for BET classification, where bins with values 0.16 dB higher at 38 kHz than at 200 kHz
and 0.016 dB higher at 120 kHz than at 200 kHz were assigned to BET. Finally, bins were assigned
to YFT if the difference between 38 and 200 kHz was between -1.6 and 0.16, or between 120 and
200 was less than 0.016.



The result of the mask provided a deviation from the observed proportions of less than 10%,
with the most accurately classified species being YFT. BET tended to be overestimated, while SKJ
tended to be slightly underestimated (Figure 10). The result of the mask per fishing operation
provided RMSE values ranging from 1% to 47% (Figure 11), with hauls 24, 26 and 27 of 2014
being the ones with the lowest error (less than 5%), and haul 4 of the same year providing the
worst classification results, with the maximum error. Regarding the overall performance of the
mask, the RMSE was 18.3%. The RMSE for BET and SKJ was close to 25%, while for YFT it was
close to 11% (Figure 12). These results are consistent with the first steps presented in Moreno et
al. (2019), where echo integrated Sv values were used to describe the frequency response. As
stated in the same study, some uncertainty will always remain as part of the stochasticity
inherent in the target strength (Simmonds and MacLennan, 2005), but the monospecific acoustic
records of yellowfin tuna collected in this study contributed significantly to reducing the
uncertainty by increasing the acoustic dataset, as recommended therein. In addition, the
availability of split-beam echosounders for TS estimation, as well as the reduced (or nonexistent)
risk of detecting unresolved multiple targets (Soule et al., 1996; Ona, E. and Barange, M., 1999),
has greatly increased the potential of the knowledge gained, not only for species discrimination,
but also for estimating the abundance of species present in the DFADs.
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FIGURE 1. Location of the offshore cage outside Achotines Bay.

FIGURE 2. Example radiograph of one of the tuna in the cage, showing the morphology of the
swim bladder in lateral (a) and ventral (b) views.
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FIGURE 7. TS distribution with density curves obtained from single targets of live tuna sets (1a
and 1b), filtered at -50 dB at the four operational frequencies (kHz).
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FIGURE 8. Frequency response of the mode of by values obtained from yellowfin tuna single
target detections at the four frequencies of study.
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FIGURE 9. Frequency response of the by values from BET, YFT and SKJ. Error bars illustrate the
standard deviation.
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FIGURE 10. Residuals of the discrimination algorithm per species.

Fishing operations
FIGURE 11. Error (RMSE) of the mask performance by fishing operations.
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FIGURE 12. Error (RMSE) of the mask performance calculated by species and overall error.

TABLE 1.Biological measurements from fish body (TL: total length, FL: fork length, width, height
and weight), and swimbladder. Z is the depth at which the diameter of the acoustic beam cross-
section equals the fish or swimbladder length. Specimen marked with (*) is dead and used for

controlled range experiment.
Fish Swimbladder

Year Set| TL FL Z Width Height Weight |Length Z Width Area

cm  cm m cm cm kg cm m cm cm?
2016 1 | 57 519 47 9.5 13 2.9 114 09 31 280
2016 1 | 708 644 58 11 15 3.9 122 10 41 388
2016 1 | 452 411 37 7.5 10.5 1.52 93 08 27 198
2016 1 | 59 537 48 10 135 3.16 125 10 38 376
2022 2 | 58 544 47 9.3 134 5.8 130 11 32 327
2022 2 | 562 514 46 8.5 13.2 5.25 107 09 34 286
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TABLE 2. Calibrated echosounder settings used for measurements.

Year Units 2016 2022
Frequency kHz 38 120 200 38 70 120 200
Pulse duration US 512 512 512 512 512 512 512
Power W 2000 250 150 2000 750 250 150
Gain dB 26.62 27 26.2 | 26.76 27 258 255
Sa correction dB -1.19 -0.41 -0.39 | -0.59 -0.26 -0.11  -0.22
- - -40.56 -39.83 394
Sphere TS dB -39.83  -39.45
42.04 42.04 5
Table 3. Parameters used in the single target detection (SED) and tracking algorithms.
SED algorithm Tracking algorithm

Pulse length Min. number of single

L dB 6 : 3
determination level targets in a track
Min/max normalized 0.7/15 Max number of pings in pings 3
pulse length a track
Maximum peam 4B 15 MaX|mum gap between pings 5
compensation single targets
Maximum standard Exclusion distance

degrees 0.6 (major axis/minor m 4/4/0.1

deviation of axis angles

axis/range)
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