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Summary
Toothed whales Qdontoceti, Cetacda navigate and had centroid frequencies in the frequency range of most

locate prey by means of active echolocation. Studies
on captive animals have accumulated a large body of
knowledge concerning the production, reception and
processing of sound in odontocete biosonars, but there is
little information about the properties and use of biosonar
clicks of free-ranging animals in offshore habitats. This

sensitive hearing, and lower peak frequencies and higher
source levels than reported from captive animals. It is
demonstrated that sound production in these two free-
ranging echolocators is dynamic, and that free-ranging
animals may not always employ biosonar signals
comparable to the extreme signal properties reported

study presents the first source parameter estimates of
biosonar clicks from two free-ranging oceanic delphinids,
the opportunistically foraging Pseudorca crassidenand
the cephalopod eating Grampus griseus Pseudorca
produces short duration (30us), broadband Q=2-3)
signals with peak frequencies around 4@Hz, centroid
frequencies of 30-7&Hz, and source levels between
201-225dB re. 1 yPa (peak to peak, pp).Grampus also
produces short (40us), broadband Q=2-3) signals with
peak frequencies around 5&Hz, centroid frequencies
of 60-9CkHz, and source levels between 202 and
222dBre. 1 pPa (pp). On-axis clicks from both species

from captive animals in long-range detection tasks.
Similarities in  source parameters suggest that
evolutionary factors other than prey type determine the

properties of biosonar signals of the two species.
Modelling shows that interspecific detection ranges of prey
types differ from 80 to 300m for Grampusand Pseudorca

respectively.

Key words: false killer whalePseudorca crassidensRisso’s
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Introduction

Toothed whales@dontoceli use biosonar for orientation compared to measurements of animals in concrete tanks
and echolocation of prey by emission of short sound pulsef-vans, 1973). Target detection experiments in pens have
and subsequent reception and processing of returning echossbsequently provided a multitude of physiological data about
The last 30 years of research have provided a wealth tfie maximum sonar system capabilities of a limited number of
information about the production, transmission and receptiodelphinid species so that comparison with bats (Au, 1997) and
of sound in dolphin sonar systems along with insights in theiideal receivers (Au and Pawloski, 1989) can be made.
detection and discrimination capabilities (for a review, see Au, While such controlled experiments with trained animals are
1993). vital for understanding the basic properties and performance of

These studies have not only demonstrated that thedontocete sonar systems, they may not provide data that fully
production and transmission of toothed whale sonar clickeeflect the properties and use of biosonar signals in natural
show considerable interspecific variation, but also thahabitats with conspecifics, predators and prey (Au, 1993). This
conspecifics may produce very different signals, depending aeservation has been confirmed in a terrestrial echolocator, the
the detection task and the acoustic umwelt (Au, 1993). Thieig brown batEptesicus fuscussonar signals recorded in the
latter is exemplified by the fact that signals from echolocatindield were significantly longer, with longer interpulse intervals
bottlenose dolphingursiops truncatusncreased by 48B in  and greater variability in bandwidth than signals recorded in
source level (SL) and one octave in frequency emphasis wheéime laboratory (Surlykke and Moss, 2000). Therefore, data
their signals were measured in open pens (Au et al., 1974) ism controlled experiments with trained animals should be
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complemented by field data from wild animals to understanchammals (Odell and McClune, 1999). The biosonar
the ecophysiological, behavioral and evolutionary significanceapabilities of captivéseudorcasave been studied in terms
of odontocete biosonar systems. of hearing threshold (Thomas et, d1988a), masking (Thomas

Collection of relevant acoustic data from free-ranginget al, 1990), discrimination (Brill et a11992), target detection
odontocetes has inherent logistical and practical problem@homas and Turl, 1990) and sound transmission (Au et al.,
(Watkins and Daher, 1992). In recent years, sound recordirt®95), but the echolocation clicks and the acoustic
tags, attached to the clicking animal, have provided promisingerformance of free-ranging animals have not been
data pertaining to sound production, acoustic behaviour aridvestigatedGrampudiffer from Pseudorca# that they feed
biosonar involvement in orientation and prey location (Madsealmost entirely on cephalopod prey during nocturnal foraging
et al, 2002; Johnson and Tyack, 2003). While sound recordingouts (Kruse et g11999). Only a few preliminary studies have
tags have their advantages in terms of monitoring the acoustieen undertaken on the sound production (Au, 1993), hearing
behaviour and changes in sound production of the taggdtlachtigall et al 1995) and biosonar (Philips et,a2003)
animal, they cannot provide information about the sourceapabilities oiGrampus but no data has been published about
properties of highly directional biosonar signals. The lattethe biosonar signals of free-ranging specimens.
calls for deployment of calibrated wideband recording gear Estimation of source parameters of biosonar signals from
with hydrophones in the far field in front of the phonatingsuch pelagic species calls for a multi-hydrophone, wide
animals. Because the spectral content and amplitudes b&ndwidth array that can be rapidly deployed and with an
odontocete clicks change with aspect (Au et EH986) and aperture large enough to allow for localization at ranges up to
acoustic output (Au et al1995), it is essential that source at least 109n. In an attempt to meet such requirements we
parameters of biosonar signals are derived from the acoustiesigned a vertical array of three hydrophones connected to a
axis, and that they include reliable estimates of source levelideband digital recording system that was deployed during
(Au and Herzing, 2003). research in the offshore waters of the Maldives and Sri Lanka

Estimation of source levels requires, among other thingsn the spring of 2003.
knowledge about the range between the receiving hydrophonesHere we present acoustic field data from a free-ranging,
and the clicking animals, along with information about theopportunistically foraging, pelagic delphinid, the false killer
transmission properties of the medium. Range estimates can\Wwhale Pseudorca crassiden®wen 1846), which has been
derived from time-of-arrival differences of the same signal astudied extensively in captivity, and data from a less studied,
synchronized receivers with sufficient spacing (Watkins andree-ranging, cephalopod-eating, pelagic delphinid, Risso’s
Schevill, 1972; Spiesberger and Fristrup, 1990; Wahlberg etolphin Grampus griseus(Cuvier 1812). We quantify
al., 2001). The study by Mghl et al. (1990) on narwhals wasgstimated source parameters of biosonar signals from these two
the first to report that click source levels from a free-rangingpecies, and we outline and discuss interspecific differences
odontocete in some cases are comparable to the highest sousoe similarities in acoustic performance, ecophysiology and
levels measured from trained dolphins, and thereby to shoprey localization potential in the light of data from captive
that maximum source parameters can be quantified for freanimals.
ranging odontocetes.

For large species such as sperm whales, which can be
detected acoustically at ranges in the order of kilometres, large
aperture arrays of independent receivers have proved useful in Study area and platform
estimating source parameters (Mghl et 2003). In the case The recordings were conducted in oceanic deep water in the
of inquisitive delphinids repeatedly making close approachewaters of the Republic of the Maldives and Sri Lanka from
towards the recording gear in calm coastal waters, a stafebruary through May 2003. The recording platform was a
shaped array of four hydrophones with a video camera can B8 m steel ketch, R/\Odysseyresearch vessel of the Ocean
used. This has recently been done successfully with Atlantiélliance, fitted for long periods of offshore cetacean research.
spotted dolphins (Au and Herzing, 2003), spinner dolphins anh daylight hours a visual lookout was maintained from a
pantropical spotted dolphins (Schotten et aD03), killer  platform Em above sea level. When a group of animals were
whales (Au et al, 2004) and white beaked dolphindocated visually, the research vessel was maneuvered to a
(Rasmussen et.al002). However, large offshore delphinids parallel course. If the animals got within range, the boat was
seldom approach deployed recording gear, and they travel ttarned into the wind with the engine off, and the recording gear
fast in heaving seas to allow for small aperture arrays witlwvas deployed within ghin on the windward side of the boat.
video cameras to work optimally. Recordings were performed in sea state 2 or below, and only

False killer whalesPseudorca crassidenand Risso’s used in instances in which no other species were detected.
dolphinsGrampus griseuare examples of such species. Both
species are pelagic, social odontocetes living in tropical and Hydrophone array
temperate seaBseudorcasire opportunistic predators feeding The array consisted of three modified hydrophones (Reson
on a variety of squid and large fish, including tuna (Odell an@C4032, Slangerup, Denmark) with @0low-noise, two-pair
McClune, 1999), and may in some cases target other mariishielded cable. The hydrophones had a nominal sensitivity

Materials and methods
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Fig. 1. The experimental set up consists of
a linear array of three hydrophones (A, B,
C) suspended between a buoy and a lead
weight. The distance between the L
hydrophones is #, and the first i AOD
hydrophone is at a depth ofmd The t
clicking animal is localized from the time- am H1
of-arrival differences t{, to) of the same
signal at the three receivers. The A
rotationally symmetric position of the AV B O
sound source S8f) is given by the v __________________
interception of the two hyperboloid N H2
surfaces (H1, H2). Analogue signals are E——
amplified and band-pass filtered in the
conditioning box before digitisation in the Co
Wavebook 512, writing to the memory of a
laptop. I Leadweight

(calibrated before and after the research period) of dB20  pp). Each recording session lastedsZWith 6.4mega samples

re. 1uPa, a flat frequency response @2) from 0.01 to acquired for each channel) and was triggered when the
250kHz, and omni-directional receiving characteristicsreceived level (RL) at one of the hydrophones exceeded
(spherical element) from 0.01 to 1BAz (x2dB). To 160dBre.1pPa (pp) with a 5 pre-triggering window. Due
minimize flow and surface noise, ther8aperture array with to an additional off-load time of § from the Wavebook
4m between the hydrophones was suspended verticallyBK30 memory buffer to the laptop, the maximum duty cycle
between a buoy and a k@ lead weight (Figl). The during continuous triggering was 80%. The recordings were
hydrophones were connected to a custom-built band pass asubsequently stored on CDs along with information about
amplifier unit with a low impedance output. The gain and filteisettings, animal behaviour and general comments.

settings of this unit were clamped atd® gain, high pass (HP)

at 1kHz (—24dB/octave) and low pass (LP) at K9z Localization

(=24 dB/octave). The latter LP cut-off was chosen well before Acoustic localization techniques use time of arrival
the Nyquist frequency (18(Hz) in order to have a gently differences (TOAD) of the same signal at receivers in known
sloping anti-alias filter before the digitising system. Thepositions. Subsequently, source parameters such as source
increasing LP-filter attenuation in the band from 100 tdevel can be estimated on the assumption of a set of
160kHz was compensated for during analysis, leaving apropagation criteria. In the present study, a sound speed of
overall flat frequency response (¢B) of the recording system 1543ms was calculated from the Leroy equation (Urick,

in the frequency range from 1 to 1kdz. 1983) using a salinity value of bp.m. and an average
S measured temperature of 29.5°C. The range (R) between the
Digitisation phonating animal and the receiving hydrophones was

The analogue signals from the amplifier unit were fed to &stimated from TOADs at the three receivers. The TOADs
Wavebook 512 (IOtech, Cleveland, OH, USA) recorder fobetween the receivers were measured as the time difference
digitisation. The Wavebook 512 is an 8-channel digitabetween the well defined peaks of the clickenuAu and
recorder with a 12-bit analog to digital converter (ADC),Herzing, 2003). Acoustic ranging with receivers in a two-
sampling at MHz. For this application, three channels weredimensional system can be done with trigonometric methods
each sampling at 3Hz, thus yielding a Nyquist frequency (Watkins and Schevill, 1972; Spiesberger and Fristrup, 1991,
of 160kHz. Digitization of the three channels was multiplexedWahlberg et aJ 2001). The range between the source and the
into a single file with a maximal|3s off-set between channels receivers was calculated from the Pythagorean theorem, and
The Wavebook was controlled by a laptop PC uSi@myeview the angles between the different receivers were derived from
software (IOtech). The software allows the operator to adjushe cosine rule, assuming that the line between the clicking
sampling rate, clipping and pre-trigger levels in betweeranimal and the ensonified hydrophone was 0° relative the
recording sessions. Clipping levels were set at received souagdoustic axis of the sound beam. Because of the linear receiver
pressures between 180 and 28re.l1 pPa (peak to peak, configuration the calculated location of the sound sources was
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rotationally symmetric around the axis of the array. Sourc A
levels (SL) were calculated from the following equation:
SL=RL+TL. Transmission loss (TL) was estimated by
TL=20log(R)+Rx, with a being the frequency dependent
absorption at the centroid frequency of the received click. |

On- or off-axis?

All odontocete sonar clicks investigated show a pronounce
directionality of amplitude, duration and frequency (Au, 1993).
While the off-axis part of sonar clicks may play an important
role in eavesdropping by conspecifics, predators and prey,
has probably little relevance to the performance of the sone B
According to Au (1993), because directionality of the hearing
system is forward-oriented, only the source properties derive
on or close to the acoustic axis are significant for the dolphin’ ‘
sonar system. I ——-
In experiments with trained animals resting on a bite plat ‘ ‘ |

XI

or in a hoop while echolocating, it can be ensured that signa
are recorded from the beam of the sound generator. In fre
ranging animals, however, it is more complicated to ensure th -
the clicks are recorded on-axis due to the combined effects

a directional, but dynamic, sound generator and rapid chang

in the heading of the animals. At present, this analytica C

problem precludes derivation of stringent criteria for a signa
being on- or off- the acoustic axis.

The term ‘apparent source level’ (ASL) has been adopted
emphasize that RL+TL equals the back-calculated soun ‘
pressure level at a distance ahlfrom a directional source of \
unknown orientation. The term source level (SL) can only b
used where the recording aspect equals the axis of the sot
beam. It is seen from Fig. that ASL of the same clicks 1s
recorded with different hydrophones from different aspect:
varies considerably with time. This changing ensonification oFig.2. Example of an ensonification event, during which an
hydrophones is presumably the result of scanning movemerecholocatingGrampusscans each of the three receivers (A,B,C).
of the sound beam as it passes different parts of the array. Note how the ensonification moves from hydrophone C to B to A.
such click trains, the clicks with the highest ASL values ard-ull amplitude of the/-axes corresponds to an apparent source level
likely to represent the properties of sonar signals close to or (ASL) of 222dBre.1pPa (pp). Local maxima on each of the three
the acoustic axis of the phonating animal. Accordingly, W(chfs\nnels are likely to represent S|gn_als on or c_Iose to tr_le acoustic
went through all recordings by hand, and classified signals th'z?_(ls:;)f the sound beam. X marks a single click displayed in detail in
had maximal, relative amplitude in ensonifications as bein 9=
close to or on the acoustic axis. This is a rather conservati
approach as only a small fraction of the recorded clicks at
being considered to be on-axis. However, in our view, there isydrophones were calculated relative to a recorded calibration

no practical alternative at present. signal with a known RMS level. Peak—peak (pp) sound
_ _ pressure level (dBe.1 uPa, pp) was given by the pp amplitude
Signal analysis difference between the signal and the pp value of the

Analysis was performed with Cool Edit Pro (Syntrillium, calibration signal +@B. The RMS sound pressure level
Adobe) and custom written routines in Matlab 6.0 (Mathworks(dB re. 1 pPa, rms) was calculated by integrating the square of
Natick, MA, USA). Signal durationt( pus) was determined the instantaneous pressure as a function of time over the time
from the relative signal energy derived by integrating thevindowT relative to the same integral over the same tirok
squared pressure over an interpolated (10 stepgoifitt the calibration signal. Energy flux density (dB1 P& s)
window, symmetrical around the peak of the signal envelopavas defined as the RMS sound pressure level (in dB)+IQlog(
Onset of the signal was defined as the point at which 1.5% ¢ensuAu, 1993).
the relative signal energy was reached, and the termination of The spectral characteristics of the signals were quantified
the signal was defined as the point at which 98.5% of th#om a 256-point Fast Fourier Transform (FFT) on Hanning
relative signal energy was reached. Received levels at theindowed data symmetrical around the peak of the envelopes.
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The peak frequencyfy kHz) was defined as the center clicks recorded off the acoustic axis, it is seen that there is a
frequency of the band with the highest amplitude of thdow-pass filter effect as a function of increasing azimuth in that
interpolated (10 step) spectrum. Interpolation was performethe centroid frequencyfo] of the —6° click is reduced to
using the Matlab 6.0 low-pass interpolation routine with é63kHz, and thefo of the —16° click is further reduced (to
symmetric filter. The centroid frequendy, kHz) was defined 50kHz). While the peak frequencyp) is constant around
as the point dividing the interpolated spectrum in halves od5kHz irrespective of aspect, it is seen that the spectrum of
equal energy (Au, 1993). The bandwidth (BW) of the signalshe off-axis clicks is distorted by an increasing number of
was described by the3 dB BW (kHz) and-10dB BW (kHz)  notches in the spectrum (F8B,C). Distortion is also seen in
and by the centralized root mean square bandwidth (RMS-BWhe time domain of the off-axis clicks that are longer with more
kHz) (Au, 1993), describing the spectral standard deviatiomycles compared to the on-axis signal.
around the centroid frequencyo)( of the spectrum. The This off-axis distortion in the spectral and time domains is
resonant properties of clicks were expressed byQidvalue  seen in all click trains analysed irrespective of the source level
given by the centroid frequency divided by the centralizedf the assumed on-axis clicks. On top of the effects of off-axis
RMS-BW. Interclick interval (ICl, ms) was defined as thedistortion, there is also an effect of reduced source levels in
interval between successive clicks in a click train. Repetitiotthat thefo and RMS-BW of on-axis clicks decrease with source
rate (clickss™Y) was defined as the inverse of the ICI at anylevel. Analyses of clicks selected from ensonification events as
given time, and thereby used as a measure of the instantanesasen in Fig2 support the general picture of the source
repetition rate instead of the actual number of clicks per secomrameters of on-axiSrampusclicks summarized in Table
in a given click train. An on-axis click has a SL of about 200-2re. 1 pPa (pp)
with an RMS sound pressure somedB3lower, and energy
flux densities between 145 and 1fBre.1uP&s. The
Results duration is 30-5@is and the spectral properties are broadband
Grampus (Q=2-3), RMS-BW around 2EHz, f, around 5kHz andfo
Recordings o6Grampuswere obtained on two occasions. On around 75%Hz. No whistles were detected in the recordings.
March 31, 2003, a group of slowly travelli@rampuswere
encountered SW of Sri Lanka at the position NSE#1°30 Pseudorca
(water depth 12Cn). The second recording Grampustook Recordings oPseudorcasvere obtained on two occasions.
place on April 25, off Sri Lanka at the position N67E81°40  The first recording session commenced SW of the Maldivian
(water depth 80@n). The two recording sessions yielded a totalarchipelago (N2°24E71°53) on February 20, 2003, at a
number of more than 3000 clicks on each of the three recordirigcation that had a water depth of 37@0A mixed group of
channels. Click trains were selected for detailed analysis in ttepproximately 14 animals circled the boat forn2id. The
sessions in which one or more of the hydrophones wergecond recording session commenced in the vicinity of a group
illuminated by the sound beam of the animals (E)g. of 7-8 animals south west of Sri Lanka (N687849°53) on
Nineteen of such illuminating click trains provided un-clippedApril 3, 2003, at a location with a water depth of 1500
data with sufficient signal-to-noise ratio where the animal The vast majority of clicks from this species were recorded
could be localized from TOADs at the three hydrophones. from long click trains that rose from the noise floor of the
Grampustlicks were predominantly part of long click trains recording during ensonification of the array until the amplitudes
that rose out of, and faded back into, the noise floor of thef the clicks faded back into the noise again. A total of more
recordings. Repetition rates of the click trains were generallthan 4000 clicks from such click trains were recorded on each
between 5 and 4€lickss™, but during click bursts, the of the three channels. The repetition rate varied between 5 and
repetition rates rose to values approachingclig@ss™. A 40clickss™? in most of the click trains, but during bursts or
total of 11 well-defined, short click trains were also recordedbuzzes, click rates of more than 3figks s were observed.
containing 5-8 clicks with quite stable ICI values 028 A few of the recordings contained very short click trains of 5-8
The importance of selecting on-axis clicks for analysis iglicks similar to the ones iBrampusrecordings. In those short
demonstrated in Fig, where the waveforms and spectra ofclick trains the ICl was more constant at arounan®5i.e. an
the same click recorded from different aspects are displayethstantaneous repetition rate of arouncti€k s™1. Equivalent
It is seen that the click with the highest ASL ofto the situation with th&rampusdatasets, only clicks with
220dBre.1pyPa (pp) has a waveform and spectral contentelative maxima during ensonifications were considered to be
quite different from the same click recorded in an aspect 6%cordings from or close to the acoustic axis. Twenty-two of the
off-axis (Fig.3B), and markedly different from the same click ensonification events provided non-clipped clicks with
recorded at an aspect 16° off-axis (RA@.). The click with the  sufficient S/N that could be localized using TOAD at the three
highest ASL is considered to be recorded close to or on threceivers. Such clicks are dominated by a single cycle followed
acoustic axis. It consists of a few cycles with a sharp rise arfty minor oscillations, having durations of aroundp3® and
fall time and a duration of 3@s. This putative on-axis click is estimated source levels between 201 andd®*#. 1 puPa (pp).
broadband with a -8B BW/-10dB BW of 30kHz/60kHz,  The clicks are broadband with an RMS-BW arounki29,
Q=2.5, and a centroid frequency of K8z (Fig.3A). In the  -3dB BW/-10dB BW of 30/6CkHz, Q=2-3, and with peak
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Fig. 3. Three versions of the sarf®ampusclick X from Fig.2 are displayed. (A) The presumed on-axis version of the click with a high
apparent source level (ASL), short duration (left) and a smooth, broadband spectrum (right). (B) The same click recottiedr&Cartfing
aspect of A. The duration is longer, the ASL is lower, and the bandwidtfy arelreduced compared to A. (C) The same click recorded in an

aspect of 10° compared to A. The duration has increased, #83ind bandwidth have decreased compared to A and B, and a number of
notches are seen in the spectrum.

frequencies around 4MHz and centroid frequencies in the bandwidth ando with decreasing source level. However, the

range 33—6&Hz. When analysing the off-axis versions of thespectra of the on-axis clicks are smooth and lack the notches

same clicks, a pattern similar to the one @Gampusclicks  seen in off-axis clicks with similar ASL values. Representative

emerges. ASL,fo and bandwidths drop as a function of properties of on-axifseudorcaclicks are summarized in

increasing azimuth, and the off-axis spectra show deep notchdablel. A large number of frequency modulated whistles were
Presumed on-axis clicks not only differ in SL, but also withalso recorded, but analysis of these is beyond the scope of this

respect to their spectral properties. Higyives three examples study.

of on-axis clicks with different source levels from 200 to

225dBre.1 pyPa (pp). It is seen that there is a low-pass filter

effect with decreasing source level, even thofigls more Discussion

variable. This effect is also demonstrated in a reduced Philips et al. (2003) conducted an echolocation experiment
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Tablel. Source parameters from wild and train@dampusand Pseudorcavith maximum values from trainddirsiopsfor

comparison

Grampus Pseudorca Tursiops
Parameters wild Trained wild Trained Trained
Slpp (dBre.1 pPa, pp) 220 (202-222) 200 (170-216) 220 (201-225) 220 (155-225) 225
SLms(dBre.1 pPa, rms) 207 (190-210) NA 208 (190-215) NA 210
SLe (dBre.1uP&s) 164 (147-166) NA 163 (145-168) NA 167
T () 40 (30-75) 50 (40-70) 30 (18-55) 30-50 50
fo (kHz) 75 (58-91) 57 (53-83) 49 (33-68) NA 100
fp (kHz) 49 (42-110) 48 (27-104) 40 (26-79) 30-125 115
RMS-BW (kHz) 25 (19-31) 25 20 (12-29) NA 25
—3dB BW (kHz) 27 (15-84) 40 (30-84) 35 (15-76) 5-80 50
—10dB BW (kHz) 66 (20-124) 100 63 (39-89) NA 60

Values give range. NA, not available.
SL, source level; pp, peak to peak; rms, root mean square; E, energy flux densigyral durationfo, centroid frequencyfp, peak

frequency; RMS-BW, rms bandwidth.
Data for the traine@Grampusare from Philips et al. (2003).
Data for the traine®seudorcasre from Thomas et al. (1988a), Thomas and Turl (1990), Brill et al. (1992) and Au et al. (1995).

Data forTursiopsare from Au (1993).

1.0 1.0 08
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Frequency (kHz) Frequency (kHz) Frequency (kHz)
Fig. 4. Dynamics of the sound generator. Three examples (A—C) of on-axis click®$eudorcaare displayed (top) along with their spectra
(bottom). All three clicks consist of one cycle with a short duration. Whil& th&lues are rather constant, it is seen thafithelues and the
bandwidth are positively correlated with the source level.

with a blindfoldedGrampusthat was trained to discriminate 216dBre.1yPa (pp), durations between 40-4& and
between two different sonar targets at ranges oh2-8onar bimodal spectra with peak frequencies aroun&Hn andfg
clicks believed to be recorded close to the acoustic axis afround 6(kHz (see Tabld). Such properties closely resemble
this animal showed estimated source levels as high abke source properties derived from free-ranging specimens in
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this study, except for lower SL values and longer click 20
durations in the study by Philips et €003).
The lower estimated source levels in the captive anime 0

might be explained by the fact that the ranges between ti
animal and the target were small compared to the situation wi
the free-rangingsrampus This is supported by the fact that
the repetition rate of the captive animal was 20-di@fis s

compared to 5-56licks s1in the present study, suggesting a
longer target range for the free-ranging animals, and theret
also a potential need for higher SL values. This is corroborate
by a recent study demonstrating that several free-rangir —80+
odontocetes adjust their SL to the target range whe e
echolocating on deployed recording gear (Au and Benoit-Birc ~ —-100 -
2003). 1 10 100

Philips et al. (2003) observed only a few high peak Frequency (kHz)

frequencies of more than 1@iz, which is different from the gy 5 audiograms ofsrampus(blue line) andPseudorca(red line)
consistently high peak frequencies in clicks obtained fronaiong with representative spectra of on-axis clicks from each species
other similar sized delphinids such &arsiopsand beluga on a relative dB scale. Note that high ambient noise levels masked
when echolocating in pens in the same environment (Atthe maximum sensitivity of th&rampusaudiogram, which explains
1993). Philips et al. surmised that this lack of high pealthe large difference in threshold between the two species (Nachtigall
frequencies may relate to the lower source levels from thet al, 1995). Coloured bars signify frequency range of the centroid
Grampusduring the short-range echolocation task, and that frequencies of on-axis clicks from the two species recorded in the
Grampusproducing higher source levels will have high peakW”d- The Grampu_saudiogram is from Nachtigall et al. (1995) and
frequencies comparable to clicks frofursiopsand Beluga ~ thePseudorcaudiogram from Thomas et al. (1988a).
Although a single click with afy of 105kHz was recorded
from the free-rangin@rampus we generally recorddgdin the
same frequency range between 40 anilHf) despite the fact odontocete sound production (Au et al., 1995), but the apparent
that the source levels of some clicks were twice as high0% energy loss in the case®fampusclicks with high SL
(Tablel) as the maximum SL reported from the captivevalues may be explained by the fact that theGrampusused
Grampus for the psychophysical experiment may have suffered from a
However, in bimodal spectra with lo@®@ values, the peak hearing disability at higher frequencies, as seen in some old
frequency is not a very good measure of the spectral emphagdigrsiops(Ridgway and Carder, 1997). If so, the super-audial
since very small shifts in the spectral energy distribution willenergy fraction in high-powered clicks may be considerably
lead to peak frequencies differing by more than an octave (sé@ver in young animals that have normal high frequency
Fig.3A). The centroid frequency is a much more robustearing.
measure of spectral emphasis tlignand it appears that the ~ Much data exists concerning properties of clicks produced
centroid frequencies of the captive and the free-ranginfy captivePseudorcas various setups. Thomas et al. (1988b)
animals are generally alike in that they range from 50 tenade the first study on echolocatiorPiseudorcawhen they
70kHz, despite their source level differences. It is therefordrained a blindfolded animal to look for a spherical target at a
evident that free-rangingrampususe biosonar clicks with short range of 4n. The echolocation clicks from this animal
source levels similar to train€tursiopsand Belugasduring  had source levels around 18Bre.1pPa (pp) and peak
long range echolocation tasks, but with centroid frequencieisequencies between 17 and i&6z. To test the maximum
almost one octave lower. detection range, Thomas and Turl (1990) performed another
Centroid frequencies in the range 50kHx match the study with aPseudorcehat was trained to echolocate a target
frequency of best hearing from a traifechmpusinvolved in  at ranges between 40 and 180 Clicks recorded from this
a psychophysical experiment (Fi). (Nachtigall et al., 1995). animal had high SL values of 200-2@3 re. 1 pPa (pp), short
Thus, free-rangingrampusproduce and hear biosonar pulsesdurations of 50-7Qs, and spectra with peak frequencies
with a lower frequency emphasis than clicks from trainedetween 95 and 1381z and little energy below S¢(Hz.
Tursiopsand Beluga It should be noted, however, that the Brill et al. (1992) conducted a discrimination test at short
most powerful clicks from the free-rangif@rampushavefo  range, in which a youngseudorcawvas trained to discriminate
close to 8kHz, which is right at the high frequency cut-off in between a spherical and a cylindrical target. Signals produced
the only available audiogram f@rampus(see Fig5). If the  during this activity had source levels around #iB5e.1 pPa
returning echo has the same spectral distribution as the emittgzp), peak frequencies around 38z and —31B BW around
pulse, the consequence will be that the animal cannot dete#® kHz. Peak frequencies around 1z were observed in
half of the energy in the returning sonar pulse. High frequencthose cases in which the animal produced clicks with source
components are the byproduct of high acoustic outputs ilevels above 188Bre.1pPa (pp). Au et al. (1995) recorded

Energy (dB)
I
o
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signals from an echolocatinBseudorcawith an array of of an on-axiPseudorceclick with anfp at 78kHz, it appears
hydrophones to quantify the directional properties of the sountthat the overall amplitude of the click is reduced by only
beam. They classified the recorded signals in four group4,5dB, whereby 85% of the click energy is retained and
based on source level and spectra. This ranged from groupatailable for detection in the returning echo. Reductions of the
signals with a single, low-frequency peak aroun&kH@ and same small order of magnitude can be expected from clicks
source levels around 2B re. 1 pPa (pp) to group 4 signals with higher peak frequencies, but with the same approximate
with a single high-frequency peak around k6{x and source centroid frequency.
levels around 218Bre.1pPa (pp). The two intermediate  Thus, the present data lend weight to the contention by Au
click groups had source levels that lay between these values al. (1995) that spectral energy at high frequencies is the
and included bimodal spectra dominated by a low spectral pe#lyproduct of high source levels, and that the overall gain in
(group 2) and a high spectral peak (group 3), respectivelaudible energy from the returning echo is large compared to
Au et al. (1995) found a forward directed beam with athe non-detectable energy at high frequencies produced as a
directionality index (DI) varying from 22 to 2B, depending byproduct of high SL values. The important thing is that the
on the centroid frequencies of the signals. centroid frequencies of the clicks are within the frequency
Thus, estimated source properties from traiRedudorcas range of best hearing (Fif). This is consistently the case for
in various contexts show considerable differences in sourdbde free-ranging®seudorcasand apparently also for captive
level (5CdB) and spectral dominance (1-2 octaves). Theonspecifics.
source properties from free-rangimseudorcasalso show A remarkable feature of the source properties of odontocete
some plasticity, but certain features are much more stable thaonar signals both in captivity and in the present study is the
is the case for signals from the various captive animal settinggariable centroid frequencies. A physical consequence of this
The source levels of clicks from free-rangidgeudorcavary ~ phenomenon is that the transmitting and receiving beam widths
between 200 and 228Bre.1pPa (pp), and the centroid are affected (Au et al1995), so that a doubling in centroid
frequencies are positively correlated with the source level, arfdtequency will double the directionality. It means that
range from 40 to 6RBHz. With a single exception of #Hz,  generation of low amplitude clicks with low centroid
the peak frequencies are quite stable arounkHz5 frequencies leads to a broader beam, i.e. a larger cone in front
Hence, free-ranging’seudorcagproduce SLs in the same of the animal will be ensonified by the half-power beam. On
range of 200—228B re.1 puPa (pp) as observed for a trained the other hand, when high SL clicks are generated with higher
Pseudorcaluring a long-range target detection experiment, butentroid frequencies, the transmission beam will be narrower
the peak frequencies of the clicks from the free-rangingnd the half power sound beam will cover a smaller cone in
animals are 2 octaves lower than those made by a captif®nt of the animal. So the sonar beam will perform in a fashion
animal that was echolocating for a steel sphere at long ranggmilar to a flashlight with a variable light cone.
Instead, the free-ranging animals produce clicks with spectral The results from the present study leave no doubt that free-
properties similar to the clicks in the discrimination study byranging Pseudorcaand Grampusdo have a dynamic sound
Brill et al. (1992) and the type 2 clicks in the Au et al. (1995)generator with variable SL and centroid frequencies.
study. However, as is the case with the broadifaraimpus Transmitting and receiving beams estimated from clicks
clicks, peak frequencies are not a very good measure of tdth high SL values and centroid frequencies represent the
spectral emphasis, and when using the more appropriateaximum properties of the sonar system. The present study
centroid frequency as a measure (Au et95) it becomes shows that the biosonar of free-ranging animals is evidently
evident thafyp for free-ranging®seudorcasies between 40 and not implemented by a static high-powered system with fixed
60kHz. This frequency range fits the frequency range obeams, and what the functional consequences of this plastic
best hearing (Figh) measured from a young animal in amodus operandi are in the wild remains to be investigated.
psychophysical experiment (Thomas e} 4088a). It appears that the source parameters of clicks from
It is seen from Figb that a powerfuPseudorceclick with Pseudorcaand Grampusare quite similar in terms of duration
a centroid frequency of 8Hz has a —1@B BW that matches and source level range. The waveformPskudorceclicks is
the —10dB BW of highest sensitivity in an audiogram from a slightly shorter and simpler than the waveformGrampus
young, healthyPseudorcaHowever, in the long-range, target- clicks, whereas the centroid frequencie&Godmpusare some
detection experiment by Thomas et al. (1990), the anim&5kHz higher than those d?seudorca The higher centroid
consistently produced clicks that had peak frequencies arouficequencies may relate to the fact tBahmpusare smaller than
100kHz, beyond the upper limit of best hearing. AvailablePseudorcawith smaller sound producing structures, and that
physiological data suggest that the audiometric system difigher frequencies are needed to achieve the same directionality
odontocetes is characterized by a low-pass (LP) filter with as found inPseudorcaclicks. It has been suggested that the
very high cut-off of more than 1QfB/octave. If the audiogram sharp and unique indentation of tBeampusmelon may affect
of the youngPseudorcas representative for the species, it isits transmitting properties (Nachtigall et, d1995; Philips et al
surprising at first glance to find that the spectral peaks of son#903), but there are at present no data to test this conjecture.
clicks are found well above the upper hearing limit. However, The source properties reported here fsrampus and
when employing a sharp LP filter (168/octave) at 8%Hz Pseudorcaare generally consistent with the sonar signal
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properties of a very large group of delphinid odontocetes that Evans (1973) advanced the idea that there is an inverse
produce short (<10s) broadband@=1-3) transients with relationship betweefp and prey size, as detection of smaller
source levels up to around 2@Bre.1 pPa (pp) (Au, 1993). prey requires higher frequencies for adequate resolution. To
Both species in this study produce signals with amplitudegjield efficient backscatter, a sonar target must be in the
energy flux densities, and durations that are comparable geometric scatter zone where the effective circumference of the
Tursiops(see Tabld for comparison). It is striking, though, target is larger than the dominating wavelengths of the sonar
that both the audiograms from the captive animals and theulse (Medwin and Clay, 1998). With minimum centroid
analysis of spectra from free-ranging specimens suggest thaéquencies of 40-5kHz in Pseudorcaand Grampusclicks,
PseudorcandGrampusproduce and detect sonar signals withsonar targets with radii larger than @m will thus provide
centroid frequencies almost one octave below those of tlgeometric backscatter. Hence, all biologically relevant prey
powerful clicks made byursiopsand belugalelphinapterus items, whether cephalopods or fish, will be in the geometric
leucag. Watkins (1980) has proposed that there is a linlscatter zone. But the target strength changes with the size and
between the size of the animal, and thereby the size of thproperties of the target. Fish with swim bladders have a much
sound producing structures, and frequency emphasis of tigher target strength than similar-sized animals such as
clicks. While this holds true when compariRgeudorcaand  cephalopods, which have no air cavities. It is therefore relevant
Grampuswith the slightly smallefTursiops size differences to evaluate the detection potential of the sonar clicks collected
cannot account for the spectral differences if the comparisdinom free-ranging specimens in the light of the properties of
is made to the similar sized beluga. Additional data on signalsgpresentative prey items.
habitats, prey and behavior of other free-ranging odontocetesIn a range detection experiment in the noisy environment of
is needed before the shaping factors of odontocete sonidaneohe Bay in Hawaii, a female false killer whale was trained
signals can be fully uncovered. to echolocate a 7.64n spherical target with a target strength
Analysis of click trains from a trained beluga in target(TS) of —30dB. The distance to the target was increased until
detection experiments has shown that this animal, contrary ttetection fell to chance. Using an average SL of
TursiopsandPseudorcaemits packets of 4-5 clicks with ICI 221dBre.1 pyPa (pp) the animal had a 75% correct detection
values (40ms) that are shorter than the two-way-travel timesf the sphere at a range of soma®8rhomas and Turl, 1988).
between animal and target (Turl and Penner, 1989). Au (1993he ambient spectral noise level in Kaneohe Bay in the
speculated that this might relate to unknown adaptations tofeequency range of the centroid frequencyséudorcalicks
life in a highly reverberant ice-covered habitat, or that thés around 5@IB re.1 pP& Hz1 (Thomas et a) 1988a). Hence
animal simply had a unique and peculiar echolocation patternsing the sonar equation (Urick, 1983), and assuming that all
In two of the recording sessions with the free-rangingrariables are equal except for SL, ambient noise level and
Pseudorcaand Grampus similar short click trains of 5-8 target strength, the detection range of biological targets by
clicks with ICI values of 28ns were observed. There are nofree-rangingPseudorcasan be estimated. Using a SL value
clues to determine whether they serve the same function afm this study of 22@0Bre.1puPa (pp) (Tabld) and a
are produced in the same behavioral context as the packetsspictral noise density in the open ocean away from the surface
clicks from the captive beluga. We can only note theimat sea state 3 of 3B re. 1 uP& Hz ! at 5CkHz (Urick, 1983),
existence and point out that free-ranging species other than ttiee echo to noise ratio has been improved bgB4ompared
single, captive beluga do produce short packets of clicks witto the situation for the trained animal in Kaneohe Bay.
constant ICI values. Hopefully, future studies will be able to In the following, it is assumed that detection is limited by
uncover the functional significance of this type of apparenambient noise. On that basis, we have tabulated the detection
echolocation pattern, given that it is so very different fromranges at 75% level of prey items with different TS in T&ble
normal, longer trains of clicks. It is seen thaPseudorcashould be able to detect a medium-
From the above discussion it is evident that the signals useized (1m) yellowfin tunaThunnus albacareat 75% level at
for echolocation are identical iGrampusand Pseudorca ranges up to 20 if both prey and predator are away from
despite their preferences for different prey. This suggest in tutthe noisy surface. This range is increased if the SL is increased,
that differences in size, foraging behaviour and use of habitaind it is decreased if the noise levels rise due to near-surface
may play a more dominant role in shaping the properties dbraging, or deteriorating weather including rain and increased
odontocete sonar signals than the size, distribution and acoustiave action. Prey items such as larger fish and other delphinids
properties of prey items. It should be recognized that the sourceay be detected at even greater ranges (up ten308owever
parameters presented in this study are from animals the latter case, hunting tactics may involve a stealthy
echolocating on deployed recording gear rather than prey itemepproach as has been indicated in transient killer whales
and we cannot be sure that the source properties would be f{Barret-Lennard et al 1996). In contrast, when hunting for
same when these same animals use their biosonar for foragisguid, it is seen tha®seudorca’sestimated detection range
We nevertheless feel confident that the properties reported hateps to ranges comparable to thoseGodmpuswhen it is
reflect the minimum capabilities of the sound production systersearching the same prey (TaB)e Recently, Au et al. (2004)
of these two species, and that models for detection of prey camade a foraging model for echolocating killer whalesinus
be made on this basis. orca, based on psychophysical data from captive specimens
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Table?2. Estimated detection ranges of different prey items based on detection capabilities of aRsmpti@caand the source
parameters derived in the present study

Detection
SL fo Noise TS range
Predator (dBe.1 pPa, pp) (kHz) (dBe.1uP&HzY Prey (dB) (m)
Pseudorca 220 50 35 Tuna (in) -3¢ 210
Pseudorca 220 50 35 DolphinTursiops 207 320
Pseudorca 220 50 35 Small squid (26m) 56 80
Grampus 220 75 32 Small squid (26m) 56 85
Grampus 220 75 32 Large squid (8Im) —46 130

SL, source levelfp, centroid frequency; TS, target strength.

It is assumed that detection is limited by ambient noise, and that the receiving sys@@nampasperforms like that of #seudorca
TS for aTursiopsmay not represent TS for smaller delphinids preyed upd?sbydorcabut it is the only available TS for a dolphin.
1Bertrand et al. (1999%Au (1996);3Medwin and Clay (1998).

and source properties of clicks from free ranging specimen8ird and Au, 2001), and thereby increase the potential
and modelled scatter properties of moving salmonid prey. Theyetection range.
estimated that foraginQrcasshould be able to detect a salmon  While the listed estimates of detection ranges for different
at a range of 1CM in sea state 4 noise conditions with aprey types are indeed based on a number of unknowns, they
recognition differential of more thandB. Thus, the estimated are robust enough to suggest that free-ran@rgmpusand
detection ranges of tunas Bygeudorcasn the present study Pseudorcasn a natural habitat can detect their primary prey
are larger than estimated forcasforaging on chinook salmon at ranges of 1Cth or more, and thereby at ranges similar to
(Au et al., 2004). The difference is likely to relate to thethose at which trained animals can detect steel spheres in a
estimated recognition differential for tl@rcascompared to noisy shallow water environment. Thus, source properties
the measured values for tRseudorcaand the lower target derived from free-ranging animals suggest that both
strength estimates for the salmon compared tanatdna. odontocete species have evolved a sonar system that allows
Although echolocation has been demonstrate@rammpus them to derive information about their habitat and prey at
(Philips et al 2003) there is no information about the considerable rangeBseudorcas expected to detect large fish
maximum detection capabilities for this species. Making that ranges twice as far away @&ampuscan searching for
crude assumption that the performance of the detection systenedium sized squids, which relates to different target
matches that dPseudorcathe detection ranges of cephalopodproperties rather than to different source properties. Neither of
prey by Grampuscan be evaluated. A spectral noise level ofthese species has the potential for long range biosonar that has
32dBre.1 uP& Hz1at 75kHz, being slightly lower than that been indicated for the sperm whale, which under equivalent
used forPseudorcahas been adopted because of the highemoise conditions should be able to detect similar sized
centroid frequencies of th@rampusclicks. Main prey items cephalopod prey at ranges of more than lBOMghl et al.,
of Grampusinclude medium-sized squid with mantle lengths2003). This is due to the fact that the sperm whale emits
on the order of 38m (Clarke and Pascoe, 1985). The targetirectional biosonar clicks with little attenuation at centroid
strength of squids of this size is approximately B0 frequencies 1-2 octaves lower than the centroid frequencies in
(Medwin and Clay, 1998). Under the outlined set ofthe delphinid clicks. Also, the large and specialized sound
assumptions, it can be estimated that an echolodatimgpus generating mechanism in the nose of the sperm whale
can detect a single medium-sized squid at a range of scme 80generates source levels that are five times higher than measured
if both the source and the target are at the same depth. Thifas smaller odontocetes (Mghl et,&2003).
considerably less than the estimated maximal detection rangeThe capture of a wild, well-nourished, but deaf and mute
for the primary prey oPseudorcaand it relates primarily to dolphin (Ridgway and Carder, 1997) is a sobering reminder
the scatter properties of the prey targets and not to differenctsat biosonar may indeed not be the only sensory modality used
in the biosonar signals of the two odontocetes. by odontocetes for locating and capturing food. So although
The behaviour and movements of the different prey typebiosonar undoubtedly plays an important role in foraging, and
may in part compensate for the discrepancy between the rangeghe successful evolutionary radiation of the entire odontocete
at which Grampusand Pseudorcacan detect their primary suborder (Norris, 1968), there is a great need to understand the
prey. While larger fish may hold a distance in a school thagxtent by which biosonar is assisted by other cues, and what
maintains them as individual sonar targets, the schoolinthe behavioral contexts of different sensory modalities are.
behaviour of mesopelagic squids may vyield better scatteBiosonar detection of a prey item at a certain range does not
because they are close enough to act as a single sonar tamgatessarily mean that the animal will pursue, if cost-benefit
having a higher target strength than individual squid (Benoitanalyses render such engagement as futile.
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One of the next challenges in this area of experimental fiel&L received level
biology is to shed light on how and when biosonar signals dRMS  root mean square
free-ranging odontocetes are used to locate prey, and hdsL source level
predators and prey interact acoustically. A relevant path ifL transmission loss
such research would be to combine knowledge of the sour@@AD time-of-arrival difference
parameters of biosonar clicks from free-ranging species withS target strength
information about 3-D movement patterns derived froma frequency dependent absorption
onboard multisensor tags (Johnson and Ty&€03). This T signal duration
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