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Abstract

Underwater sounds generated Blgunnus albacaresnd Thunnus thynnusvere recorded and studied to explore the
possibility of passive-acoustical detection. Possible tuna sounds were recorded at the Monterey Bay Aquarium, Monterey,
California, and Maricultura del Norte in Ensensada, Baja California, Mexico. At both locations, the most prevalent sounds
seemingly associated with tuna were low-frequency pulses varying from 20 to 130 Hz, lasting about 0.1 s, and usually single
and apparently unanswered. A behavior similar to coughing was coincident with these sounds: the animal’s mouth opened wide
with its jaw bones extended and its abdomen expanded, then contracted abruptly. On one occasion in Mexico, this behavior and
associated signal were simultaneously recorded. Because these measurements were made in noisy environments, this stud
should be repeated under more controlled conditions before tuna vocalizations can be claimed with certainty. Nevertheless,
the center frequencies of these sounds appear to vary with respect to the resonant frequencies of the tuna’s swim bladder,
suggesting a passive-acoustical proxy for measuring the size of tuna. Matched filter and phase-difference techniques were
explored as means for automating the detection and bearing-estimation processes.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction role in schooling behavior. Underwater sounds gener-

ated by struggling and feeding fish are typically at fre-

Several species of fish internally generate sounds quencies between 20 and 40 Hz, while vocalizations

for the purposes of attracting a mate, communica- are likely to be higher, in the range of 100-500 Hz
tion, and navigation Nlyrberg, 198). Additionally, with source levels (SLs) between 10 and 20 dB above
sounds from some communicative fish are not inter- ambient Myrberg and Gordon (197%)Sounds gen-
nally generated. For examplslyrberg and Gordon,  erated by fish differ from the sounds of other an-
1976 noted that predatory fish are attracted to the imals in that they rarely incorporate any frequency
swimming sounds of struggling fish and schools of modulation, their sounds are limited to pulsed tones,
feeding fish. He also proposed that vibrations play a and stridulatory sounds, with few exceptio&ljck

et al.,, 1999. There are, to our knowledge no pub-
"+ Corresponding author. Iis'hed'data regarding the capabil'ity of sound gener-
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Most bony fishes (teleosts) have a gas-filled com- 2. Methods
pressible cavity or swim bladder used to maintain
neutral buoyancy. In some fish, the swim bladder may  Data were collected at the outer bay exhibit of the
also be used for sound reception and generagamg, Monterey Bay Aquarium (MBA) on 26 and 27 Au-
1981; Chapman, 19F6Musculature surrounding the  gust, 2000, and at offshore aquaculture farm, Maricul-
swim bladder may be used to cause rapid and repeatedura del Norte in Ensenada, Baja California, Mexico
compressions of the bladder volume, resulting in a (MNE), on 18-19 November and on 10 and 17 Decem-
low-frequency pulse of sound. Stridulatory sounds ber 2000. The apparatus used for data acquisition and
may be generated by drumming or raking actions with processing differed slightly for the two experiments
bones near or touching the swim bladdéay and (Figs. 1 and 2 The digital time-series from both sites
Popper, 1999 Additionally, in the speciedBathy- were analyzed using matched-filtering, phase detec-
gobuis soporatar low amplitude sounds are made tion, intensity and Fourier analyses techniques.
by forced ejection of water through the qill rakers

(Marshall, 1977. 2.1. Monterey Bay Aquarium
To explore the feasibility of passive-acoustical de-
tection and characterization of bluefifhunnus thyn- The Outer Bay exhibit of the MBA is oval shaped

nug and yellowfin tuna Thunnus albacargsin the and approximately 11 m deep, 30m long and 13m
ocean, underwater sounds associated with encagedvide. Tuna in the exhibit included bluefin (13) and
tuna were studied. It was hoped that contemporary yellowfin (48) as well as a skipjack (1Ygble 1. Al-
hydrophones, low-noise amplification and filtering, most all of the tuna present were adult, fork lengths
high dynamic-range analog-to-digital converting and ranging from 50 to 100 cm.

digital signal processing would yield some advantage Recording equipment included a preamplified
over technologies previously used to study sounds low-noise hydrophone (Wilcoxon H505L), pow-
from these animals. ered 24 VDC by a regulated supply (HP 3631A), a
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Fig. 1. Apparatus for recording tuna in the Outer Bay exhibit of the Monterey Bay Aquarium.
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Fig. 2. Apparatus for audio and visual recordings of bluefin tuna at the Maricultura del Norte, Baja California.

low-noise amplifierfilter (Krohn/Hite 3988 Filter; on a computer was unavailable. Therefore, the DAT
K-H), and a digital audio tape (DAT) recorder (Pana- records were amplified 30dB and low-pass filtered
sonic SV-3700). The hydrophone was suspended fromvia the K-H (f; = 600 Hz), monitored with head-
a catwalk near the center of the tank and at a depth of phones, and digitized (5kHz) with a digital storage
7 m. Underwater acoustical signals were thus sensed,oscilloscope (Hewlett Packard 54602B; DSO).
low-pass filtered (. = 22kHz), and sampled at

44 kHz. Hardware to direCtly acquire the DAT Signals 2.2. Maricultura del Norte in Ensenada

The MNE is in open water, on the south side of

Table 1 . .

Species and quantities of animals present in the Outer Bay Tank _Punta Banda (a narrow, 8 mile '0”9 peninsula form-

at Monterey Bay Aquarium on August 26 and 27, 2000 ing the southern boundary of Bahia Todos Santos).
, , Acoustical recordings were made on three occasions

Species Quantity

inside one of the farm’s 12 floating cages (Northern
Yellowfin tuna (Thunnus albacargs 48 Plastics) containing bluefin tuna of fork lengths ap-

ggﬁg‘ g‘;%érz:?d”“s thynngs ;g proximately 80cm. To locate the sound generating

Barracjdax;phyraea;ida)e 36 animal, directional information was garnered using

Skipjack tuna Katsuwonus pelam)s 1 two hydrophones (HTI-94-SSQ) and phase-difference
Soupfin shark Galeorhinus galeys 4 technigues. The hydrophones were powered by a 9V
Pilot fish (Naucrates ductor 16 battery, deployed at 8 m depth with 3.35 m horizontal

Sea turtles ermochelydae 2 separation, and signals were high-pass filtergd=¢

Bat rays Myliobatis californicug 2 )

10Hz). The data were recorded on DAT (Panasonic
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SV-3700) that was powered by an inverter (Portawatts tuna sound), and\ is a constant of proportionality. A
600) and a 12V gel-cell batter¥ig. 2). Additionally, matched filter was thus applied to detect tuna sounds
a digital video recorder (Sony DCR-TRV900 encased in each 1s segment of the records. Correlation coef-
in an underwater housing, Light and Motion Indus- ficients ¢0.65) indicated a likely tuna sound to be

tries Stingray) was deployed at 2 m depth and roughly investigated further.

centered between the two hydrophones. During eval-
uation, the DAT tapes were played back through the 2.4. Bearing estimation
K—H (LP f; = 300 Hz), monitored with headphones,

and digitized at 1kHz with a data acquisition card The azimuth angle of a sound source with respect

to the perpendicular bisector of two hydrophonés (

(I0Tech DAQ/216B).
was determined from the phase differengg) (of the
2.3. Matched-filter detection signals received by the two hydrophonEgy 3). After
low-pass filtering the signalsf§ = 100 Hz), the time

The matched-filter, described byledwin and  delay (Atz) between corresponding zero-crossings of
the two tuna sound-waveforms was used to estimate

Clay (1998) performs a cross-correlation in the :
time-domain of a reference signal and a signal em- ¢e at the dominant frequency){

b_edded in noise. '_I'he mat_ched-fllte_r will produce a b = 27fAL, )
high cross-correlation coefficient at timg (hen
For each suspected tuna sound, the azimuth angles

hm(6) = AX(=1) @ were estimated followingpemer et al. (1999)

wherex(—t) is the time-reverse recorded time-series [ ¢ec
x(t), hw (t) the reference signal (in this case, a selected ¢ = @SIn (_and> 3)

Sound Source

Hydrophone 2
A\ 4

Hydrophone 1 ,,"' l_

Fig. 3. Derivation of azimuth from phase difference. Azimuth is the angle of the source with respect to a normal bisector of two hydrophones

and is described b¥gs. (2) and (3)
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using estimates of sound speed £ 15123 m/s) (20130 Hz; mean= 64.1Hz; SD. = 384 Hz). The
(Mackenzie, 198l and the distance between hy- estimated SLs were between 110.9 and 128.9dB re

drophonesd = 3.35m). luPa at 1m. Most sounds were single and unan-
swered Fig. 4), but double pulses and a quadruple
2.5. SLs and power spectrum pulse train were also recorded. In addition to the

low-frequency pulses, there were also a few high fre-
SLs were also estimated for each sound thought quency (jaw snap sounds). The source of the jaw snap
to be associated with tuna. Followirignsler et al. sounds is unknown at this time.
(2000) and using estimates of the root mean square
voltages ¥ims) of the signals incident upon the hy- 3.2. Maricultura del Norte in Ensenada
drophones, the transducer sensitivities at MNEj(RS

—1700 and RS = —1699dB re 1Vj.Pa), ampli- During three visits to the site, 47 sounds thought
fier gain G = 40dB) and transmission loss (T& to be associated with tuna were recorded that were
20log(r)): similar to those from MBA Fig. 5. The mean center
SL = 20109(Vime) — My — G +TL ) frequency was 62.4Hz (B. = 6.2Hz). The smaller

standard deviation in center frequency was consistent
wherex corresponds to transducer 1 or 2, and 5m with more uniform fish sizes in the aquaculture pen
is the estimated range between the tuna and the hy-relative to the aquarium. The SLs were estimated to
drophone. At MBA, the sensitivity of the Wilcoxon be between 103.4 and 126.9dB rp.Ra at 1 m.
hydrophone was-178dB re 1V[1Pa, the total am- Less than 1h after a feeding, a bluefin tuna was
plifier gain was 70 dB (30 dB during recording and an simultaneously recorded on video and audio tape
additional 40dB at playback), and the estimated dis- (Fig. 6). The cough-like behavior produced a low
tance to the sources was approximately 5m. At this amplitude sound centered at 58.6 Hz with a phase
distance, the absorption losses are negligible. difference indicating an angle of approximately°40
Noise adjusted power spectral densities (PSDs) from a normal to the hydrophone pair. This azimuth
were also calculated for each sound thought to be is reasonable with respect to the visual image. The
associated with tuna. The PSDs were obtained using estimated SL was between 110.8 and 117 dB y®4a
a 2048-point discrete Fourier transform (DFT), with at 1 m. In every instance where the sounds were ob-
Hanning-window and no overlap, to the region of served, there was no obvious impetus for the sound
interest in the filtered data set. and no discernable reaction to the sound from nearby
animals. Due to the large variability in the intensities
and spectra of the tuna sounds, the matched-filter did

3. Results not provide binary indications of tuna sounds. That is,
. the maximum correlation coefficients only provided
3.1. Monterey Bay Aquarium a relative indication of occurrence. However, from an

arbitrary threshold (0.65) on the time-series of the
There were a variety of sounds present in the outer maximum correlation coefficient&ig. 7), the sounds

bay tank and associations with animal behaviors were thought to be from tuna were generally distributed
therefore sought. Of the animals present in the tank, randomly in time, suggesting that the tuna were not
only rays (myliobati§ are known to generate sound answering each other’s sounds.
(Myrberg, 198). Coughing or yawning behaviors
were visually observed in both yellowfin and bluefin
tuna. Their mouths would open wide and the area 4. Discussion
about the operculum and abdomen would contract
slightly and convulsively. Five such incidents were  These passive-acoustical observations of tuna
observed from the observation deck shortly after 0800 suggest that a coughing or yawning behavior
PST on 26 August. Apparently associated underwa- causes muscular contraction about the swim blad-
ter sounds were short-Q.1s), low-frequency pulses der and an associated short-duration sound pulse of
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Fig. 4. Acoustical signal thought to originate from yellowfin tuna in the Monterey Bay Aquarium on 27 August 2000 (a), and its PSD
(solid line) compared to that of the background noise (broken line) (b). In this example, the central frequency was 44 Hz, with an estimated
SL of 114.5dB re JuPa at 1 m.
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Fig. 5. Bluefin sounds recorded at Maricultura del Norte, 18 November 2000 using two hydrophones (a) and their PSD (solid line) compared

to that of the background noise (broken line) (b). Signals were low-pass filtered (Butterworth, orfdee 400 Hz). The estimated SL is
110.8dB re JuPa at 1 m.
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Fig. 6. A bluefin tuna at Maricultura del Norte Ensenada exhibiting the cough-like behavior thought to coincide with sound generation.
The animal’s mouth opened wide with its jaw bones extended and its abdomen expanded, then contracted abruptly.

narrow-bandwidth and low-frequency and intensity. recorded on audio and video tape at MNE occurred
It is unknown whether the tuna sounds are generatedless than 1h after feeding, but the observations at
as a by-product of some biological function such MBA occurred throughout the day with no detectable
as clearing of the gills, or an intentional form of correlation with feeding. In general, the swim blad-
communication. The sound and associated behaviorder in tuna species is reported to be underdeveloped
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Matched Filter Results
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Fig. 7. Maximum cross-correlation coefficients for 1s segments of a 90 min recording session of bluefin tuna at the Maricultura del
Norte, Baja California. Time-series segments were cross-correlated to a reference record thought to be indicative of bluefin tuna sounds.
Shown are maximum correlation coefficients where both channels had values above 0.65. The average rate of sounds with high correlation
coefficients is~13h1.

seawater fo = 1026 kg/nt) at a depth of 8m#p =
80.44 kPa), and using the ratio of heat capacity for an

in animals under 40cm in fork length. The swim
bladder grows slowly in animals over 40cm then
grows proportionally in those animals larger than ideal diatomic gasy¥ = 1.4), fy = 70.8 Hz (Fig. 9.
70cm (Magnuson, 19783 If the recorded sounds are This is close to the observed center frequencies of the
indeed generated by swim bladder resonance, thensounds thought to be from tuna. Also recall that the
the size of the swim bladder determines the center standard deviation of the center frequencies at MNE
frequency of the sound pulse. Extrapolating relation- was quite low (. = 6.14 Hz). In contrast, at MBA,
ships fromMagnuson (1973the swim bladder radius  the tuna lengths varied from 50 to 100cm and cor-
(a, cm) is assumed to be related to the fork length respondingly the standard deviation of the measured
(L, cm) by center frequencies was much higher{S= 38 Hz).
Clay and Horne (1994)etermined that the gas bub-

a=0051L ble model is not sufficient to model sound scattering

Approximating the swim bladder by a gas-filled bub- from fish with a swim bladder. They proposed another

ble having the same radius, the associated resonanfn0del that idealizes a swim bladder as a gas bub-
frequency {;) can be estimated by ble contained in thick rubber that has a strong damp-

ening effect on the resonance. Consequently, sounds
generated by a resonating swim bladder encased in
large amount of flesh would have relatively small am-
plitudes. Judging fromMagnuson (1973)the swim
bladder constitutes only about 5% of an adult tuna’s
body volume. Correspondingly, the amplitudes of tuna
sounds recorded in this study (S&417.5dB re JnPa

at 1 m) are low compared to smaller fish with demon-

®)

1
" 27a

3yP
£0

Jr (6)
wherey is the ratio of heat capacit, the hydrostatic
pressure, angdp the density of seawateK{nsler et al.,
2000.

At MNE, the bluefin tuna were quite uniform in size

with an average fork length estimated to be 80cm.
FromEqg. (5) the corresponding average swim bladder
radius is estimated to be 6.8 cm. Applyikg. (6)for

strated vocalization capabilitieMgrberg, 198), and
higher swim bladder to flesh volume ratios (e.g. toad-
fish, catfish, and Pacific yellowtail).
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Fig. 8. Resonance frequencies for tuna having fork lengths ranging from 0.2 to M&agmuson (1973yerived a model for estimating
spherical swim bladder radii from the fork lengths of yellowfin tuia).((5). The resonance frequencies of gas bubbles of the same radii
are described byeg. (6) from Kinsler et al. (2000) If tuna sounds are the result of muscular action about the swim bladder, the resonant
frequency of the swim bladder should determine the frequency of the sound pulses.

5. Conclusion sonar equation:

This study suggests that adult bluefin and yellowfin 20logr) SL—NL — DT ™
tuna are capable of generating sounds. The acous-For a SL= 1175dB re 1uPa at 1 m, a noise level
tical signals recorded in the presence of these tuna(NL) of 35dB (sea state Kinsler et al., 200)) and
are short £0.15s), narrow-bandwidth pulses of low detection threshold (DT) of 3dB,= 9.4 m.
frequency (20—130Hz) and amplitudeX17.5dB re
1wPa at 1 m), possibly caused by contraction of mus-
cles about the swim bladder. Because these soundsAcknowledgements
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