
Chapter 54

Critical areas for future research described in other
chapters in this volume include (1) measurement of echo-
location signals, especially high-frequency clicks, in free-
ranging dolphins (Schotten et al., chapter 54; Lammers
et al., chapter 58); (2) social and nonsocial uses of echo-
location both in captivity (Blomquist and Amundin,
chapter 60; Moreno, Kamminga, and Stuart, chapter 59)
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and in the wild (Herztng, chapter 56); (3) signal propa-
gation (Watkins and Daher, chapter 57); passive ver-
sus active use (dos Santos and Almada, chapter 55); and
(4) cross-modal studies of echolocation (Pack, Herman,
and Hoffman-Kuhnt, chapter 4I). Continued research is
needed in these areas to ensure the future understand-
ittg of the function of dolphin echolocation in the 4vild.
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Introduction

Despite the large amount of data, derived from captive
odontocetes, on the capabilities of the active dolphin
echolocation system (see Au 1993 for an overview),vir-
tually nothing is known about the actual use of echo-
location in the wild and its ecological significance. The
most important questions needing answers are from
which distances dolphins usually echolo cate, to what ex-
tent the use of echolocation is dependent on the type
of environment and time of the day (".g., the light-
dark cycle), whether members of a dolphin school echo-
locate simultaneously or eavesdrop on the echolocation
of one animal, and how often echolocation is used (Art
1993,27I). However, before such questions can be ad-
dressed, it is flrst necessary to describe the character-
istics of echolocation clicks emitted by free-ranging
odontocetes.

Odontocetes can be divided into two acoustic cate-
gories (Au,introduction to this volume). The first com-
prises all species that can produce both long-duration,
frequency-modulated tonal sounds (known as whistles)
as well as pulsed sounds (echolocation clicks and burst-
pulses). Clicks can extend to frequencies >150 kHz, are
broadband, and have a duration of 50-100 ps; while
whistles are frequency-modulated tones up to 20 kHz
with harmonics up to around 70 kHz (Lammers et al.
1997), lasting 0.1 to several seconds. The odontocetes in
the second acoustic category are known to produce only
pulsed sounds. These pulsed sounds ate narrowband,

generally around a high peak frequency of up to I4}kHz
with durations in the order of 100 -200 p,s.

Because the proposed division of odontocetes into
two acoustic categories might have implications con-
cerning the different uses of clicks, it would be worth-
while to determine whether the division holds for all
odontocete species, and to which category each species
belongs. For this purpose, it is necessary to record and
analyze echolocation clicks from all odontocete species
using similar, high-frequency (up to200kHz) broadband
equipment. No such click descriptions were found in the
literature for either spinner dolphins (Stenella longi-
rostris) or pantropical spotted dolphins (S. attenuata).
Both species, like all species from the genus Stenella, are
known to produce whistles (Norris et al. L994) and there-
fore are expected to belong to the flrst acoustic category.

When recordi.rg echolocation clicks from wild dol-
phins at sea, there are a number of problems: (1) it is
generally unknown which dolphin is producing the re-
corded clicks and how many animals are echolocating;
(2) the peak-to-peak source level (SL) of clicks cannot
be estimated with accuracy because the distance from
the dolphin to the hydrophone is unknown; (3) termina-
tions of clicks are often lost in reverberation and reflec-
tions from the water surface; and (a) the orientation of
the dolphin's head with respect to the hydrophone is gen-
erally unknowfl, so that it cannot be ascertained whether
clicks are from the main axis of the echolocation beam
(Au tee3).

An affay of hydrophones can be used to determine
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the distance of an echolocating dolphin and whether the
measured signals propagated along the animal's beam
axis. By using a line affay of three or more hydrophones
spaced equal distances apart, such as in the study of
MOhl, Surlykke, and Miller (1990), it is possible to de-
termine the distance to the sound source but not the di-
rection. However, with four hydrophones arranged in a
conflguration other than a line, it is possible to deter-
mine the exact position of the sound source to one of
two points. W. A. Watkins and Schevill (1974) used an
affay of four hydrophones spaced 30 m apart at the vor-
tices of a tetrahedron tolocal:-ze spinner dolphins (5. lon-
girostris). Due to the large size of the array, however, the
directional echolocation clicks were seldom recorded at

all four hydrophones. To localize dolphins by their echo-
location clicks, an array would need to be small, rigid,
and portable. Furthermore, by attaching an underwater
camera to the array, connected to a VCR synchronized
with the click recording device, the orientation of echo-
locating dolphins can be ascertained. In the present
study, an array of four hydrophones arranged in a sym-
metrical star conf,guration, with one center hydrophone
and three extending arms spaced I20" apart (adopted
from Aubauer 1995),was used to measure the echoloca-
tion signals of wild spinner dolphins (5. longirosrrls) and
pantropical spotted dolphins (5. attenuata).

Materials and Methods

Let the plane of the four-hydrophone afiay be the y-z
plane of a Cartesian coordinate system with the center
hydrophone (Ho) at the origin. The coordinates of an
echolocating dolphin can be expressed as a distance
from H6 to the dolphin (range R), a horizontal angle g,
and a vertical angle g, as follows (see fig. 54.1):

To localize the dolphin it is sufficient to know R, e.
and 0.If the coordinate system is deflned as in fig. 54.1.

these values can be derived using the above expressions
and Pythagoras's theorem to be (Aubauer 1995):

R_
c'(r|r+r3r+r'o)-3a2

(s4.4\
2c(rs1 I ,0, * ro:)

g :90
2cR(rs2 - ror) + c2(rf,1 - r'or)

x: R.cosg.cos0

y : R 'sin g'cos o

z: R'sin0

Michiel Schotten et al.

(s4.1)

(s4.2)

(s4.3)

* ur""or(-
\z

0- -ur.rin(
2Rcrs3

(54.s r

(54.6t

where
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c : speed of sound in water - 1500 m/s

a : distance between center hydrophone (Ho) and outer

hydrophones (H1 ,H2, ar.d H.) : 0.61 m
rs1 : tirne of click arrival at He - time of click arrival at H,

(expressed in s)

rs2: tilrira of click arrival at Hs - time of click arrival at H;
163 : tirlle of click arrival at H6 - time of click arrival at H-.

The + sign in eq. 54.5 represents the ambiguity in lo
calization and translates in either a positive or negative

Fig. 54.1.In a three-dimensional Cartesian coor-
dinate system, the position of a dolphin echolo-
cating on a four-hydrophone symmetrical star
array in one plane can be expressed as a range R
to the center hydrophone Ho, a horizontal angle
g, and a vertical angle 0. Distance a between He
and each of the outer hydrophones FI1, H2, and
H, is 0.61 m. In this coordinate system, the echo-
locating dolphin has a positive x-coordinate, but
negative y- and z-coordinates. Therefore, both g
and 0 have negative values as well.

3a2R2 -0.75(2Rcroz- c2rf,r+ a272
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Fig. 54.2. The hydrophone affay that was used for data
acquisition

x-coordinate in fig. 54.I. Furthermore, eq. 54.4 shows
that as the sum of time-of-arrival differences (161 * 162 *
rs3) approaches 0 pr, range R (as well as the range esti-
mation error AR) increases to infinity. Therefore, only
ranges up to an arbitrary value of 30 m (ror I rs2 t
rot s -11 p.s) were reliable, and calculated positions
with R > 30 m were rejected beforehand.

The hydrophone array consisted of four omnidirec-
tional ITC 1094 A elements. Hydrophones, with a flat
frequency response up to 160 kHz, were attached to a
rectangular block of delrin mounted via PVC pipes as
shown in fig. 54.2. The four hydrophones were con-
nected to a rechargeable battery-driven, multichannel
preamplifier/linedriver with an 18 dB gain, housed in a
watertight box attached to the delrin block. The pream-
plifier was connected via cables feeding back to the boat
to a rechargeable battery-driven, multichannel amplifier
with an adjustable gain for each channel. An aluminum
pole with a small video camera in a watertight transpar-
ent container was attached to the affay to stick it into the
water. The camera was connected to a VCR on board,
synchronized with the click recording device.

The hydrophone outputs were amplifled by either 36
or 42 dB and fed into a four-channel, I2-bit simultane-
ous analog-to-digital (A/D) converter system sampling
at 500 kHz. The A/D cards were housed in a trans-
portable "lunch-box" type personal computer. The data
acquisition program was written in Qbasic 4.5.Data ac-
quisition was triggered by the input of Ho, which caused
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the transfer of 200 pretrigger points and 200 posttrigger
points (800 ps) per channel to the board's memory. A
maximum of 80 consecutive clicks, with the accompany-
ing interclick intervals and times of recording, could be
stored in one file each time.

The array was calibrated by transmitting trains of
simulated Tursiops clicks under water and recording
them with the hydrophone array at different distances
from the transmitter. The array was held so that Ho was
at the same depth as the transmitter (thus, 0 : 0o), and
the plane of the artay was parallel to the plane of the
transmitter (thus, g : 0").Calculations of R best re-
sembled the actual ranges when the point of the maxi-
mum amplitude of the recorded click was taken as the
arrival time on each channel, under the restriction that
the same excursion within the click was used on each of
the four channels (for that purpose, excursions could be
selected manually by means of a built-in cursor option).
Additionally, the best results were obtained when a
three-point parabolic curve was fitted through the point
of maximum amplitude and the points preceding and
succeeding that point, for an exact estimate of the time
of click arrival on a channel. The calculated mean ranges
were plotted against the actual ranges, expressed in units
of the center/outer hydrophone distance "a" (which was
0.61 m in this case). Localization was highly accurate for
ranges smaller than 15 m, and sufficiently accurate for
ranges up to 25 m (flg. 5a.3). Standard deviations in-
creased with range, but remained very small (<0.7 a).

Echolocation recordings from wild spinner dolphins
and pantropical spotted dolphins were obtained at the
Waianae coast of Oahu, Hawaii, aboard a 5.2 m Boston
Whaler during four days from February to April 1997.
While spinner dolphins frequently visit two sandy bot-
tom areas of this coast, spotted dolphins are only en-
countered on rare occasions, and only on one occasion
could their clicks be recorded. The measured water depth
was 40 m, while depth varied from 6toLl m for the spin-
ner dolphin click recordings. The subsequent analysis of
each click was performed on the channel with the high-
est recorded amplitude, to increase the chance that the
analyzedclick was recorded from the center of the echo-
location transmission beam. First, the click was manu-
ally selected on that channel by using the built-in cursor
option, to separate the actual click from reverberation
and from its reflection from the water surface, which of-
ten overlapped with the click itself. Because of this over-
lap, a subjective decision was made in differentiating the
actual click from surface reflection. This was facilitated
by comparing the four channels: the elapsed time (At) be-
tween the click and its surface reflection should be differ-
ent on each channel, with the largest Ar on the channel
of the deepest hydrophone H3. To get a rough estimate
of A/, equations were derived for At on each channel, as
specifled in the appendix. After manual selection of a re-
corded click on the channel with the highest amplitude,
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Fig. 54.4. Normalized time domain waveform s(r) and fre-
quency spectrum S(/) of a typical spinner dolphin click (,4) and

spotted dolphin click (B)

waveform of the recorded click was a 36 p,s transient sig-

nalwithtwo main excursions and some minor excursions
most of the energy of its bimodal broadband frequency
spectrum fell between 40 and 140 kHz. The calculated
peak-to-peak source level was2l4 dB. A typical spotted
dolphin click, recorded from a distance of 12 m with the
highest amplitude on the center channel, is shown in

fig.54.48. For this click, SL : 218 dB. Generally, clicks
recorded from spinner dolphins and from spotted do['
phins were similar, although the waveforms of spotted
dolphin clicks had minor excursions that were larger in
amplitude than those of the spinner dolphin clicks. Also-
there was more variation in spotted dolphin clicks. Fon

both species, medium- to high-amplitude clicks had pre-

dominantly bimodal frequency spectra, with a low-fre-
quency peak at40-60 kHz and a high-frequency peak *
I20-t40kHz. Clicks that were among the highest in am'
plitude had only a single peak in frequency, either at the
low- or high-frequency peak.

Means and standard deviations of the calculated clic\

0510152025303540
ACTUAL RANGE (a)

Fig. 54.3. Array calibration for calculations of R (means and
standard deviations), expressed in units of a (a: 0.61 m)

the following click characteristics were calculated (de-
fined as in Au 1993, I37,21,6-24): normalized energy
(E ), peak frequency (fr), center frequency (,fo), 3 dB
bandwidth (BW), root mean square (rms) bandwidth
(B), signal duration (r), rms signal duration (rr), time
bandwidth product (ro|),centroid of the time waveform
(ro), Woodward time resolution constant (A"), and in-
trinsic range resolution (Ar : y2. c.Ar). The click char-
acteristics were fed into a spreadsheet program, together
with the coordinates of that click, the peak-to-peak
source level SL (level referenced to L m from the source
with units of dB re L pPa), and the source energy flux
density SE (referenced to 1 m from the source with units
of dB re L pPa2s).

Results

A total of 851 spinner dolphin clicks and 340 spotted
dolphin clicks were recorded and analyzed. Of these
clicks, only 131 spinner dolphin clicks and 196 spotted
dolphin clicks were recorded on all four channels. The
remaining click recordings suffered from a loose con-
nection between the preamplifler and amplifier, causing
a loss of one or more channels for those recordings, which
therefore could not be localized. Also, the video equip-
ment malfunctioned, so that the orientation of echolo-
cating dolphins could not be ascertained. However, if
the center hydrophone recorded the highest signal, then
in all probability the animal was directing its beam to-
ward the array.

A typical spinner dolphin click is shown in fig. 54.4A.
It was recorded from a distance of 13 m, with the highest
amplitude recorded by the center hydrophone, Hs. The

TIME (ps)

TIME (ps)
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T.q.nr-p 54.1. Calculated click characteristics (x -r SD), deflned as in Au (1993, I37,216-24), for all the recorded spinner dolphin (Stenella
longirostris) and spotted dolphin (5. attenuata) clicks. For the spinner dolphin clicks, sample size (n): 851, except for SL and SE (n : I3l),
for Ev1(n : 831), and for fp (n:836). For the spotted dolphin clicks, n:34l,except for SL and SE (n: I95), and forf (n:338).
For SL, dB is re I p,Pa; for SE dB is re 1 p.Pa2s; whereas E1u, is unitless

sL (dB) SE (dB) EN (dB) fp(kHz) /o (kHz)

S. longirostris
S. attenuata

S. longirostris
S. attenuata

S. longirostris
S. attenuata

208 -f 5

2I2 -r 5
BW (kHz)
76.4 -r 23.4
79.8 -+ 35.9

h (ps)
lr.6 -r 6.2

15.8 -f 8.2

148 -f 5

150 -f 4
B (kHz)
34.7 -r 4.9

38.1 + 6.7

Ar (prs)

9.4 -+ 2.7

8.9 -f 3.0

-57.5 -r 2.4

-56.9 -+ 1.1

r (ps)
3\ -r 12

43 1- 15

Ar (cm)
0.70 -r 0.20
0.67 -+ 0.23

69.7 -r 23.1

69.41- 3I.3
ra !rs)
4.6 -+ I.5
5.3 -r 1.9

80.4 -r 12.t
83.4 r- 16.8

raF
0.16 -f 0.06
0.21 -f 0.10

characteristics are presented in table 54.1. Note that,
compared to echolocation clicks of captive Tursiops (Au
1993, 2I7), the recorded clicks had high peak-to-peak
source levels (with maximum source levels of 222 and
220 dB for the spinner and spotted dolphin clicks, re-
spectively), large 3 dB and rms bandwidths, short dura-
tions, and small values for intrinsic range resolution
(with minimum values of 0.4 cm for both species). The
variance of each click characteristic, except for SL, SE,
and EN, was significantly higher for the spotted dolphin
clicks than for the spinner dolphin clicks (p < 0.0001,
variance ratio test). For this reason, the nonparametric
two-tailed Mann-Whitney test, rather than Student's
r-test, was applied to test for differences between mean
click characteristics. The spotted dolphin clicks had
higher values for SL, SE, EN, fo, F, r, rrt, raB, and to (p <
0.0001), while the spinner dolphin clicks had higher
values for f, (p < 0.05), Ar, and L, (p < 0.0001). No sig-
nificant difference in BW was found. In summary, the
recorded spotted dolphin clicks were found to be louder
and longer, with better intrinsic range resolution, than
the spinner dolphin clicks.

Because positions of echolocating dolphins were
known, it was possible to discriminate between clicks
that were supposedly emitted by different dolphins. To
assign the large number of recorded clicks that had one
channel missing to individual animals as well, time-of-
arrival differences rather than the actual positions were
used-two time-of-arrival differences were in most cases
already sufficient for this purpose. Successive clicks with
similar coordinates were arranged into groups, each of
which was considered as a single click train emitted by
one dolphin. Next, click trains that had similar coordi-
nates but were separated in time by one or more other
trains were linked and assigned to one animal, taking
into account the time interval between these trains and
the animal's direction of movement.

After all clicks were assigned to individual animals, a
linear discrimin ant analysis was applied (as in Lindeman,
Merenda, and Gold 1980, IB3-96,221) to test whether
the division could be supported by differences in click
characteristics among presumed individual dolphins.

Ten click characteristics (E*, fo,"fg, BW F, r, rd, ra/, to,
and Ar) were fed into the analysis. For the 48 presumed
spinner dolphin individuals, this resulted in nine signifi-
cant discriminant functions (p < 0.05), with which the
SPSS program was able to assign 44o/o ofall clicks to the
correct (i.e., previously assigned) individuals. For the 13
presumed spotted dolphin individuals, it resulted in four
significant discriminant functions (p < 0.05), with which
40"/" of the clicks could be assigned to the correct indi-
viduals. Therefore, the discriminant analysis supported
the performed division of clicks. However, the discrimi-
nant functions were not consistent in the weights that
they assigned to each of the 10 click characteristics, so
the relative importance of each click characteristic in
discriminating individuals remains unclear.

For three click trains of an individual spinner dolphin
and one long click train of an individual spotted dolphin
(all recorded at a distance of 10-15 m, at about the same
depth as the hydrophone array), several click charac-
teristics were plotted as a function of click number
(fig. 5a.5). SL, SE, fo, fo, and BW were generally smaller
at the beginning and end of a click train than in the
middle part, while B remained more or less constant.
There was much more variation within the spotted dol-
phin click train than in the spinner dolphin click trains,
and the spotted dolphin click train had larger maximum
values.

Additionally, for the total data set several click char-
acteristics were plotted as functions of one another
(fig. 5a.6). In this way, a linear relationship was found be-
tween interclick interval (ICI) and calculated range R of
each click (fig. 5a.6A, B). The so-called two-way transit
time, which is defined as the time needed for an echo-
location click to travel from the dolphin to the hydro-
phone arcay and back to the dolphin, is also indicated in
these plots and can be expressed as two-wafy transit
time (ms) : I.33.R (*).Note that for all recorded clicks
the ICIs were longer than the two-way transit times.
Also, the slopes of the linear regression lines through
the data were steeper than the slope of the equation for
two-way transit time by about a factor of 2. This could be
an indication that when the array was located farther
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Fig.54.5. Click trains emitted
by an individual spinner dolphin
(A, C, and E) and by an individ-
ual spotted dolphin (8, D, and
F). SL and SE of the clicks are
plotted in,4 and B, fo and B are
plotted in C and D, and fo and
BW are plotted in E and F.

Since the flrst 15 clicks of
the spinner dolphin's second
recorded click train were not
recorded on the channel from
hydrophoneHz, no ranges and
therefore no values for SL and
SE could be calculated for those
clicks in A.
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away, the dolphins needed a longer processing time be-
tween receiving an echo of one click and emitting the
next click, assuming they were echolocating on the ar-
ray. A second linear relationship was found between
center frequency /6 and peak-to-peak source level SL
(fig. 5a.6C, D). Equations of the linear regression lines
through the data were similar for the spinner and spot-
ted dolphin clicks, and also resembled the equation

[/6 (kHz) :2.55.SL (dB) - 456.40] found by Au et al.
(1995) for a false killer whale (Pseudorca crassidens)
performing an echolocation task. Finally, a third linear
relationship was found between 3 dB bandwidth BW
and center frequency,fo (flg. 54.6E, F).

Discussion

Calibration of the four-hydrophone array indicated that
it was highly accurate in localizing ranges up to 25. a and
sufficiently accurate for ranges up to 40. a,where a is the
distance between the center hydrophone H0 and each of
the three outer hydrophones. Therefore, increasing the
size of the array would increase the distance at which
dolphins could accurately be localized,but it would have
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the disadvantage that at close ranges the directional
echolocation clicks probably would not be recorded on
all four channels. Another disadvantage would be that
the time-of-arrival differences would increase, thus re-
quiring more digitized points per channel to store each

click.
By using the four-hydrophone array, solutions were

provided to three of the four problems of recording
clicks at sea. Localizing echolocating dolphins made it
possible to measure peak-to-peak source levels (SL) of
the clicks (with an estimation error of less than 1.5 dB at

R : 25 m in the calibration), to discriminate recorded
clicks from their surface reflections, and to assign clicks
to presumed individual animals. The division of clicks
was supported by a linear discriminant analysis, which
indicated highly signiflcant differences in all click char-
acteristics among presumed individual dolphins. How-
ever, due to the uncertainty of assigning multiple click
trains with similar coordinates to a single dolphin (but
separated in time by one or more click trains of other
dolphins), it remained unclear whether each dolphin
emitted its own type of click or that all click trains emit-
ted by a single dolphin were different from one another.
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Fig. 54.6. Scatter plots of inter-
click interval (ICI) on range
(,4 and B), fo on SL (C and D),
and BW on fo (E and F). A, C,

and E show plots for all spin-
ner dolphin clicks, B, D, and F
show plots for all spotted dol-
phin clicks. The equation of the
least square linear regression
line through the data and its
correlation coefflcient are indi-
cated in the upper right corner
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To investigate this question in future research, the array
recordings should be used in combination with good
video recordings of known individual dolphins, such as

in the populations studied by Herzing (1996).
Concerning the fourth problem of recording clicks at

sea, the orientation of echolocating dolphins could not
be ascertained due to malfunctioning of the video re-
corder. However, the use of a four-hydrophone array (as
opposed to a single hydrophone) makes it easier to dis-
criminate clicks recorded on the axis of the echolocation
beam. First, it is possible to select the channel with the
highest amplitude for each click. Second, one can select
only those clicks with the highest amplitude recorded by
the center hydrophone H6. In this case, it is reasonable
to assume that the dolphin directed its echolocation
beam at or near the center of the array. Third, the linear
relationship that was found between interclick interval
ICI and range R, and the fact that ICI was larger than
the calculated two-way transit time in all cases, indicate
that the majority of clicks probably were recorded from
dolphins that had been echolocating directly on the ar-
ray. However, variations in click characteristics within
one click train (such as those in flg. 54.58, D, and F)

should be treated with caution, since those variations
also could result from scanning movements of the
dolphin.

The clicks recorded from both spinner and spotted
dolphins had source levels that were 30-60 dB higher
than those recorded previously from wild odontocetes
(".g., Watkins 1980). Similar click source levels, how-
ever, were recorded from wild narwhals (Monodon mo-
noceros) by Mghl, Surlykke, and Miller (1990), who used
a three-hydrophone line affay. Therefore, more studies
should use hydrophone arrays to obtain reliable source
levels for other species, to close the traditionally per-
ceived "dB gap" between wild odontocetes and captive
odontocetes trained in echolocation tasks. Besides high
source levels, the spinner and spotted dolphin clicks also
were characterized by very broad 3 dB and rms band-
widths, short durations, and very small values for intrin-
sic range resolution compared to a typical Tursiops click.
However, while closely resembling the Tursiops click
and echolocation clicks from other whistling dolphin
species, the spinner and spotted dolphin clicks were dif-
ferent from clicks emitted by nonwhistling dolphin spe-
cies. Therefore, the hypothesized division of odonto-
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cetes into two acoustic categories (Au, introduction to
this volume) is further supported by these data.

Appendix

Equations of the elapsed time Ar between the click and
its surface reflection on each channel were derived to
obtain rough estimates of Ar. If the water surface is flat,
with the pole of the array (the z-axis in fig. 54.I) exactly
perpendicular, A/ can be expressed as

R, _ SR,A+ - ' 'ALi _

where

i : 0,1,,2, or 3, for hydrophones FIs, Ht,Hz, and H3,

respectively
c : 1500 mis

R; : direct path from the dolphin to hydrophone I

SR; : surface reflected path from the dolphin to
hydrophone I

Now R; and SR; can be derived by writing range R and
the three extending arms of the array as vectors (with Ho
as the origin of the coordinate system, as in fig. 54.1) and
then using the cosine rule (Schotten 1998):

Ro: R

Manuel E. dos Santos andVitor C. Almada

The surface reflected paths are

SRo:ffi

SRr :
R2 + 4Dz -3aD * I.5-a2 * aR.r6.sin p.cos 0 -2RD'sin 0

SRz:

SR: :

D indicates the depth of Hs, assumed to be between
0.5 and 2 m. Due to wave action, varying values for D, and

angles other than 90" between the array pole and water

surface, the equations for SR; (and therefore for Ar,) of-
ten will be inaccurate. However, they can give a rough in-
dication and can be used in discerning surface reflection.
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Introduction

The use of a sophisticated echolocation system to navi-
gate and to discriminate prey and other targets has been
demonstrated in many odontocetes (for reviews and

comparisons with the bat's systems, see Au 1993,1997.
and the introduction to this volume). This active sonar

capability is based on the emission of short, broadband
clicks, usually in trains, and on the interpretation of their
echoes, providing the echolocating animals, and also
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with a powerful roaring display (Estes 1991). These dis-
plays are usually enough to discourage weaker oppo-
nents from daling a fight with them, but may not be
sufficient to intimidate equally strong males. The ab-
sence of injuries after fights between the two dolphin fe-
males in this study may be due to them not really trying
to bite each other, but only performing a ritualized dis-
play fight. Such ritualized fighting is found in antelope
species with potentially lethal horns-for example, the
impala, A. melampuq and the oryx antelope, Oryx
gazella (Estes 1991). Another example is the,,bite inhi-
bition' seen in wolves, Canis lupus, in connection with
"passive submission," where the subordinate wolf rolls
onto its back, presenting its throat and abdomen, a pos-
ture that in effect prevents a dominant wolf to kill a
weaker pack mate (Mech 1970).

To study these social sounds in more detail, new
methods have to be adopted where free-swimming ani-
mals can interact with each other without being re-
stricted by a narrow channel, as in this study. At present,
a sound recording unit, attached by means of suction
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cups to the dorsal fin of our dolphins, is being tested. It
will record, in any social interaction, directional pulse
sounds received by the dolphin carrying the unit.
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