Off-axis sonar beam pattern of free-ranging finless porpoises
measured by a stereo pulse event data logger
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The off-axis sonar beam patterns of eight free-ranging finless porpoises were measured using
attached data logger systems. The transmitted sound pressure level at each beam angle was
calculated from the animal’s body angle, the water surface echo level, and the swimming depth. The
beam pattern of the off-axis signals between 45° and I®fifere 0° corresponds to the on-axis
direction was nearly constant. The sound pressure level of the off-axis signals reached 162 dB

1 uPa peak-to-peak. The surface echo level received at the animal was over 140 dB, much higher
than the auditory threshold level of small odontocetes. Finless porpoises are estimated to be able to
receive the surface echoes of off-axis signals even at 50-m depth. Shallow water Syesssritsan

50-m depth are the dominant habitat of both oceanic and freshwater populations of this species.
Surface echoes may provide porpoises not only with diving depth information but also with
information about surface direction and location of obstaélesluding prey itemps outside the
on-axis sector of the sonar beam. ZD05 Acoustical Society of America.
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I. INTRODUCTION ceive echoes of off-axis beams from obstacles in the wild has
not been investigated.

The sonar beam of dolphins and porpoises is known to  Moreover, the sound beam pattern of dolphins and por-
be highly directional(Norris and Evans, 1967; Aetal, poises has not been measured under free-ranging conditions
1978; Au, 1980; Awet al, 1986, 1987, 1995, 1999A beam-  except for white-beaked dolphiragenorhynchus albirostris
focusing system of sonar signals has been proposed for ti&asmusseret al, 2004. The relative body angle and the
head region of dolphins and porpoises wherein the skull redistance between the sound source and the hydrophone must
flects sounds ahead while the melon organ focuses the soul¢ measured to determine the beam pattern. These experi-
beam (Au, 1993. This model is supported by numerical mental constraints made measurements of the beam pattern
simulations of sound propagatidAroyanet al, 1992. The  possible only in controlled captive environments, otherwise
focused beam of odontocete sonar is advantageous in that§everal criteria are needed to determine the relative direction
allows animals to concentrate sound energy ahead for th@f an animal to the hydrophonéRasmusseret al, 2004.
long-range detection of prey. Directional beams have a bettefhe source level of the sonar signals is highly dependent on
signal-to-noise ratio than do omni-directional beams. As togh€ echolocation task¢Au, 1980; Au and Benoit-Bird,
predators in the oceans and rivers, toothed whales use sign£803- In the open water and under free-ranging conditions,
produced in a directional beam to assist in the early detectioH'€ Off-axis beam intensity is potentially different from that
of remote prey items. The sonar range of odontocetes such 89S€rved in captivity, as wild dolphins and porpoises have
finless porpoisesNeophocaena phocaenoidesd baiji Li- e complicated task of detecting remote prey.

potes vexilliferis estimated to reach several tens of meters in Usmg a ster_eo aCP“S“C data quger, we measured the
open water system@kamatsuet al, 1998 ultrasonic pulse intensity of sonar signals and echoes from

It is also known that the off-axis beam of odontoc etethe water surface that are received at the body of the free-

sonar is of sufficient intensity to be recordéflu, 1980. ranging Yangtze finless porpoiséNeophocaena phocae-

! L noides asiaeoriental)sn an open water system. The off-axis
However, the function of these off-axis signals has not been . . .
. . . sonar beam pattern was calculated for eight free-ranging ani-
investigated. In bats, sonar signals are used not only for pr

. €¥als. We show that the water surface echoes of off-axis sig-
capture but also for acoustic scene analydess and Sur-

lykke, 2001. Off-axis sonar signals in odontocetes might beina!; ;:ehsalgftgent intensity for reception by finless porpoises
used for environmental recognition. The scanning sector ofn '

an off-axis beam is wider than that of an on-axis beam. Ob-
stacles outside the on-axis beam sector could be detected fo'y
receiving off-axis beam echoes. Whether odontocetes can ré. Study site and animals

MATERIALS AND METHODS

The experimental site was an oxbow lake of the Yangtze
¥E|ectronic mail: akamatsu@affrc.go.jp River, Hubei, China (29.30—29.3%,112.13-112.4%).

J. Acoust. Soc. Am. 117 (5), May 2005 0001-4966/2005/117(5)/3325/6/$22.50 © 2005 Acoustical Society of America 3325



Water surface acceleration corresponded to a vertical ascent in which the
body angle was perpendicular to the water surface, while a
horizontal body direction was indicated by zero surging ac-
celeration. To eliminate the higher frequency components of
accelerations caused by body vibrations, moving averages of
acceleration over 100-ms time intervals were used. The dy-
namic range of the acceleration measurement wdive
gravity force with 10-bit resolution. The behavioral data log-
ger also recorded the swimming depth and speed and the
experienced water temperature.

The acoustic and behavior data loggers were attached on
FIG. 1. Measurements of body angle and the off-axis beam intensity. Thd0th sides of eight animals by suction cuffroduct No.
“surge” and “heave” directions of the animal are indicated in the upper left 40-1525-0, Canadian Tire Co. Ltd., Canadﬁhis attachment
inset. The body an i i ; ; ;

(5 o oy e can b cacuted by ne surong body acceleraihethodology wias simple and less invasive. Each data logger
was received by the acoustic data logger attached to the side of the anima/as assembled with a suction cup, a fl(mtpanded pOIy\”'
Spherical propagation was assumed in calculating the transmissiofflgss Nyl chloride Klegecell No. 55, pressure resistant to 8 atm,
of th_e_soun(_j during the rou_nd trip to thg water surface. The absorptiorKaneka Co. Ltd., Japanand a transmitte(MM130, Ad-
coefficienta is also included in the transmission loss. vanced Telemetry Systems, UBAfter the experiment, the
drag force of the two data logger systems was measured in
This was an old course of the Yangtze River, 1-2 km inthe experimental towing tank at the National Research Insti-
width and 21 km in length. The maximum depth was ap-yte of Fisheries Engineering, Japan. The drag force was

proximately 20 m, which occurred along the outer bank offound to be less than 60 gram-force at the cruising speed of
the hoop-shaped lake; most of the lake was shallower thafinless porpoise$0.89 m/3.

10 m. The main stream of the river inundates the oxbow

during the rainy season. The underwater visibility is less tharc, Data analysis

1 m owing to turbidity. Finless porpoises in this reserve re- ) . .
produce annually without supplementary feeding by humans ~ 1he acoustic data logger recorded direct-path signals
(Wei et al, 2002. The environment of this oxbow is consid- from the sound source as well as water surface reflections.

ered to be quite similar to that of the main stream of theThe direct-path signal traveled to the acoustic data logger

Yangtze River(Zhanget al, 1995. directly from the sound source under the blow hole of the

All animals used in this experiment were safely captureo"’mim""l(Cr"’mforq(:’t gl., 1996'_ Th? water S‘%rface echo is the
in October 2003 and temporally housed in an enclosurerefleCted off-axis signal which is transmitted upward from

(~30x 60 m with a maximum depth of 3.5 established in the animal. The water surface echo delay from the direct-
an inlet adjacent to the oxbow. They were maintained in thid?th signal should be identical to the two-way sound travel

enclosure for at least 24 h for the alleviation of stress leveldluration between the animal's depth and the surface. Only
prior to release. pulses delayed withirt 1 ms from the calculated delay time

according to the animal’s depth were used for the analysis.
This means that we accepted an errortof5 cm in depth
(~ half the body length of the animalsEchoes received
An acoustic data loggeiw20-AS, Little Leonardo, Ja- within 1 m of the water surface were also excluded to avoid
pan was used to measure the sound pressure levels of sonaoise contamination during respiratory splashing. The water
signals. The data logger could record the intensity of ultrasurface echo level was scaled by the directional sensitivity of
sonic pulse events over 129 dB 1 uPa peak to peak level the acoustic data logger, using the body angle simultaneously
up to 2000 times in a second, and its dynamic range was 3theasured by the behavior data logger. Assuming spherical
dB. The data logger had directional sensitivisge later dis- sound propagation and flat water surface, the transmission
cussion and Fig. ssimilar to the directional hearing of dol- loss during the round trip between the animal and the water
phins and porpoises; thus the detection threshold of the daturface was 20 logd®2(dB)+ 2«d, whered is the swimming
logger at the on-axis directiof0°) was 129 dBcompared depth anda is the absorption coefficient, respectivefyig.
with 140 dB when the sound came from a 90° off-axis di-1). The absorption coefficient at the sonar frequency of 140
rection. Because of the contamination of internal thermakHz in finless porpoise§Akamatsuet al, 1998 is no more
noise of the data logger system, a relatively higher detectiothan 0.04 dB/m(Urick, 1983. We calculated the sound pres-
threshold of 129 dB was intentionally employed comparedsure level of the transmitted off-axis signallam from the
with the audible threshold level of dolphins and porpoises. animal by adding the water surface echo level and the trans-
A behavior data loggetPD2GT, Little Leonardo, Japan mission loss.
was simultaneously used to measure the body angle. In the To calculate the beam pattern, a source level of the on-
behavior data logger, an accelerometer with two axes meaxis signal was needed as a reference. The acoustic data
sured the surging and heaving body acceleration, includingpgger was fixed on the animal’s body, and the sound travel
static gravity force. The surging and heaving acceleratiordistance of the direct-path signal was therefore constant. The
could be converted to the pitch and roll angle of the animal'seceived sound pressure level of the direct-path signal was
body (Fig. 1). For example, one gravity force of surging considered to be in proportion to the source level of the sonar

Depth: d {m)
TL=20log 2d +2ad (dB)

[

SA=Gxsin &

Tl

VG (mis?)

B. Data logger systems and attachment

3326 J. Acoust. Soc. Am., Vol. 117, No. 5, May 2005 Akamatsu, Wang, and Wang: Off-axis sound production of finless porpoises



Oct. 16, 2003 Swirmming depth distribution

o
18:36:30 18:37:00 18:37:30 183800 £ 1000
I | I | I | 1 | §
(@) © 500
0 £
— ek}
E= , | £
=. B £ 0
= 1 s 3 4 E+ g 7 ) & 10
Z- 4 — (@) Depth (m)
Bm —
o Depth at sound production
a
% 13000
‘g‘ 10— . s 10000
= 84 T @ 00
[ " ¥ o
£ f— t e, The £ 1]
£ L - o B !“ﬂ% ) E 1 2 a1 4 35 6 T a % 10
P t- - (b) Depth {m)
m LI - “  a -
= o- o —
- @ 500 Depth at echa received
2
18:35:27.6 1836272 18:36:28.0 PU_’ 500
()
B | 1 | E
g i g 0 TR T
2 g =4 1 I 1 4 = g T a % 10
= C
g (© Denth (m)
g— eo FIG. 3. The time that animals spent at each dejaihthe number of re-
S a , : : - () corded direct-path signals at each defih and the number of recorded
= 0 echoes at each deptb). The number of echoes decreased quickly as depth

increased.

FIG. 2. The depth profiléa), the echo delayb), and recorded samples of
pulse eventgc). The echo delayb) is in proportion with the swimming
depth (a) since the round trip time to the surface by underwater sound

corresponds to the sound source depth. Especially in shallow water swinMany double pulses were observ[eﬁig. 2(C)], and the intra-
ming depth, many echoes associated with the sonar signals as shown I%Ise interval within the double pulses corresponded to the
double pulse structure ift). .
calculated delay time.
The examination of all recorded dive statistics for por-

. . . . . . oise 8 shows that this individual dived to depths of up to 10
signals. Using the intensity of th_e d_wect-path signal as. [Fig. 3(@]. The simultaneous recording of dive behavior
referznce, we calfula}edtthle rele;twe n:tt]enSltync;thtBhe ?(tﬁ'aX'Sand sonar signals revealed that the porpoise produced sonar
tsoun q %r]es?urlet_ eveb at - {n r?mF e” an t:tea e; signals at all depthFig. 3(b)]. This animal spent relatively
ermed the ‘relative beam Intens y Inally, we obtained longer time periods at 2-, 4-, and 8-m depth and produced
the off-axis sonar beam pattern indicated by the relativ

. . . ) any pulses at these depths. The number of pulses per sec-
Sﬁ:asrgslntensny for each body angle of the eight finless POTond at each depth was fairly consisténtean 14.3 pulses/

second, standard deviation 2.3his finless porpoise used
sonar almost continuously with relatively constant sensing
. RESULTS effort at each swimming depth. However, surface echoes
were frequently received by the acoustic data logger at
All the acoustic and behavior data logger systems wereepths of less thm6 m and were rarely received deeper than
retrieved within 3 days of release. They remained attached t6 m [Fig. 3(c)].
the animals for 13.1 h on average and for a maximum of 36.8  The animal swam horizontally most of the time but oc-
h. The period of simultaneous attachment of both the acouszasionally rolled(Fig. 4). The surging acceleration clearly
tic and behavior data loggers for each individual was 8.75 tpeaked at-0 [Fig. 4(a), black ling}, indicating that the ani-
on average. During the experiment, the water surface of themal mostly swam horizontally. The heaving acceleration
lake was almost flat, with no waves. Such a calm conditioranged from—10 to + 15 m/$ [Fig. 4(a), gray lind. The
happens often in the dry season. Assuming negligible reflemegative gravity force € 9.8 m/$) of the heaving accelera-
tion loss at the surface, the transmission loss during th&on corresponded to the animal swimming in a supine pos-
round trip between the animal and the water surface wasire. The heaving acceleration of this individual shows that
estimated as the spherical propagation, as previously indthe animal sometimes rolled.
cated. The examination of the body acceleration data measured
An example dive profile and the received echo delay ofonly when surface echoes were received by the acoustic data
an animal(serial no. 8 are given in Fig. 2. In this case, the logger reveals the absence of negative heaving acceleration
animal dove for 80 s and reached 6 m in deffig. 2@].  [Fig. 4(b), gray lingl. This means that the animal was swim-
Most of the interpulse intervals were interpreted as surfacening with its dorsal side uppermost when the surface echoes
echoes(bold dotg during the entire dive boutFig. 2(b)]. were detected. The surface echoes were not received during
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FIG. 5. Directional sensitivity of the acoustic data log@ehite circles, left

and the number of received echoes at each body dhfglek circles, right

The dotted line indicates the internal electric noise level of the acoustic data
logger. As illustrated in the left side of the figure, the data logger is most
sensitive when receiving sound coming from @m the fronj. However,
many echoes were received during horizontal swimmibgdy angle of
90°), and quite a few echoes were received during nearly vertical ascents
(0°) and descents (180°).

(b)

lated between 45° and 12@this angle range is shown as an
arrow in Fig. 5.

The averaged off-axis beam pattern of eight finless por-
poises for every 10° bin of the body axis is indicated in Fig.
6. The off-axis beam pattern was almost constant across the
entire range of this angle.

IV. DISCUSSION

The off-axis sonar beam pattern of free-ranging finless
porpoises was obtained by using pulse event recorders at-
tached to the animals. We see three major methodological
advantages to our approach. First, there is no need to train
animals to be stationed at a fixed point. The body angle was
FIG. 4. The number of surging and heaving body accelerations during thghanged by the animal itself, and the intensity of the off-axis
entire observation period of animal(§). The number of body accelerations o5 mg could be obtained from the water surface echo. Sec-
only when surface echoes received is indicatedbin The distribution of . .
heaving acceleration when surface echo receii®ds positively biased ond, the sound pressure level of free-ranging animals can be
relative to the distribution ofa), indicating that echoes were mostly re- Obtained from the body angle information. The animals
ceived during swimming dorsal side uppermost. could swim freely, thereby enabling the measurement of so-

nar beam patterns of finless porpoises in the open water sys-

tem. Third, this method does not require a relatively expen-
swimming in a supine posture. These trends were also olsive multi-channel hydrophone system to measure beam
served in the other seven experimental animals. patterns.

The off-axis beam pattern could be calculated for a lim- Many water surface reflections of off-axis signals were
ited range of angles because of the small sample size dfeyond the detection threshold level of the acoustic data log-
near-vertical ascents and the directional sensitivity of theger (140 dBre 1 uPa, peak-to-peak at 90° of beam angle
acoustic data logger. As shown in Fig. 4, we observed a verguring horizontal swimming. The surface echo could be re-
small number of events in which positive and negative grav<ceived by the acoustic data logger as deep as[Big1 3(c)].
ity force occurred at-9.8 m/€ during surging acceleration. The propagation loss during the round triprfré m indepth
This means that the porpoises rarely ascended or descended
in near-vertical postures, and this limited the availability of = 15
surface echo data from on-axis signals. When surface echoe
were received, porpoise body angles were almost always
within 45°-135° degreef~ig. 5, black circles; 90° is hori-
zonta). Additionally, the directional sensitivity of the acous-
tic data logge(Fig. 5, white circlegdid not allow the recep- o a0 00 120
tion of off-axis signals at greater than 120°. Over 120°, the Beam ande (degres)
detection threShOId of the acoustic d,ata_bg_ge_r was close tIQIG. 6. Off-axis beam pattern of eight finless porpoises. The ordinate shows
the thermal noise level of the electric circuit in the IOggerthe relative beam intensity, and the value at 95° is set at 1 as the reference
(dotted ling. Therefore, the off-axis beam pattern was calcu-point.
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to the surface was 22 dB. During the round trip to the surthe off-axis beam sector. The sonar of porpoises might have
face, the absorption is estimated to be 0.48 dB which isvider coverage than formerly expected. For example, a
negligible comparing with 22 dB. Therefore, the source levell0-cm body length clupeoid fish is estimated to have a target
of the off-axis signal upward (90°) from the horizontally strength of—51.9 dB at 38 kHz, according to the formula
swimming animal was a maximum of 162 dB which is the presented by Footél987. The target strength of fish has a
summation of 140 dB echo level and 22 dB propagatiorslightly negative relationship with the sound frequency. The
attenuation. Comparing between FigbBand (c), approxi- change of the averaged target strength varies within a few dB
mately half of the transmitted sound associated with surfacé the wide frequency rangéSawada, 2002 Additionally,
echo at 1-m depth. This suggests that half of the off-axigve should note that the off-axis sonar beam transmitted up-
sounds have over 146 dB source levels which is the summavard from the porpoise is projected to the ventral side of a
tion of 140 and 6 dB propagation attenuation to the surfacdish, but usually the target strength of the fish is measured
from 1-m depth. The lower echoes are out of the dynamidrom the dorsal side. Besides these differences of conditions,
range of the data logger. Therefore, average source level a¥e will use the estimated target strength by Foote’s formula
off-axis signals could not be estimated. Instead, 146 dBas an approximate value hereafter. If the fisi8im above a
seems to be a fair indicator of the ordinary source level of thdinless porpoise, the transmission loss during round trip is 19
off-axis beam of finless porpoises. dB, making the estimated echo level received by the animal
Finless porpoises are distributed in shallow waters91 dB, which is still 21 dB above the potential auditory
within the Asian continental shelf. An aerial survey of finlessthreshold level of a finless porpoise. From a physical point of
porpoises in Japanese waters revealed that they were foultew, the off-axis beam could be used by finless porpoises
in waters shallower than 50-m deptiShirakiharaetal,  for prey and environmental cognition.
1994. They are suggested to have a bottom prefer¢aka- An advantage of interpreting the acoustical cues of sur-
matsuet al, 2002, possibly for prey capture purposes. They face echoes is that not only the depth but also the surface
produce sonar signa|s frequenﬂlﬁkamatsuet al, 2000, direction can be recognized. As shown in Figa),4finless
and the echolocation performance of a finless porpoise iROrpoises sometimes roll during swimming in a turbid water
target discrimination is reported to be similar to that of asystem. During such a complicated body angle orientation,
bottlenose do]phin,Tursiops truncatus(Nakahara et al, the directional cue of the surface may aid Self-pOSitioning in
1997). The finless porpoise belongs to the same family as th@n environment in which visual cues are less effective. The
harbor porpoiséPhocoena phocoeigain which the auditory 162-dB source level of off-axis signals is high enough to
threshold level is less than 70 dBndersen, 1970 allow the bimodal use of sonar. The porpoise detects long-
A finless porpoise with an auditory threshold level of 70 fange targets using the on-axis beam and may recognize the
dB that is swimming at 50-m depth therefore receives off-environment and other targets out of the on-axis beam sector
axis signal surface echoes at a calculated level of 118408  through off-axi; signals. An “acpustical sic_jelong glance” is
dB propagation loss and 4 dB absopliowhich is 48 dB therefore (?on5|dered tq be physically possible with the use of
higher than the potential auditory threshold level of finlessSonar by finless porpoises.
porpoises. This means that finless porpoises are considered
tc_) receive sgrface_echoes of off-axis signals with a SUffICIen}\CKNOWLEDGMENTS
signal-to-noise ratio at depths of up to 50 m.
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