Acoustic backscattering by Hawaiian lutjanid snappers.
II. Broadband temporal and spectral structure
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The characteristics of acoustic echoes from six species of deep-dwelfing 400 m Hawaiian

Lujanid snappers were determined by backscatter measurements at the surface. A broadband linear
frequency-modulated signal and a short dolphinlike sonar signal were used as the incident signals.
The fish were anesthetized and attached to a monofilament net that was attached to a rotor so echoes
could be collected along the roll, tilt, and lateral axes of each fish. The temporal highlight structure
of broadband echoes was determined by calculating the envelope of the cross-correlation function
between the incident signal and the echoes. The echo waveforms were complex with many
highlights and varied with the orientation of the fish. In the tilt plane, the strongest echoes occurred
when the incident signal was perpendicular to the long axis of the swimbladder. The number of
highlights was the fewest at this orientation. The number of echo highlights and the length of echoes
increased as the fish was tilted from this orientation. The highlight structure of the echoes resulted
in the transfer function being rippled, with local maxima and minima that changed with fish size and
species. The echo structures in both the time and frequency domains were generally consistent
within species and were easily distinguishable between specie008 Acoustical Society of
America. [DOI: 10.1121/1.1614257

PACS numbers: 43.30.$¥VMC] Pages: 2767-2774

I. INTRODUCTION orientation of the targgfAu and Snyder, 1980; Urick, 1983
Using a sonar with a broadband signal that has a good fre-
Information on the behavior, movement patterns, habitatjuency and temporal resolution, the backscatter characteris-
utilization, and abundance of deepwater lutjanid snappers itics of different species may be resolvable.
Hawaii, an important and threatened fishery, is extremely In order to identify fish in the wild, however, informa-
limited (Haight et al, 1993. Various acoustic techniques tion is needed on the characteristics of the population of
have the potential to provide important information to fill interest and the relationship of these characteristics to the
these gapgMacLennan, 1990; MacLennan and Holliday, acoustic properties of the target populations. A mathematical
1996; MacLennan and Simmonds, 1992; Simmonds and Maer theoretical solution to this problem, particularly for com-
cLennan, 1996 However, the difficulties identifying and es- plicated, acoustically understudied targets such as fish, is not
timating the abundance of species with acoustics limits theurrently available. The objectives of Part Il of this work
utilization of these techniques. were to (1) determine if species-specific differences in the
In order to identify species using acoustics, more infor-broadband characteristics of closely related Hawaiian lut-
mation is required than can be obtained from a single frejanid snappers exist2) quantify these differences; an@)
guency. Multiple-frequency techniques have been suggestatbtermine how these differences are affected by fish size.
as an effective way to estimate the size distributions and totalhree specific species of lutjanid snappers are of prime in-
abundance of many classes of organisms in the otm@ma terest, the onaga or long-talied red snapfetelis corus-
review in Greenlaw and Johnson, 198Bhese methods have cang, the ehu or red snapp¢Etelis carbuncuhys and the
primarily been limited to discrete frequencies that must beopakapaka or pink snappéPristipomoides filamentosus
carefully selected with knowledge of the scattering characThese three species are the most critical to the lutjanid fish-
teristics of potential targets. ery (Western Pacific Regional Fisheries Management Coun-
Broadband acoustic signals, those that contain a continwsil, 1999 and are the most depleted in the main Hawaiian
ous, wide range of frequencies rather than a few, discrettslands.
frequencies, have the potential to provide significant infor-
mation about target®Barr, 2001; Burdic, 1968 Species may |l. METHODS
reflect a broadband acoustic signal differently and these echo A .qustic data were collected as in Part | of this work

differem_:es may be obvious in the time_ or frequency domain?Benoit-Bird et al, 2003a. Lutjanid snappers caught off the
(Zakhariaet al, 1998. For example, differences may result o515 of the Hawaiian Islands were allowed to acclimate to
in target strengths at specific frequencies; the number, poskmpient conditions for at least eight days before their back-
tion, and amplitude of echo highlights or spectral ripples agcattering properties were measured. Although these Iutjanid
well as changes in these characteristics as a function of ““@nappers are deep dwelliigp to 400 m, backscatter mea-
surements done both at the surface amdsitu at 250 m
dElectronic mail: wau@hawaii.edu indicate that once the fishes acclimatize to surface condi-
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tions, their swimbladders retain a similar shape and volume @) )

as in deep waterBenoit-Bird et al, 2002. Live individual
fish were anesthetized with 1 mL of 2-phenoxy-ethanol per
10 L of seawater and enclosed in a fitted bag made of AA A
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monofilament netting. The net bag was mounted to a large
weighted, monofilament net that was turned by a rotor 360°.
Two broadband signals were used to measure back
scattering; a frequency-modulated sweep with a frequency T=18ps J\
range of 60 to 200 kHz, and a dolphinlike click with a peak
frequency of 120 kHz and a 60-kHz bandwidth. The ratio of
fish length to acoustic wavelength at the peak frequency ol
the dolphinlike signal varied from 12 to 38, placing the re- AU
sults in the intermediate frequency range, where the swim- =19 ps J \
bladder accounts for 90% to 95% of the reflected energy
(Foote and Ona, 1985The waveform and frequency spec- M =
trum of the signals are shown in Fig. 2 of Benoit-Betal.
(20034a. The results from the dolphinlike signal were consid-
ered for time-domain analyses. The short duration of this
signal(80 ws) compared to the FM sign&b00 us) made the =20 us‘/\/\
highlight or echo structure more apparent without any spe- L
cial processing; however, the results with both signals are
very similar after cross-correlating the echoes with the trans-
mitted signal. For spectral domain analyses, the results fron , ,
the frequency-modulated sweep were utilized because the v " Tt
included a slightly wider frequency range. Again, the results ' '
from the transfer functions of the two Signa|5 were similarFIG. 1. The top left-hand panel is the waveform of the transmitted dolphin-
above 75 kHz. like s!g_nal with the enve_lope of its auto-correla_tiqn function to the right. The
. . . . __remaining panels are simulated echoes consisting of the sum of two of the
The outgoing signals were produced using a function,ansmitted signal separated by a timéleft) along with the envelopes of
generator computer plug-in board. The function generatothe cross-correlation functions between the transmitted signal and the simu-
also produced a trigger signal for each transmission. After fpted e_choe$_right). This figure shows the time-resolution property of the
delay related to the two-way travel time from the signal to"ansmitted signal.
the target, a trigger prompted a Rapid System R1200 analog- c¢(t)=3" Y E(f)U(f)] @
e e e G 1998 heroE(1) ana() e th Furer .
function generator and the A/D converter. The delayed trig-Orm of the ec_:ho and |nC|d_ent signals, respectively, 5n_
denotes the inverse Fourier transform of the terms in the

ger also caused the rotor and net to advance by an incremeB- . .
. o o rackets. The envelope of the cross-correlation function was
tal angle. Echoes were collected in 1.5°-2.5° increments

about each of the fish’s three axes for both source signal calculated by converting(t) into an analytic signal using

. . . ; ihe Hilbert transform method where the absolute value of the
The transmit and receive transducers, with an effective 12 . .
analytic signal represents the envelope of the sigBalr,

3-dB beamwidth at the center frequency of the signals, Wer§001' Burdic, 1968

set up 2.2 m deep, the same depth as the mounted ].C'Sh’ ap- The time resolution capability of the dolphinlike signal
proximatey 6 m from the fish. The use of broadband signals : ) ) : .
can be determined by simulating reflections from two dis-

virtually eliminates the presence of side lob@sal, 1993. . )
. : o . crete point targets separated by a travel timerds ex-
After acoustic measurement, fish were sacrificed with &

2-mL/10-L dose of 2-phenoxy-ethanol. The standard Iength‘,)ressecj by the equation
total length, displacement volume, and wet weight of each  e(t)=s(t)+s(t—17), (2

fish were measured and the fish was iImmediately frozen. where s(t) is the incident signal that is reflected perfectly

and s(t— 7) is another reflection delayed by a time The

result of this simulation is in Fig. 1, where the waveforms are

under columra, and under columb are the envelopes of the
The incident signals were measured and digitized withcross-correlation functions. The first signal in coluanis the

the receiving hydrophone located at the position of a targeincident signal, followed by signals described by E2).with

fish, directly facing the projecting transducer. Reflected sigvarious values of-. The envelopes under colunmin Fig. 1

nals were compared with the incident signals and correctethdicate that highlights must separated by at leasud®e-

for gain. The envelope of the cross correlation between eacfore they are resolvable. Note that fe=18 the two high-

echo and the incident signal were examined to determinéghts are not resolvable and the envelope of the cross-

their basic time-domain characteristics. The cross-correlationorrelation function is wider than for the incident signal. This

function was determined by the Fourier transform techniqueroperty and the 3-dB width of the correlation functi@®

using the equation uS) can be used to indicate whether a second highlight might

A. Data analysis
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The number of highlights, or glints, in each echo waveform
was analyzed for each angle within 15° of the dorsal aspect ™™
in both the tilt and roll planes.

Other characteristics of the waveforms were analyzed X
for echoes obtained from the dorsal aspect of each fish and ¢ . 3
the tilt angle where maximum echo strength was measureduew~e=5 Mﬁ}%
These characteristics, the relative amplitude of each high: L
light, the distance between highlight peaks, and the 3-dB
width of each highlight, were compared between species,

sizes, and angles. WMWJ\N\!\,WM o NWI\WWWMW‘”—'

be hidden or unresolvable at different portions of an €cho. g 4 ;apner Fiim .W )

Long-tailed red snapper

Pink snapper

The transfer function of dorsal aspect frequency-

modulated echoes was determined using the equation
Brigham's snapper

H(f)=20lI Bt 3 A
The transfer function is characterized by an intricate spec- vonSiebolds snapper g%
trum with many peaks and nulls. Nulls were defined as de- P | e 1y 7Y 3 ) .
creases in echo intensity from the intensity at surrounding =¥ J
frequencies by at least 10 dB. Peaks were put into two cat:
egories, frequencies at which the intensity was 5 dB greate|
than surrounding intensities and those with 10 dB greater Blue-stiped snapper  _,  FTTTT"
intensities. SR .

il
IIl. RESULTS , . . .
1} 100 200 300 400 500
The results are presented from the perspective of & Time (19

broadband sonar pointed vertically downward. The wave- _ . .
. . FIG. 2. Representative echoes from the dorsal aspect of six species of lut-
forms of dorsal aspect echoes for the different species alignid snappers. The dashed line plotted with each echo is the envelopes of
shown in Fig. 2. The envelope of the cross-correlation functhe cross-correlation function of the echo with the transmitted signal.
tion for each echo is represented by the dashed curve. From
the time representation of the echoes, it is obvious that echo
structures are very different between the species and thaingles. The backscatter has the highest amplitude when the
many highlights exist for most of the echoes. The echo struclongitudinal axis of the swimbladder was approximately per-
ture is very complex with portions within echoes where twopendicular to the sonar beam.
or more unresolvable highlights are apparently present. The number of echo highlights as a function of the tilt
These are indicated by the width of the cross correlatiorangle is shown in Fig. 5. The number of highlights varies
function and the many oscillations of the signal within thewith the tilt angle of the fish and is the least when the echo is
wide correlation peaks. The echo structure obtained fronthe strongest. The echo is the strongest when the incident
10-11 of each of the targeted or primary species were simisignal is perpendicular to the longitudinal axis of the swim-
lar except for the highlight intervals which were somewhatbladder(Benoit-Bird et al, 2003a. In all species, the num-
related to fish size. The relationship between echo highlighber of highlights generally increases as the fish is tilted fur-
intervals for highlights 2—8 and fish size for dorsal aspecther from this point with the number of highlights gradually
echoes are plotted in Fig. 3. Some of the intervals changeihcreasing towards increasing head-up aspect angle. The
significantly with fish size while others showed little change.relative amplitude, interhighlight interval, and 3-dB width of
An example of the backscattered waveforms from a pinkhe highlights for the three target species at the dorsal aspect
shapper as a function of the fish tilt angle is shown in Fig. 4and at the aspect at which the longitudinal axis of the swim-
The lateral aspect x ray of the fish is shown with the tilt bladder is perpendicular to the incident signal are shown in
angles above each waveform indicating the orientation of th&ig. 6. All three of the parameters of Fig. 6 differed between
fish with respect to the direction of the sonar signal. At the 0<different species.
tilt angle, the longitudinal axis of the fish is perpendicular to It was not within the scope of this study to determine
the direction of the sonar signal. Each waveform is &80n  possible sources of reflections for the different highlights in a
duration. The shape and orientation of the swimbladder wittspecies. Considerably more knowledge on the scattering pro-
respect to the direction of the incident signal were the mostesses involved with a fish body, bony structures, and swim-
important factors influencing the backscattered waveformsbladder shape and volume are required in order to determine
The waveforms varied considerably as a function of the tiltthe origin of the various highlights in an echo. Figure 7 il-
angle with the most highlights present at the 15° and 10tustrates the complexity of the task of identifying the sources
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= S.
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& 5% of fish dorsal aspect in the roll plane. The number of high-
5 s lights increased by one in the long-tailed red snapper and
E pink snapper at 15° from dorsal and two in the red snapper.
Pink snapper There were also few differences in the highlight structure, in
225 terms of relative amplitude and width, over this range of roll
?(7)2 B Py angles. The 95% confidence intervals of all highlight charac-
150 b= “ e teristics measured at dorsal and 15° in the roll plane over-
125053 £, T ° lapped. Consequently, few differences were observed in the
028~y B . .
transfer functiongthe spectral domajmas a function of roll
100 —= e g p )
75-T-0.90——4 . angle.
0oz &8 N A The transfer functions of the dorsal aspect echoes were
25 similar from both incident signal types. Because the
0 i i ' ' frequency-modulated signal included a slightly wider fre-
10 20 30 40 50

quency range, the echoes from this signal are presented.
Species-specific differences in the spectral structure of
FIG. 3. The interval between each echo highlight as a function of fishhroadband echoes are evident in Fig. 8. Because spectral and
length. Regression coefficients are shown for each relationship. Most inter- | struct lated. diff b d in th
vals increased with increasing fish size, although some remained constantl“)‘fj‘mp_ora structure are re a_e » dl e_rences 0 Serve_ In the
decreased. highlight structure as a function of orientation were mirrored
in the spectra. The most conserved feature of spectral struc-
ture is the frequency position of nulls, sharp decreases in
r]ntensity of at least 10 dB, whose positions are associated

with the interhighlight intervals in the time domain echoes.

Fish standard length (cm)

of highlights, showing the envelope of the cross-correlatio
function and an x ray of the corresponding figlink snap-
pen. The relative time of occurrence of each highlight with
respect to the first reflected component of the echo is shown
in a table within the figure. Also shown is the two-way dis-
tance in cm that an acoustic signal would travel for the cor- 0 mg.ta,-ledltiﬂiﬁigﬁz:‘n-_
responding delay time. If we assume that the first highlight Pink snapper =X+
originated at the fish body, then the second highlight a2

might have been from the forward tip of the swimbladder.
After this simple explanation for the first two highlights, the
situation becomes extremely complex, with two-way delay
distances as large as 27.5 cm. The interhighlight interval plot
of Fig. 6 also suggests relatively long echo structures that are
not easily explainable. Furthermore, the width of most of the s
peaks of the cross-correlation function shown in Fig. 6 are

greater than 2s, suggesting that these highlights are com-

posed of several unresolvable highlights. FIG. 5. The number of echo highlights, measured from the envelope of the

As with target strength(Benoit-Bird et al, 20033, cross-correlation between the echo and the incident signal as a function of

; PN ; ish tilt angle. The angle at which the strongest echo was obtained is circled.
changes in echo structure were S|gn|f|cantly reduced in théor each species, the number of highlights was the fewest at and around the

rc.)l.l plane compared with the tilt plane. Ther'e were no Sig'angle at which the strongest echo was obtained. Error bars indicate one
nificant changes in the number of echo highlights within 10°standard deviation.

Number of highlights
=]
1

10 5 [ 5 10 15
Head up Head down
Tilt angle (degrees)
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FIG. 6. Relative amplitude of each highligtieft), interval between each highlight pe&entej, and the 3-dB width of each highligkitight) for each of the
three primary species. Each characteristic is shown for dorsal aspect echoes, light gray, and the maximum amplitude dorsal echoes, darlagsashdsror b

95% confidence intervals.

The position of spectral nulls was strongly related to fishWithin each species, the number of highlights in echo wave-
size as seen in Fig. 9. The shift of the frequencies of spectrdbrms increased off-axis. The further each fish was tilted
peaks and nulls as a function of fish lengthgXlwas not  from its dorsal maximum target strength aspect, the greater
constant as g/\, where\ is wavelength. An analysis of the number of echo highlights. The length of the echo also
variance revealed that there was still a significant effect ofncreased off-axis. The shortest echo was observed in the
length on the position of spectral features afte/L was  highest amplitude echo. Roll plane changes in echo high-
conS|dere_d [0<0.05). However, when the Iepgth of the axes|ights were much smaller than those in the tilt plane. While
of the swimbladder (kg) was used, the position of spectral {he time-domain characteristics of echoes changed with as-
features that varied significantly as a function of length d'dpect, the variance in these characteristics was much less
not vary significantly as a function ofdg/\ (p>0.05 for all within species than between them within15° about the
comparisons T_his was parti_cularly ev?dent in the red snap- dorsal aspect.
per where SW|mbIadd_er siz€ and_flsh length are not as Species-specific differences in broadband echo charac-
strongly correlated as in other species. - C .

teristics were also visible in the spectral domain. The number
of peaks and nulls, their position, relative amplitude, and
IV. DISCUSSION AND CONCLUSIONS width varied strongly between species. The position of peaks

Echo h|gh||ght structure varied between fish Species_and nulls changed with fish size but the relative position and
While there was strong overlap in some highlight characterswidth of features did not change with fish size within a spe-
in particular, the relative amplitude of highlights, when all cies. Few spectral characters were observed below about 100
three characters measured are utilized in concert, species déHz, regardless of fish size. This indicates that even low-
ferentiation is possible from echo highlight characters.frequency broadband echoes do not have the resolution to
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distinguish differences in spectral structure that are causecduding temporal and spectral structure and target strength,
by species differences in the shape of the swimbladder, eould provide a more accurate estimate of fish length. This
relatively small structure. combination of factors could also provide an error term for

In order to observe the relationship between highlighteach individual fish instead of one error estimate for all fish
spacing and the ripple structure in the spectral domain, cormeasured.

sider a target that produces an ecé@) with n distinct and The position of spectral characters was correlated with
separable highlights that can be expressed as fish length within each species. Dividing fish length by the
e(t)=ags(t) + ays(t—7y) -+ +a,s(t— 7)., 4) frequency of the individual character should remove the ef-

fect of length. In other words, the length of the fish divided
wherea,, is the amplitude of thath highlight andr, is the by the wavelength of the spectral character should be a con
delay time between theth highlight and the first highlight.  stant with no correlation with fish length. However, this does

The spectrum of Eq4) can be expressed as not occur for any spectral characteristic in any of the three
|E(f)|=|S(f)|{[ag+ay cog2mfry) +-+ §pecies. Ut'ilizing the size characteristics of thg swimbladder
instead of fish length did remove the effect of fish size, how-

+coq2nwfr,)]+[assin2afry)+--- ever. This indicates the importance of the swimbladder not

. only in the amplitude of the echo, but in its spectral charac-
+sin(27fr,) 12 ®  teristics. Interestingly, none of the spectral characteristics of
The cos and sin terms are responsible for the ripple patterthe echoes appear to be caused by the remainder of the body
and ther term specifies the position of the nulls in the spec-of the fish.
trum. From Eq.(5) we can obtain an insight between the The structure of the broadband echoes cannot be solely
relationship of the spectra shape and highlight intervals.  explained by specular reflections off different parts of the
Fish size is traditionally related to target strength. Theswimbladder. That the echo structure is related to the swim-
relationship between fish length and target strength for théladder shape can be surmised by considering the shapes
snapper species was not particularly strof®enoit-Bird  shown in Fig. 4 of Benoit-Bircet al. (20033 and the time
et al, 2003a. Fish length was also indicated by the time andwaveforms in Fig. 2. Each of the snapper species had differ-
frequency characteristics of broadband echoes. The distaneat swimbladder shapes and, subsequently, differences in the
between highlights in each species generally increased withackscatter waveforms. Some of the echoes had durations of
fish standard length. The frequency of spectral peaks andver 400us, considerably longer than the 3@ duration of
nulls generally decreased with increasing fish length. Highthe incident signal. These echoes suggest the presence of
light width was not correlated with fish size. The use of thesome type of high-frequency resonance associated with the
combination of these factors correlated with fish length, in-backscatter from the swimbladders of snappers, and perhaps
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0
each relationship. The frequency for each null, except the high-frequency
E pink snapper null, significantly decreased as fish size incre@dseests,p
<0.05). Similar patterns were observed in frequency peaks.
201 ﬂ
T N\*i reflecting waves interacting with various parts of a fish body

0 Blue-striped snapper causing multiple reflections has been considéeidy, 1991,
50 100 150 200 1992; however, whether the model used can explain broad-
Frequency (kHz) band echo durations that are as much as five times longer

FIG. 8. Representative normalized transfer functions for each of six specietshan_the incident signgl is queSFionable- Certainly more
of snapper. Echoes are from the broadband, frequency-modulated signphysical and mathematical modeling research needs to be

from the dorsa:jfpea of eZChdf'S*; Pafrt]ems OLffequﬁe”Chy peaks and nu'&one in order to understand the complicated backscatter pro-
e Conserved betueen Indidcls Wiin ez of e e BTan SPE;sses evident in our data. |
Fish and their swimbladders are complicated structures

that do not lend themselves to simple geometric description.
other types of fishes with swimbladders. Echoes from thén order to gain a deeper understanding of the acoustic scat-
lateral aspect with the incident signal being perpendicular tdaering processes in fish, a detailed numerical technique might
the longitudinal axis of the fishes also have relatively longbe necessary. A possible approach is to obtain the three-
echoes. Examples of echoes from a lateral aspect taken at tdemensional geometry of an entire fish body, including the
surface andn situ at 250-m depth using a manned submers-lesh, bones, and swimbladder using x-ray computed tomog-
ible are reproduced from Benoit-Biret al. (2003h in Fig.  raphic (CT) scans and applying the wave equation to the
10. The transmitted signal from the sonar on the submersiblsituation. Jech and Horn@002 digitized lateral and dorsal
was the same as the signal used in this study. These echoesliographs of a fish to construct a three-dimensional repre-
illustrate further the complex backscattering process insentation of the fish body and swimbladder and applied the
volved with these lutjanid snappers that are not simply exKirchhoff-ray mode mode(Clay and Horne, 19940 calcu-
plainable at our current level of understanding. The idea ofate the acoustic backscatter in three dimensions. The fish
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ful comments on earlier versions of this manuscript. This
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