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[MTRODUCTION

At the Jersey conference on Animal Saonar Systems in 197% we gave stoong evidence that
dolphins produce sound in cse nasal svatemy rather than in the larvme 25 most mammals dao
(Eidgway et al. 1980). With electramyagraphy (EMOG), wea studied the sctivity af laryngeal
muscles and masal muscles, making comparisons between the twe groops of muscles during sound
prodection.  Certain muscles of the nasal system wers active during all delphin whiztles and
slick tranne while museles af the larynx were active during respiration but not during soend
pro<iuction. Perhops more imporianily, we measured pressure in the pasal cavities and in the
trachen adjacent to the larynx. Doring sound prodoction, intcanasal pressuce inoreased markedly
bur intratrachesl pressure remained unchanged, Scebsequently, Amundin and Andersen (1983)
raplicated the ERG ancl pressure manitoring aspects of our study in Tursiops and Phacoena,

Finallv, we put & catheter or tube in the pasal cuvity and sealed tha apening of the tube
wilk a thumb, thi dedphin could praduce sound with this sealed fube in place, bt if the thumhb
was lifted, releasing pressure in the nasal cavity, the animal could not phonate.

In nane of the prreviows stdiss was the dalphin making an echalpsntion discrimination
during the fests, =0 we could not be cortain that we were studving the actual echolecation
mencrating systemn. Therefors, we decided o study the Arctic white whale Delphinaplerus leucas
in a more sophisticaled axpariment.

MATERIALS ARD METHODS

The experimental animal was 3 male nc!EhinnEt{:rus about 10 years of age that was
collecied near Churchill, Manitoba, Canada, in the sommer of 1977 and had been with our
program since that time. AL the wne of these experiments the whals was 340 cnnan lengih and
waighed 430 kg During training the whale was fed 1B to 20 kg per day of Columbia River
smelt, Pacific mackerel, and herring,

The whale was conditioned 1o allow 113 eaner 0 place cpaque Swellon Cups over 115 ayss,
L Slation on @ plastic bite bar one meter underwiter and behing an sopustically apagues screen
mucke from 2 closed ool air-foam material, and when the soreen was raised to make a
discrimination of target present or target absent.  The targer was a cvlinder of 10 X 381 cm
aluminm pipe with a wall thickeess af §.32 cm simpended an monolilament line e nueter 160
tramt of the hite bar af one meter depth. The arimal was frained fa whistles when the target was
present and b0 remain silent for at least 1§ seconds when ne target was present,

Rince this is the Gt instanee we know of in which 2 cetacsin hos been trained o wvirzally
repart sargst-present in an eoholocation cask, perhaps the method used to train this behavier
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theter Bafore sending the whale down 10 the bite bar wa owait for the sereen @0 rase for a
detection trinl. The target is suspended 1 m forward of the screen. (23 A closer view of the
triviner inderting the catheter o the whales blowhale, The section cop Blindfalds are made of
saft silicane rebhber,



desarves special mention.  We noticsd that when the whale whistled, there was a charasteristic
movement  along the left posterior margin af the blawhele aften with the sscape of somie air,
Cur trainers gquickly induced the whale 1o repoal vocalizations by tapping with a finger or
manipuliting the aren of the blowhale where movament and air escape had been detected,  Aler
whastles wera relinbly elicited in this manner, the signal was transferred slo wly b3 p simple
froke of the whale's melon, Maw, with the blindfslded whale an the bite bar and the target in
the water in front of the screen, the traiser raised the screen and then reached dows to stroke the
whale, eliciting the whistle for which the trainer sounded a bridge signal and gave the whale 2
fish reward.

Raising the screcn invaria Bl resulted in o train of echalecation pulses from the whals,  IF
the target was absent, the trainer did not strake the whalg 10 alicit the whistlz, Gradually the
trainer's stroke was amitied s the whale began b whistle when the target was present, When the
target was absent, anly echolocation clicks wars emitted by the whals, The echolocation sk
wad apparcnily simple for the whale and over 98% correct responses werd achieved during
several spssions,

Training the catheter insertion was s mast difficult step, The traiper tauched the whale
Just behind i Howhole ungil the animal opened the blowhale, First the whale wias réwarded for
leaving his Blawhole partly open and allowing the trainer to ingert the catheter only about 1 am,
Gradually the insertion depth was increased until the cathseter could B2 placed 20 em intg either
right or left nazal cavity.  Once the whale would allow the cathoeler to be placed in the nasgl
system, he was rewarded for scaling his blowhale around it

Fagure I Three cotheters wers used in the experintent, The clossd Millar catheter (1} contuins a
pressure transducer that rapidly meensures pressure [Feoquency response to 35 kHz) with nn
cleclronie sensor under the white area pear the fip. A voltage propertional o pressure was
amplified from wire leads and recorded, The other twa cathetess (20 and {3} are infravaseolar
catheters.  The larger has an outside dismeter of about 3 mm and an inside diameter of 2 mm.
The smaller one has an cutsids diameter af | mm and an inzide diameter of aboet 0,5 mm,

Finally, the soquence of trained behaviors was s [ollows; The whale stationed on the
surfice near the trainer, the trajner placed the sye cups on the whale, the trainer touched the
whale Behind the blowhaole, the whale cpened its Blowhale, the iminer inserted the catheter
[Figure 13, the whale clased the Blowhole, the trainer touched the wihales melon sipnalling it o
B9 on e bite bar ane meter undar water, the rainer raised the sereen, and the whale pulsed and
responded with a whistle when the margel wis present or ne wiizile when the largst was absent,
The sereen was then lowersd, With & =Rt response, the rainsr sounded o bridpe and the
whale surfaced for a fish reward. Gradually, the serics was extended o that the whale wonld
make thres ta five responses during one submersion on the bite bar. If the whale's response wis



wis imgorrect, the rainer splashed the water and reguired the whale ta surface and station
without reward before she sent the animal hack o the kite bar for another serics. The arpet
presentation was mandomized by referring to 3 Gellerman serics.

‘Three Lypes ol catheters {F'lg,u.TE 2y ware usek o L=mm ke catheter with an opening of
aboul 0.5 mm, & 3-mm tubs catheter with an opening of aboat 2 mm, and a clesed Millar
pressure transdecer catheter with a feequency response of aboul 35 BEHz Al of these cuthelers
wers used alone or in combinatian.

Twoa hydrophanes (B & K 8103) were used o record sounds (rony the whale.  The ane for
recording echalocation was placed 2 miarward of the Bite Bor and 10 em te the =it of o line
drawn lram the blawhaole through the 1zrget. The hvdrophane for recording whistles was placed
Hroem e the left of the whale's melon,  The hydrophene outputs, along with FM and analop
pressure signals from the Millar cathoter and a woice lop, were recorded on 3 Eacal
instrumentation tape recorder at a speed of 60 inches (1532.4 em) per second,  The resorded
sgund wat analyzed on an 5T-350 real-fime spectrum anolyzer with a filier bandwidih of §2_5
Hz oz 125 Hz depending on the frequency ranpge setting wsed.

RESULTS

The whals maintained a high level of correct sespanses aven when all thres sealed
catheters wens placed into the blowhole, With one or mare of the catheters in place, the whals
responded correctly on miore than 90% of the trinls after an imitinl training pericd of
approximately 300 irials wos complete,  We then recorded 238 trials (106 withaut a tarpet) with
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Figura 3. Spectrogram of a typical response by the white whale to o target absent trinl.  Omly
echaleeation pulses are emitbed by the whale, The wpper tracing labeled relative amplitude
records the peak acoustic ampliteds in each §.5 meeec line of the spectregram.  The lower 2eclion
15 a0 e 100 kHz spectregram with a bandwidth of 62,5 Hz The heavy black line incicsbes
pressure,  The output of the recorded pressore channel was fed into a veltage-controlled
osgillator and calibeated vo frequency-modulate 3 40 kHz sipnal in proporion 1o pressume so thal
the prefdure and Scowshic @vents oould appear an the same graph.
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ciatheters in place in gither the left or right nasal cavity., The whale responded correctly an 213
trinls (29.5%). On 123 trials the whale correctly identified the targer o present by whistling
alter the sorean was raased,  On S0 trials, the whale carrectly respondsd to the absence of the
target by refraining from whistling for 15 seconds after the screen was raised.

High-zpeed tage recordings of these trials allowed us to directly compare air pressure
within the nasal cavities with all sound produced by the whale during ezch rial. A spectirogram
shiewing o typical respomnse 00 a targei-absent teial iz shown in Fagere 3.0 On the farget-albsent
trials only ccholocation pulses were emitted by the whale.  [n cantrast, o target-present trinl is
shown in Figure 4. The intranasal pressure incrensed jist ns the soreen was raised and just
before the whale began 0 pulse. The pressure increased slightly as e pulse ampliteds rose. A
typrical pulse from this troin is shown in Figore 5. The Gren owo high-amplitude peaks wens very
cansistent, Insting 40 ar 50 gsec. The second camporent wias smaller and much more variable,
lasting 30 o 100 asec. Peak fregeencies messured on aur specirum analvzer ranged from 50 1o
B0 kKHz. With the end of the echolgeation pulse train, intanasal pressure increased 011 more
Lefore the whistle began, and remained high during the whistle, During the whistle, prasurs Tzll
slightly as the tone swept down in frequency and rase 25 the tons swept up, Thus increasing
frequency occured with sing pressune and decrensing frequency with Gilling pressuse.
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Figure 4. Spectrogram of o typical response by the white whale 1o a3 targel present drial.  Since
the mensured frequencies were D 1o 200 kHz the frequency bandwideth for this record was 125 He,

With the sealed pressurs catheter in either the cight or left nagal cavity, the whale was able
ta perform the task corrcotly.  Whenever the whale pulzed or whistlsd, pressure was always
ingreased, AL times during whistles, intranssal pressuce reached 500-mm Hg or more than an
atmicsphers of posilive presiure,



On some drials we insertsd an open catheter along with the pressuce cnthefer, 15 we held a
Chum® over the apen catheter, effectively sealing i, there wis na change in the whale's behavior
ar saund production.  However, i we Lifted the thumb as the screen was raized, effectively
praducing an opening in the nassl cavity, the result was different.  With gur 1-mm cntheter,
which had an opening of about 0.5 mm, the whale was able 10 pressurize and produce 2 least one
tran af pulies, Howewver there was oflen noise or distortion within the 15 o 40 kHz runge and
the whistle was alwavs truncated and somewhar distoried (Figura ). Even with the lorger
catheter im plage the whale could pressurize ite nasal system, echaloonie, whistle, and perform the
eatice sk eorrestly ns long as the catheter was plugged. Howgver, iF we unplugged the lrger 3=
rmumn tube whizh had an opening of about 2 mm, we could feel the air rush gut as the whale
ateem p:rd e pressurizs for echolocation when the sereen was raised, With this larger catheter
O in @ither nasal cavity the whale could not prodece pulses or wiiziles.
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Figure 5. Oscillogram of an echolocation pulse from the target- presant trial shown in Fipure 4.
The pulse was digitized at an effective rate of 450 kHz and plotted.  Twvpical pulie peak
frequencies meeasursd on our spoctrum analveer manged from 50 w0 50 kHe
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Simce tootled whales routinely dive in search of fosd inda waters '.\I'u:'r-s viery lile light
penetrates, mast spscies apparently rely on echaloeation for finding food.  Tlerelore, the animal
must mintin o working sound production system as it dives in the e and is continually
subjected o pressure chamges. Air in the thorax is compressed o the whaly dives. I spund
were produced i the larynx, 85 it is in most mammals, the resanant characteristics of the
delphin sounds would continuowsly changs with the prossure chanpe.  Howewer, the best
evidence from the toothed whales that have been studied supgess that Tursiops, Delphinopteras,
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LDelphinue, Phacoena, and Stenelly, at least, produce sound not in the larymx but in the nasal
syitem (Dormer, 197%; Ridpway et al.; 1980, Mackay and Liaw, 1981: Amundin and Andersen,
1983). Since the volume of the nasal sysiem is relatively small, air moved from the lunps ¢an
maintin a sufficient volume for sound production a5 the lung is compressed.  Because air
presaure and water pressure are equilibeated ot any depth, muscles will be able o operate the sacs
and valves of the nasal system o producse pressure differentials,

White whales are capnble of diving fo depths of more than 600 m (Ridgway et al. 1984)
where absalute water pressure is greatee than 60 atmcspheres.  As the whale dives, air cavitics
within the whale are compressed; the whale's thorax is especially flexible to aocoanmnda g
collapse a5 air in the lungs 15 comprezsed [Ridgway ot al., 1999), Since the blaod amcl tissies af
the whale, like water, are nearly incampressible, only the air-containing portions of tse animal
are markedly affected by water pressure, The whale’s henre docs not have 1o pump klosd agninst
# large differential pressure s the animal dives. Water pressurs is applied almost sqmlly over
the whals's body and is quite different from differential pressure within the whale's body like
that we obzerved during sound production.
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Figure 6, A spectrogram showing the whale's response during a targel-present trial when 3
small (0.3 mm) open catheter was in the left nasal cavily. The whistle given o indicate [arget-
detection & truncated and there is some distortion of the typical sound, especially in the 15 1o 40
kHz range of both pulses and the whiistba,

Preszure in the nnsal cavity is essential for soupd producteen by the white whale, Erfore
Found can be produced, muscles connected to various nasal Slructures miust cantract producing
pressure inside the nosal cavity, Our studics have shaown that this pressure iz typically much
higher, often four or more fimes higher, than blood pressure, With such hipgh pressures it s
IMporeant o isolate the pressure cham bee driving sound produection from the thorcic cavity,
Such presures must compress adroent Blood vessels and drive Blsed from adjaicent tissue. This
would be detrimental to eritieal circulation in the tharax, The bany magal cavities, nasal sacs and
the fibromugcular nasal plugs kave a taugh structure that e tolerate such differentizl prossunas

during zound produection,



When we procioced @ tiny leak in the whale's nasal cavaty by opening the simall catheter the
whale was still able to produes sound but with some distortion, When we producsd o sizable leak
by opening tee larper cathetar the whale could not prodece sgund.  If the sounds were produced
below the nasal eaviey (e 1m0 the laryax) this should not kappean. Porves and Pillers {1983)
considersd that "all pressure changes during phonation are initiated in the larvox®. We think that
it 35 difTieult o reconcile this assertion with our results, I the echoloontion pulses ware
“ralazatien cdeillations” produced in the nagal cavity by jets of air (rom the larynx s suggested
by Purves and Pillerd {1983), we suspect that our axperimental maniputations would have had
quite different effects. Possibly our lorge pressure leak would have altered the pulses, bul ilas
defficule o see lbow this procedure could lave eliminated them completely,

Whistles that the whale prodoeced fo indicate that the marget had Been detected wara always
attended by higher pressures than the echolesation pulse train that preceded, This at first
seprned paradoxical since the peak acoustie enecpy o eacl echolocation pulse iz considernbly
higher than that of the whistle, However, the pulsss are pariodic signals lastung at meost a fow
hundred ssee. In Fipure 4 the pulse train duration is just under 500 ssmec and the whistle is just
awer 500 mesec. [P we take the average scowtic amplitude of each of te whale's phonntions aver
this periad, the whistle is higher in average amplitbsds because 11 05 2 continuous signal whereas
e pulses are intermitient. Cur finding that intramasal pressere is always grenter dering
whiztling suggests 19 w5 that conlinuous sigoals reguire maore prassore, and possibly that
intrannsal pressure is correlated mare with the tednl acoustic energy produced than with peak
enerpies.  Fusther, the fodings supgests that the echolozation pulse production system B oquits
efficient, since high-amplitude pulses can be produced wath ralatively ow pressuns compaced 10
those measurad during whistling,

AUKMOWLEDGEMENTS

We thank Ms. Michelle Jeffries who ariginally trained our whale and M5, Joy Ross who
cantinusd that training through the expecimental pesicd. Br. F. G Wood, D, B 5 Mackay
nned Trr. A 5, Gooumt made helpdul sugeestions on the ARSIl

REFEREMCES

Amundin, M. and Andersen, 5. H., 1933, Hony naces air pressure and nasal plog moscle
activity during click praduction in the harkor porpoise, Phootena |'|:'|n:|:-::n:|,_:|n|J Lhest
bottlenesed dolphin, Tursiops truncatws, . Exp. Biol. 105:273-282.

Drazemer, K., 1998, Mechamisor of sound predection and air recycling in delphinids:
cinemacliograprhic evidencs, 1. Acouwst. Sac, Am, 45:229=-239,

Green R, Fo, RBidgway, 5. H. and Evans, W, E., 1930, Functicnal and descriptive nnatomy
ol the Bottlercsed dolphin maselarvnpesal svatem with special relerence to the
musculature asseciated with sound prodoction,  In: Animal So0ar Syseems,

B, & Busnel and I F, Fish, Eds, Plenum, Mew York, ppl%2-238,

Mackay, K. 5. and Liavw, H. 3., 1951, Dolphin Vocalization Mezlanisms, Science 212 676-678,

Furwes, PP E. and Filleri, 5., 1983, Echalocation in Whales and Dolphing, London,
Academic Praoss H

Ridpway, 5. H., Carder, . AL, Green, B, F., Gaunt, A. 5., Gaanr, 5. L. L. and Evans, W, E
1980, Electiramyegraphic and pressure events in the nasolacyngeal system of dolphing
durimg sound predection. Inc Animal Sonar Syvslems, K. G Busnel and 10 F. Figh
Eds, Plenum, Mew Yark, pp2l5-240,

Ridpwav, 5. H., Bowers, C. &, Miller, D., Schultz, #. L., lacobs, C. A, and Depaley, © A,
Ladd, Duving amd blood axygen in the white whale, Can, J. Zool. 63 234%-235],

Ridgway, 5, H,, Scronce, B, L. and Kanwisher, J,, 196%, Respinelion and deep di-ring i
a bottlenose porpoise, Scienee, 166c 163 1-1634,

&0



