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Psi6oB. HuxHss1 yentocms - nepughepudeckuli omoesn 9X010KayUuOHHO20 cryxa dernibghuHa

Pabos B.A.

HuxHAA YyentocTb - nepucepunyeckun otaen 3XoroKauMoHHOro criyxa

AenbgpuHa

Kapanarckuit mpupoansiii 3anmoseaank HAH Ykpaunsl, @eonocus, YkpanHa

Ryabov V.A.

Lower jaw - peripheric part of the dolphin echolocation hearing

Karadag Nature Reserve, NASU, Feodosiya, Ukraine

HuwxHsis 4enmocTh Jenb(UHA YYaCTBYeT B BOCIPUSATHH
sxocurHaigoB (Norris 1964, 1968; Bullock et al. 1968,
McCormick et al. 1970, Norris and Harvey 1974, Brill 1988a,
1988b, 1991a, 1991b). HuxHIOIO YeTIOCTh MOXHO
paccmarpuBarth Kak nepudepuiecKuii oTzen
9XOJIOKAIMOHHOTO CJIyXa CHIYXalmuid s [pueMa u
MPOBE/ICHMUs HXOCUIHANIOB /10 Oyiuiel (bulla timpani). B To ke
BpeMs He IOHSATHO, MO0 KaKOMY HYTH 3BYK NPOXOAHUT B
KUpoBOW Tsk?  PesympraTel  MOmeNMpOBaHMA — 3aJaud
9XO0JIOKalMOHHOTO pasnuuyeHuss wmuineHed (PsboB u
3acnaBckuit 1999, Ps6o 2002) maroT OCHOBaHHS JUIs
paccMoTpeHuss moa0opoaouHbix oTBepcTuit (foramina
mentales) Kak KaHAlOB, MO KOTOPBIM 3X0 MPOXOJIUT B
YKUPOBOM TS HUKHEH YeITFOCTH JeNb(pHHA.

Hwxasas denocth u moabopomounsie kaHanbel (ITK)
3allOJTHEHBI ~ JKHPOBBIM  TSHKOM M COOTBETCTBYIOIIUM
cocyaucto-HepBHBIM mydkoM (Norris 1968, Arapko u mp.
1974). Tlonepeunsie pa3Mepsl COCYIUCTO-HEPBHOTO ITyYKa BO
MHOTO pa3 MEHbIIe JJHHB BOJHB  3XO,
pacnpoctpanstomerocss o I[IK u ManguOynspHOMY KaHaiTy
(MK). Akyctuyeckuil MMIenaHc ITydka M >KHPOBOTO TsDKa
O6mu3ok K umnenancy Boxael (Varanasi and Malins 1971),
nosromy Tkanu 3anonssonye [IK 1 MK He OyayT BHOCHTB
CKOJIBKO HU OyZIb 3aMETHBIX aKyCTUYECKHX HEOJHOPOJHOCTEH.
Crenku I[1IK u MK akyctudecku «ymnpyrue». beps 3a ocHOBY
9TH TPEnnochuiky, 3BykompoBeaeHne mo [IK m MK moxHO
MIPOAHAIN3UPOBATH NCXOSI U3 TEOMETPHH KaHAJIOB.

Ilenp paboThl - M3ydyeHHE BO3MOXKHOCTU IIEpEladd 3XO B
JKUPOBOH TsK HIKHEN uemtocTH uepe3 IIK, BbisicHeHue poiun
[NIK wu depema B (OpMHUPOBAHWMH HANPABICHHOCTH
9XOJIOKALOHHOTO CIIyXa Jenb(uHa.

KoHkpeTrHble 3aaunt paboThl: U3yueHHEe MOP(OJIOTUN HUKHEH
YeNIOCTH, AaHalu3 U  MOJAEIHMPOBAHHE M3ydaeMbIX
MOP(OIOTHYECKUX CTPYKTYpP C HCIIOJI30BAHUEM HM3BECTHBIX
U3 AaKyCTUKHM TOHATHH H COOTHOIIEHHWH, pacyeT
XapaKTepUCTUKN HanpasiieHHOocTH (XH) 3X0sioKanmoHHOTO
ciyxa nenb(uHa.

Marepuanom IpH IPOBEICHUH HCCICIOBAHKS CIYIKHIH KOCTH
yepena M HIDKHEH YeNoCcTH B3pOCiIoro aenb(uHa aganuHbl
(Tursiops truncatus). Jns wusydenus wmopdomoruu u
BBIIOJTHEHHUST U3MEPEHUH HIDKHSIST YeIIOCTh ObUIA PaCIiICHA B
obxnactu I1K. Jlanee B Tekcte oHM 0003HaYEHBI C HOMEPOM
ITKn, e n - HOMep KaHaja CYnuTas OT KOHYHKA POCTpyMa; N
=1,2,3,4.

Ha puc. 1-2, moxasanel ¢ortorpaduu HWKHEH YENIOCTH,
HCTOJIb30BaHHbIE NPU MPOBEACHUM HccnenoBanusa. HiokHss
YeJOCTh INPEICTAaBIsieT COO0OW JiBe NPSIMOJIMHEWHEIE
TOHKOCTCHHBIE TIOJIbIE KOCTH, COCIMHECHHBIC B HAa3alIbHOU

The dolphin mandible is involved in the perception of
echo signals (Norris 1964, 1968; Bullock et al. 1968,
McCormick et al. 1970, Norris and Harvey 1974, Brill
1988a, 1988b, 1991a, 1991b). The mandible can be
regarded as the peripheral part of echolocation hearing
serving for reception and conducting of the echo signal
to bulla timpani. At the same time, it is unclear in what
way the sound passes into the fat body. The results of
simulation of the problem of echolocation difference of
targets (Psi6oB u 3acmaBckuit 1999, Ps6os 2002) give
grounds to consider mental foramens (foramina
mentales) as the canals through which the echo passes
into the fat body of the dolphin mandible.

The lower jaw and mental foramens (MFs) are filled
with the fat body and the respective vascular-nervous
bundles (Norris 1968, Arapkos u 1p. 1974). The cross-
section size of the vascular-nervous bundle is by far
smaller than the echo wavelength distributed along the
MFs and the mandibular canal (MC). The acoustic
impedance of the bundle and the fat strant is close to
the water impedance (Varanasi and Malins 1971).
Hence, the tissues filling the MFs and MC would not
introduce any notable acoustic heterogeneities. The
septae of MFs and MC are acoustically «elasticy.
Proceeding from those facts, sound conducting via MFs
and MC can be analyzed on the basis of canal

geometry.

The objective of the study is investigation of the
possibility of transmitting the echo to the fat body of
the mandible via MFs, the elucidation of the role of
MFs and the skull in the formation of the direction of
the echolocation hearing of the dolphin.

Some particular objectives of the study is the
investigation of the mandible morphology, analysis and
simulation of the morphological structures under study,
using the acoustic concepts and relationship, the
assessment of the directivity parameters, beam pattern
(BP) of the dolphin echolocation hearing.

The material of the study was the bones of the lower
jaw and the skull of an adult bottlenose dolphin
(Tursiops truncatus). To study morphology and to
perform measurements, the mandible was sawed in the
MFs region. Hereinafter, they are indicated in the
text as MFn, where n is the number of the canal,
counting from the tip of the rostrum; n=1, 2, 3, 4.

Fig. 1-2 shows the photographs of the mandible used in
the study. The mandible represents two rectilinear
hollow bones connected in the nasal part along the
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Ryabov. Lower jaw - peripheric part of the dolphin echolocation hearing

9acTHU IO CEPEIMHHOMN JTMHUM MTPOCIONKON XPAIIEBON TKaHH,
KOTOpast C BO3PAaCTOM OKOCTEHEBAET (CHHOCTO3UPYETCs).

oM

20 acoustical horn

NAWDL

15

10

Yronm Mexay KOCTAMH YeNIOCTH HCcileayeMoro obpasma B
obsactu IIK cocraBnser okono 17° u MIIaBHO yBEIHUUBACTCS
1o 30° B kpaHHaIbHOM HAaINlpaBJICHHUH. YTOI Mexay Oazamu,
Ha KoTophIXx pacmnoixoxeHwsl IIK, Gompme yria Mmexnay
KOCTAMHU U cocTaBiser 24°. JlnwHa 6a3bl JICBOTO M IPaBOro
HpeAnoIaraeMoro nepudpepruIecKoro opraHa
3XO0JIOKAIMOHHOTO CiyXa jaeibduHa cocraBuset 8,1 u 8,7 cwm,
COOTBETCTBEHHO. ba3a 3X0JIOKallMOHHOTO CJIyXa, PacCTOSHHE
mexnay IIK1 neBoit M mpaBoil MOJIOBMH HM)XKHEH YENIOCTH,
cocraBusier okoso 0,75 cm. basa kaxzoro u3 opraHos
9XO0JIOKAIIMOHHOI'0 ClyXa HampaBjieHa Ha3albHO-I0PCaJIbHO
MOJ YTI0M 0K0JIO 8° (B MEIHAIbHOHN IMIIOCKOCTH).

IIK umewT SpKO BBIPaXeHHYI0 aHTEPUOPHYIO
HanpaBieHHocTb. Ha BHemHelt cropone uemtoctu 11K umeror
HAKJIOHHBII cpe3, KOTOPBIA paccMaTpUBAaeTCs KaK HaKIOHHOE
OKOHYaHHUE Ka)XJOro KaHalla B BUJE aKyCTHUYECKH «MITKOHU»
HaKJIOHHON KPBIIIKU.

midline by an interlayer of cartilaginous tissue which
ossifies (synostosizes) with age.

Puc.1. HwuxusAs uyenrocTs, BeHTpalbHbIH Buia. B
Ha3aJIbHONH dYacTH Ha pa3pe3e IMOKa3aHa CXeMma
pacnonoxenus IIK mnpaBoil mMOJIOBUHBI YEIIOCTH.
OtrnenbHO B Kpyre IokazaHo pacnosoxenue IIK
BHyTpu MK BuJ B Ha3aJlbHOM HalNpaBJIEHUU Ha
ceuenne MK B oGnactu BHyTpeHHETO oTBepcTus [1K4,
(yBenmueHo u pa3BEpHYTO). HPBJI3 -
HEIKBUIUCTAHTHAs pPeIleTKa BOJHOBOAHBIX JTHHUN
3anepKku. ABB - anTeHHa «Oerymeil BOIHbBDY.

Fig. 1. Mandible. Ventral view. Shown in the section
of the nasal part is the pattern of the disposition of the
MFs of the right half of the mandible. Shown separately
in the circle is the location of MFs within MC, view
in the nasal direction of the MC section in the region
of the inner foramen MF4, (magnified and turned
around). NAWDL - non-equidistant array of wave-
guide delay lines. TWA -the travelling-wave antenna.

The angle between the bones of the mandible of the
specimen under study in the MFs region is about 17° and
it gently increases to 30° craniad. The angle between the
bases on which MFs are situated is greater than that
between the bones, constituting 24°. The length of the
base of the proposed left and right peripheral organ of
the echolocation hearing of the dolphin is 8.1 and 8.7
cm, respectively. The base of echolocation hearing, the
distance between MF1 of the left and right halves of the
mandible is about 0.75 cm. The base of each of the
organs of echolocation hearing is directed naso-dorsally
under the angle of about 8° (medially).

MFs has a pronounced anterior directivity. The external
aspect of the mandible is characterized by an oblique
MFs section, which is regarded as an oblique end of each
canal in the form of acoustically "soft" end caps.

TWA

n.‘

baddaadaaaany

. NAWDL

acoustical horn

screen-reflector

Puc. 2. [IpaBas nojoBrHAa HUKHEW YEIIOCTH, JIaTepaIbHBIN BHI.

CrutowiHo#t nuHuei HaneceH npoduis [1K1 1 MK.

Fig. 2. The right half of the mandible, lateral view. The solid line is the profile of MF1 and MC

Jmuna TIK, momaap uxX MOmepedyHoro CeYeHus U pacCTOSHUE
MEXJY HUMH YMEHBIIAIOTCA C YAaJl€HUEM OT KOHYHKA
poctpyma. Bce KaHambBl OTIIMYAIOTCS MEXKAY COOOW UIMHOM,
pa3MepaMu MOMEPEYHOT0 CEYEHUS M JIMHOW OKOHYaHUS
(Ps60B 2003).

The length of MFs, their cross-section area and the
distance between them decrease with distance from the
tip of rostrum. All the canals differ in length, size of
cross-section and length of the oblique end. (Ps60B
2003).
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Pacronoxxenne [IK m MK TakoBOo, 4T0 MOpdojoruueckre
CTPYKTYpbI HUXKHEH YeNIOCTH MPEACTABISIIOT co00l cHCTEMY
n3 [1Byx (meBas W TpaBas TIOJOBUHBI YEIIOCTH)
TUAPOAKYCTUYCCKUX MNPUCMHBIX AHTCHH THUIIA <<6eryu1a;1

BoiHa» (ABB). MexaHu3Mbl 3BYKONpPOBEIEHUS U
dbopmupoBanus XH xaxnmo u3z ABB wu Bcero
nepuepruueckoro  OTAeNa  3XOJOKAIOHHOTO  CilyXa
YAOBJIETBOPUTEIIEHO MOZEIUPYIOTCS JIBYMsI

rupoakycruieckumMu ABB ¢ yueToM sIBJI€HHH aKyCTHYeCKOro
dKpaHupoBaHMS © audpakmmu. Vcnonp3oBaHHWE —SBICHUHA
SKPAHUPOBAHUS M AU(PAKIHNA TPH (HOPMHUPOBAHUH CIOKHOU
npoctpancTBeHHOM XH 3X010KaMOHHOro ciyxa B LEIOM
AMeEeT pelaroliee 3HaueHUe Ui MUHUMH3AIHHA Pa3MEPOB €ro
MIPUEMHOTO OpraHa IpH BecbMa JJAKOHUIHOU (popme.

AHTEHHa 3TOro THIIA MpPEACTaBIsleT cOOOW Pa3HOBHIHOCTH
IPYNIOBBIX AaHTEHH. MaKCHMyM YYyBCTBUTEIBHOCTH Yy Hee
COBMajaeT C HampaBieHueM O0a3pl (HampaBIEHHUEM
HanOOJIBIIIEr0 pa3Mepa), Ha KOTOPOM pPacIOJIOKEHBI
3JIEMEHTapHbIe IpHeMHUKU. B nanHoM ciywyae ABB ynoOnee,
II0 CpPaBHEHHIO C AaHTEHHAMM, HMEIOIIUMU MaKCUMyM
YyBCTBUTEJILHOCTH NEPHNEHANKYISAPHBIA K Oaze. B cBsi3u ¢
9THM, CTAHOBHUTCS O4YeBHIHBIM, YT0 MK HIDKHEH YeIioCTH IS
yCcTpoilcTBa TakOW aHTEHHBl OPHUPOJA UCIOJb30Balia
UJIEATBHO.

Kaxk 1K, Tak 1 MK, ¢ TOUku 3peHHs aKyCTHKH, IIPEACTaBISIOT
c000i1 BOJIHOBOZ, IO KOTOPOMY PaclipOCTPaHSIIOTCS 3BYKOBBIE
BOJIHBI, U PaCCMaTpPUBAIOTCA KaK aKyCTHUYECKH «y3Kas» Tpyoa.
[Tnomane nomnepeuHoro cedenus [1K 3amaer amrumtymHoe, a
niauHa (a3oBoe pacnpejeieHde O00BEMHBIX CKOPOCTei
peueTku dJeMeHTapHbIX npueMHukoB ABB. Jlnmaa ITIK
3aJae€T MOTMOJHUTENBbHYIO 33aJepKKy NPUXoJa 3ByKa OT
kaxporo IIK B MK, He 3aBucsimyo OT yria npuxoja
3ByKOBO# BoaHBL. Jpyrumu cinosamu, [IK mpeacrasnstor
c000i1 HEIKBHAWCTAHTHYIO PEIIETKY BOJHOBOJHBIX JIMHHUH
3anep>xku HPBJI3 (Ps6os 2003).

s HopmankHOH pabotel ABB HeoOxoanmo, uto6s! B [1K 1
MK He B030YXIaauCh COOCTBEHHBIE PE30HAHCHBIE KOJIeO0aHMs
U YCTaHABJIMBAJCS PEXKUM «Oerymieil BOJHB). PacueTsl
MIOKA3bIBAIOT, YTO 3TH YCIIOBHS BBINONHAIOTCS. [lomy4yeHHbIe
pe3ynbTaThl CBUAETEIBCTBYIOT o0 ToM, urto I[IK
ONTUMU3UPOBAHbl U1 IPOBEIEHHUS 3BYKa W3 OKpYKaroleH
cpensl B xupoBoit TsuK MK 1 monTBep)kaaroT OHY W3 THIIOTE3
Hoppuca (Norris 1964).

U3 paccmotpennsix cBoiicTB 1K oOparmaer Ha ce0st BHUMaHHE
WX MHOTO(YHKIMOHAIFHOCTh. He cMOTps Ha mpocToTy, OHU
BEITIONTHSIOT MHO)KECTBO COBMEIICHHBIX (DYHKITHHA, TTPHCYIIIX
CJIO)KHBIM TEXHHYECKHM YCTPOUCTBAM, IIPH STOM UX pa3MepHl,
C TOYKH 3pEHUS 3BYKOIIPOBEICHHUS, IBJISIFOTCS OITUMAIBHBIMHU.

[Tonepeunsie pazmepsl MK 1, COOTBETCTBEHHO, IO €T0
MOTIEPEYHOTO CEUEHUs TUTABHO BO3pacTaioT (KpaHwaibHO). C
ToukH 3peHus akyctuku MK mpencraBisier coboit
aKyCTHYECKUH pyIop.

[Tnouanp ceueHus pynopa U3MEHSIETCs 110 3aKOHY OJIM3KOMY K
sKcroHeHMansHoMy (puc. 3). Ha puc. 2 takxke xopomio
3aMEeTHO, YTO C BEHTpajbHOH cropoHsl MK ¢opma crenkn
KOCTH OIMCHIBAa€T KPHBYIO OJIM3KYIO K OKCIIOHEHTE, a C
IOpCaIbHONH CTOPOHBI TakKylw QopMmy HMeeT ryddaToe
BEIIECTBO 3YOHOTO OTPOCTKA HIDKHEH YemocTH (processus
alveolaris).

The disposition of MFs and MC is such that the
morphological structures of the mandible represent a
system of two components (left and right halves of the
mandible) of hydroacoustic receiving antennas of the
travelling-wave type (TWA). The mechanisms of sound
conducting and formation of the beam pattern of each of
the TWA and the entire peripheral part of echolocation
hearing are satisfactorily simulated by two
hydroacoustic TWA, taking into account the
phenomena of acoustic screening and diffraction. The
utilization of the phenomena of screening and
diffraction in the formation of complex spatial BP of
echolocation hearing is generally of the utmost
importance in minimizing the size of its receiving
organs, its form being very laconic.

This type antenna is a version of group antennas. A
maximum sensitivity in it coincides with the base
directivity (direction of the greatest size) on which
elementary receivers are located. In this case, TWA is
more convenient compared with antennas with a
maximum sensitivity perpendicular to the base. Hence,
it is clear that the MC of the mandible has been ideally
utilized by Nature to design such an antenna.

In terms of acoustics, both MFs and MC are a
waveguide whereby acoustic waves are transmitted
and are regarded as an acoustically "narrow" tube. The
area of the MFs cross-section sets amplitude; and the
length, phase distribution of volume speeds of the
antenna array of elementary TWA receivers. The
length of MFs sets an additional delay of arrival of the
sound from each MF to MC, not depending from the
angle of the sound wave arrival. In other words, MFs
represent a non-equidistant array of wave-guide delay
lines NAWDL) (Psi60B 2003).

For normal TWA operation, it is necessary that in MFs
and MC, their own resonance oscillations should not
be excited and the traveling wave regime be
established. Calculations reveal that these conditions
are met. The results obtained indicate that MFs has
been optimized for sound conducting from the
environment into the MC fat body, supporting one of
the Norris hypotheses (Norris 1964).

Of the MFs properties under consideration, their
multifunctionality is noteworthy. Despite their
simplicity they perform a multitude of joint functions
characteristic of sophisticated technical devices, and in
terms of sound conducting their dimensions are
optimum.

The cross-section dimensions of MC, and,
respectively, the area of its cross-section gently
increases (cranial). In terms of acoustics, MC is an
acoustic horn.

The cross-section of the horns changes according to a
law close to exponential (Fig. 3). Fig. 2 also shows
that on the ventral side of MC, the shape of the septum
of the bone describes a curve close to an exponent, and
on the dorsal side it has a sponge substance of a teeth
process (processus alveolaris).
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[TapameTpbl pymopa HHXKHEH YENIOCTH PACCUMTAHBI C
MOMOILIBI0O MOJENM OKCIIOHEHIMAIBHOTO pyInopa, puc. 3
(anmpokcumupyromiast ¢yHKuus). Pyrmop Takke BBIIONHSET
Heckosbko (yHkimid. OH M3NydaeT 3BYKOBbIE KoyieOaHUs B
HanpasyieHun Oyutsl. Cpenoit [uis mepenaunt 3ByKa sIBISIETCSI
JKUPOBOU TSDK, 3armoNHIONMA mosiocth MK 1 mocturaronuii
JaTepalbHONH CTOPOHBI OYyJUIBl. OTOT (HaKT TMOATBEPIKIAAET
MPEANONOKEHNE O HEMOCPEIACTBEHHOM  IIPOXOKACHUH
9XOCUTHAJIOB B OyJTy B 00JIaCTH KpemyIeHHs K Hell )KUpOBOTO
TSDKa, TA€ CTEHKa KOCTH MMEET MHHMUMaNbHyIo TomuuHy 0,3-
0,4vMm (Norris 1968). Eme omHa ¢GyHKIOUS - yCHJICHHE
axocurHanoB B 1514, 1165, 977 u 898 pas, Bxomsauux B8 MK
yepe3 IIK1, TIK2, TIK3 u IIK4, coorBercTBeHHO. Kpome
toro, ansg uactor F > 40xI'n, pymop cormacyer
CONPOTHUBJICHUS] W3JIy4YeHUs1 BHYTpeHHUX oTBepctuii [1K
BHyTpu MK H BOJHOBOTO CONpPOTHBIEHHUS CpeIbl, Kynaa
nepenaeTcs JSHEpPrus 3BYKOBBIX BOJH. PaccumTaHHas
BEJIMYMHA HIDKHEH pabodeil 9acTOTHI pymopa coriacyercs co
3HAUYEHUEM HIDKHEH TpaHUIBl 9XOJIOKALMOHHOTO CIyXa
(Psi60B 1991, Ps6oB u 3acnaBckuit 1998). Bepxusist qactora
pynopa He orpaHmdeHa. CiemoBaTelbHO, B JHaNa3oHE
gactor 40-140 x['m, pynop obecnieurBaeT pexuM «Oerymei
BoJHb» B MK, Tak Kak OTpa)XeHHS OT €ro ycThi B
HanpasieHun HPBJI3 He3nauutenbHbl. OTO OUEHb Ba)KHBIN
pe3yibpTaTr, TaK KaK OH OIpeaenseTr YCTpPOUCTBO
«uJeallbHOW» CO3aHHOM MPUPOJON MMpoKonosocHo ABB,
KaK KOMIUJIEKC, COCTOSIIIMNA M3 Mapbl aKyCTUYECKHX CHCTEM -
HPBJI3 1 sxcrioOHEHIMATBHBINA PYIIOP.

CtpoeHue JIeBOl MOJOBHHBI HIDKHEH YETIOCTH MMEET Te XKe
3aKOHOMEepHOCTH, HO Toibko Tpu IIK, pasmeps! KOTOPBIX
nnble (Ps60oB 2003).

Ipu pacuere XH pemerku ABB, D(0,p)p, Obuti y4dTeHBI
3aJepXKKH paclpocTpaHeHUus 3ByKa a0 Bxoaa B MK,
3aBHCALINE OT yria NaJeHHsl INIOCKON aKyCTHUECKOW BOIHBI
Ha HPBJI3 u 3anepxku, oOycioBieHHble KaxasiM [1K
(Psi608, 2003).

300

Puc. 3. l3MeHeHue miomiagy IMONEPEUHOIO
CEUeHHs] aKyCTHYeCKOro pymopa (mpasas
MOJIOBUHA HIKHEW uemroct). Expon -
9KCIIOHEHTA, allPOKCUMHPYIOMIast QyHKIHS

Figl. 3. Changes in the area of the cross-section
of the acoustic horn (right half of the mandible).
Expon - exponent, an approximating function

The parameters of the mandible horn were estimated,
using a model of exponential horn, Fig. 3
(approximating function). The horn also performs
several functions. It radiates sound vibrations in the
direction of the bulla. The medium for the transmission
of sound is the fat body filling the MC cavity and
attaining the lateral aspect of the bulla. This fact
supports the hypothesis of a direct passage of echo
signals to the bulla in the region where the fat body is
fixed to it, where the bone wall has a minimum
thickness of 0.3-0.4 mm (Norris 1968). Still another
function is augmentation of echo signals entering MC
via MF1, MF2, MF3 and MF4 by 1514, 1165, 977 and
898 times, respectively. In addition, for the frequencies
F > 40kHz, the horn is matching the resistance of
radiation of inner foramens of MFs and the wave
resistance of the medium where the energy of sound
waves is transmitted. The estimated value of the lower
operating frequency of the horn is in conformity with the
value of the lower boundary of echolocation hearing
(Psa6oB 1991, Ps6oB u 3acmaBckuii 1998). The upper
frequency of the horn is not limited. Hence, in the
range of frequencies of 40-140 KHz, the horn ensures a
traveling wave regime in MC, as its reflection from the
mouth in the direction of NAWDL is negligible. This is
a very important result as it determines the structure of an
ideal Nature-designed broadband TWA as a complex
consisting of a pair of acoustic system NAWDL and an
exponential horn.

The structure of the left half of the mandible shows a
similar pattern, but it only has three MFs, whose
dimensions are different (Psi6os 2003).

In the calculation of BP of TWA arrays, D(0,¢)p , the
delays in the propagation of sound until the entry to MC,
depending on the angle of incidence of a flat acoustic
wave on NAWDL and the delays determined by each
MF were taken into account (Ps608B, 2003).
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Psa6oB. HuxHsisi Yenrocms -nepughepudeckul]l omoen 3Xo0KkayuoHHo20 criyxa 0enbguHa

b}
s

o OdB e

L 60 kHz, L
& 110 kHz, L
& 130 kHz,L
m 60 kHz, R
& 110kHz, R
A 130kHz, R

O 60 kHz. L
& 110 kHz, L
s 130 kHz, L
W 60 kHz, R

3 80 kHz, L+R
110 KHz, L+R

| 180°
h = 130 kHz, L+R

® 110kHz, R
4 130kHz, R

Puc.4. XH nByx ABB Monenupyronmx HalnpaBIeHHOCTb epu(epHIeckiX OPraHOB IXOIOKAIIMOHHOTO CIyXa JAenb(uHa,
(a) Bo ponTanbHON WI0CKOCTH. (b) B IMOMEPEYHOM MIIOCKOCTH, (C) B MeAuanbHOU miockocTr. Hanpasnerune 0°-180° ms
(a) u (c) poctpanbHO-KayaanbHoe, s (b) mopcanbHo-BeHTpasibHOe. Jlorapudmuueckuit Maciitab Mo ocu 3HAUYSHHI.

Puc.4. BP of two TWA simulating the directivity of peripheral organs of the echolocation hearing of the dolphin, (a) on
the frontal plane, (b) on the lateral plane, and (c) on the medial plane. The direction 0°-180° for (a) and (c) is rostral-
caudal; for (b), dorsal-ventral. The logarithmic scale is along the value axis

B cBs3u co cnenuuUecKuM IOJNOXKEHHEM 0a3 JIEBOTO U
[IpaBOrO OpraHa 3XO0JIOKalMOHHOTO ciiyxa, XH neBod u
npaBoii ABB B3auMHO mnepecekarTcs B Ha3aJIbHO-
BEHTPAJIGHOM HAlPaBJICHUN M PACXOMIATCSl B JOPCAIBHOM H
KayznaisHOM (puc. 4). B cBsizu ¢ atnm, Ha XH BuaHBI YeThIpe
obJacty, A€ YCIOBHS BOCIIPUATHS 3BYKa PE3KO OTJIMYAFOTCSI:
L, R, L+R, 0. B 3tux 005acTsIX 3XOCHTHAIBI, MPUXOISIINE K
nenb@uHy, ciblHbl L - 1eBbIM yxoM, R - mpaBbeiM yXxowm,
L+R - cublmHBl JIEBBIM U NPABBIM YXOM C HEOOJIbLIMM
pasnuameM ypoBHe#l, 0 - He casimHE. CroxHas
npoctpaHcTBeHHas XH co3pmaer mnpeanochuUIKu IS
JIOKAJIM3alN UCTOYHUKOB X0 B TPEXMEPHOM IPOCTPAHCTBE
ZByMsl opraHamu ciyxa. XH neBoit u npaBoit ABB mupoxkue.
Buemnue ckinonel XH mnosorue, Torma Kak BHYTPEHHHE
(mepecekatoruecst) KpyTble. B CBSI3M ¢ STHM, IS OICHKA
HAaIpaBJIEHHBIX CBOMCTB 3XOJIOKAIIMOHHOTO ClyXa Aenb(pHHa,
IIpeJICTaBIsIeT MHTepec mHprHa obnactn XH, orpaHndeHHas
BHYTPEHHUMH CKJIOHamH. Bo ¢ponransHOl miockoctn XH
ABB B3aumHOo mepecekaoTcst Ha ypoBHel. Illupuna
paccMaTpuBaeMoii 00JacTH Ha ypoBHE -31b cocTaBisieT Ha
gactorax 60, 110 m 130 xl'u, - 21°, 16° n 14,4°,
COOTBETCTBEHHO. B MeIuanbHOM INIOCKOCTH IPEACTaBIISIET
nHTepec mnoaymupuHa XH mo yposHio -3xb ot
MaKCHUMaJbHOTO 3HAYEHHs B CTOPOHY CKJIOHA C OOJbIIeH
KpYTH3HOH, uTo coctaBiusteT 10,5°, 8° u 7,2°. OTn 3HaueHHs
ONMM3KW K pe3yibTaTaM, IONYyYeHHBIM B CIYXOBBIX
IKCHepuMeHTax, 32°, 13,7° u 22,7°, 17°, cOOTBETCTBEHHO, Ha
yactorax 60 u 120 xI'1; (Au and Moor 1984).

B uenom, paccuuranHas ¢opma XH, ecrecTtBeHHO,
onpenensiercss (QpyHKIMOHAIBHOCTBIO 3XOJIOKAIIMOHHOTO
cinyxa. BenencrBue nepeceuennss XH B HasanbHO# oOnacty,
9XOJIOKAaIMOHHBIA CIIyX SIBJISET COOOH MOHOMMITYJIBCHBIN
MEeJIeHraTop M MO3BOJSET JXKUBOTHOMY IPOBOIUTH
MEJICHraluIo LieJled MeToAoM cpaBHEHUs. B To ke Bpems
«TIyXas» 30Ha B JOPCATBHOM HANpaBICHHM 3aIlUIIACT CIyX
KHMBOTHOTO OT TIOBEPXHOCTHOW peBepOepanuy BO BpeMs
W3JTydeHUs MOIIHBIX 30HAMPYIOMNX HMITYJIbCOB. bombmas
obmacte mepeceueHuss XH B BeHTpalbHOM HampaBICHUH
YBEIMYMBACT BEPOATHOCTh NpHEMa IOHHOW peBepOeparuy,
Hecymiel nHpopManrio o TIyOnHe. Y3Kas «Tayxas» o0lacTh
B KayJaJbHOM HalpaBJIeHHMH HE0OXoanuMa ISl JIyYIIero
paznenenust XH jeBoro u npaBoro nepugpepuyeckoro opraHa

In connection with the specific position of the bases of
the left and right organ of hearing echolocation, the BP
of the left and right TWA mutually cross in the nasal-
ventral direction and diverge dorsal and caudal (Fig.
4). In this connection, four areas can be
distinguished in BP, where the conditions of sound
perception differ greatly: L, R, L+R, 0. In those areas,
the echo signals that arrive to the dolphin can hear with
L - left ear; R - right ear, L+R - they can be heard with
left and right ear with a small difference of the level, 0
- they are not heard. The complex spatial BP creates
preconditions for the localization of the sources of
echo in the three-dimensional space by two organs of
hearing. The BP of the left and right TWA are wide. The
external slopes of BP are gentle, whereas the inner
(crossing) are steep. In this connection for the assessment
of the directed properties of echo location of dolphin
hearing, of interest is the width of the BP area limited by
the inner slopes. In the frontal plane BP TWA are
mutually crossed at the level 1. The width of the area
under study is at the 3dB level is at the frequencies
60, 110 and 130 kHz, - 21°. 16° and 14.4°, respectively.
On the medial plane of interest is the BP semiwidth by
the 3dB level of the maximum value towards the slope
with a greater steepness, which is 10.5°, 8° u 7.2°.
Those values are close to the results obtained in the
acoustic experiments, 32°, 13,7° wm 22,7°, 17°,
respectively, in frequencies 60 and 120 kHz (Au and
Moor 1984).

On the whole, the estimated BP form is determined by
the functionality of the echolocation hearing. Due to
crossing of BP in the nasal area, echolocation hearing is
a monopulse direction finder and permits the animal to
do direction finding by the method of comparison. At
the same time, the «dead» zone in the dorsal direction
protects the hearing of the animal from surface
reverberation in the course of radiation of powerful
probing pulse. A large area of the crossing of BP in the
ventral direction increases the probability of receiving
bottom reverberation carrying information of depth. The
narrow «dead» area in the caudal direction is necessary
for better separation of the BP-left and right peripheral
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Ryabov. Lower jaw - peripheric part of the dolphin echolocation hearing

9XOJIOKAI[MOHHOTO ClIyXa B IIMPOKOM JHANa30HE YacToT.
Jpyrumu ciioBamMH, 3XOJIOKAIIMOHHBIA CIIyX Jenb(uHa
OAMHAKOBO XOpOWIIO aJanTHPOBAaH M IS JIOKAaIlUH
(maxkcumymbl XH u3nmydeHHs ¥ npueMa COBHAJaoT), M IS
obHapyxeHus: (IIMpoKas mpocTpaHCTBeHHas XH), u s
JIOKAJTM3aLMH UMITYJILCHBIX 3BYKOB (y3Kasi 00JIacTh B3aUMHOTO
npeceueHnss XH).

U3BecTHO, 9TO Yy KWUTOOOPa3HBIX B TIPOLECCE BTOPUIHON
amanTalMu K BOJHBIM YCIOBHSIM Cpeabl OOWUTaHHSA
MpomM30MIen Pl (QYHKIMOHATBHBIX H MOPQOIOTHIECKUX
m3Mmenennii. K nx YUCJTy OTHOCUTCA U CHCIJ,I/laJ'Il/Bl/IpOBaHHI)Iﬁ
nepudepuyeckuil  OTAEN IXOJOKAIMOHHOIO ClyXa.
Pesynbrarel paboThl JAIOT OCHOBAHHME MPEANOJIOXKUTH
HaJIu4ue  moJgoO0HOro  mepudepudeckoro  oTxaena
9XOJIOKAIMOHHOTO cityxa y Odontocety.

organ of the echolocation hearing in a wide frequency
range. In other words, the echolocation hearing of the
dolphin is similarly adapted for the location (the
maxima of the BP radiation and reception coincide),
and for detection (wide spatial BP) and also for
localization of pulse sounds (narrow area of
intercrossing of BP).

It is known that in cetaceans, in the course of secondary
adaptation to aquatic conditions of the environment, a
number of functional and morphological changes
occurred. The latter include specialized peripehral part
of echolocation hearing. The results obtained give
grounds to suggest a presence of a similar peripheral
part of echolocation hearing in Odontoceti.
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