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AKYCTI/I‘{eCKI/[e CUTHAJIbI 3Y6aTbIX KUTOB ABJIAKTCA OC-
HOBHBIM CpPE€OCTBOM [JI1 OCYLIECTBJIEHMA WUX CJIOXKHOTO
COITIACOBAHHOTO COLMA/IBHOTO IIOBENEHNS, HAaBUTALIUM,
noanepKanus CBA3U MEXAY pacCesHHbIMM MHAVUBUIAMU,
nonydeHus mHGopMarym o6 OKpyKalomeil cpeme. B To
JK€ Bpe€Ms, O HAaCTOALIETO BPEMEHU B Hay‘{HOﬁI JINTEpaTy-
pe uCHomb3yeTcs: KnacCuUKALMs aKyCTUYECKUX CUTHA-
noB Odontoceti ¢ UCIONb30BaHNEM TaKMX TEPMUHOB, KakK:
«IETIKN», OKYAOKAHME», «CKPUID», «KPAK», «Ial», «BUSI»,
«cBUCT», U T.1. (Caldwell and Caldwell 1967), T.e. ¢ ydeToM
TOTO KaK MX C/IBIIINT 4el0BeK. B momasidmomeM 60mbIIH-
cTBe paboT akyctudeckue curnansl Odontoceti 6p1n 3ape-
TUCTPUPOBAHbI M ONMCAHbI B HENOCTATOYHO HII/IpOKOIZ I10-
jIoce 4yacToT, mo 20kI1], ¢ HemOCTaTOYHBIM MMHAMUYECKUM
IMaIa30HOM, 6e3 ydeTa MMITYJIbCHOIO XapaKTepa 3BYKOB,
C UCIIO/Ib30BAaHMEM OfHOKAHAIBHOI cucTeMsl 3amcu. Kpo-
Me TOTO, CUTHAJIbl 3aIMChIBAINCH Y CBOOOHO IIABAIOLINX
JKMBOTHDBIX, 6e3 KOHTPOJIAA MX IIOJIOKEHMA OTHOCUTEIBHO
ruppodoHa 1 6e3 ydera IPMHAJJISKHOCTU CUTHAJIOB Ka-
XKJIOMY KOHKPeTHOMY XXMBOTHOMY. B To ke Bpems, ¢pusu-
YecKMe XapaKTePUCTUKM aKyCTUYECKUX CUTHAIOB >KUBOT-
HbBIX ABJIAKTCA 6330BbIMI/I J19)9: nanbﬂeﬁmero N3y4eHN nX
GYHKIMOHAIBHOCTY U CITyXOBOi 06pabOTKM 5XOCUTHANIOB
OT IIe7Iell, TI03TOMY IpobJieMa PerucTpanuy BceX aKyCTH-
YECKUX CHUTHAJIOB, UX KIIaCCI/I(i)I/IKaI_H/H/I " MHTEpIIpeTalunmn
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Acoustical signals of toothed whales are the main
method of their complex coordinated social behavior,
navigation, communication between scattered individu-
als, and obtaining information about the environment. At
the same time, scientific literature is still using Odonto-
ceti acoustical signals classification, which includes such
terms as «clicks», «buzzing», «squeak», «quack», «bark-
ing», «screech», «whistle», etc. (Caldwell and Caldwell
1967), i.e. based on how they sound to the human ear.
In majority of studies, Odontoceti acoustical signals were
registered and described in an insufficiently wide fre-
quency band (below 20kHz), in an insuflicient dynamic
range, without consideration of the pulsing nature of
sounds, and using a single-channel recording system.
Additionally, the signals were recorded from the free-
swimming animals without any control of their loca-
tion with respect to the hydrophone, or consideration of
signal belonging to each particular animal. At the same
time, physical characteristics of animal acoustical signals
are essential for further studies of their functionality and
acoustical processing of echo-signals from targets, that is
why the problem of registration of all acoustical signals,
their classification and interpretation in terms of the the-
ory of signals and echolocation is still important. In order
to solve it, the method of two-channel signal registration

Puc. 1. Koudurypaums asxcnepumenta (Ryabov,

2011;2014). (a) — 1 u 2 — ruppocdous nepsoro (I) u BTopo-
ro (II) kaHa/ma cOOTBETCTBEHHO, PaCIIOIOXKEHBI Ha PACCTOA-
Huu 3,5 M Apyr oT fpyra u raybure 1 M; 3, 4 — fenbuHb
fna n fAma coorBercTBeHHO. PaccTogHme Mexxmy aenbou-
HaMI OKOJIO 1M; 5 — MOCTKM, pacnonoxeHsl Ha 0,1 M BbIle
YPOBHA BOABL; 6, 7 1 8 — INMHHAA, KOPOTKas CTEHKM U JTHO
GacceriHa COOTBETCTBEHHO. PaccrosiHue Mexpy ruapodo-
HoM (2) n crenxoit (6) 0,3 M. Paccrostume ot ruppodoHOB
(1, 2) mo crenku (7) 3 m. YpoBeHb BOfBI B 6acceitHe 4 M.
Fig. 1. Experiment Configuration (Ryabov, 2011; 2014).
(a) — 1 and 2 — hydrophones of the first (I) and second (II)
channel respectively, located 3.5m from each other at a depth
of 1m; 3, 4 — dolphins Yana and Yasha respectively. Distance
between the dolphins: approximately 1m; 5 — decks located
0.1m above the water surface; 6, 7 and 8 — long wall, short
wall and pool bottom respectively. Distance between the hy-
drophone (2) and the wall (6): 0.3m. Distance between the
hydrophones (1, 2) and the wall (7): 3m. Pool water level: 4m

Marine Mammals of the Holarctic. 2015. Vol. 2 117



Pa6og B.A. Akycmuueckue cueHasel 0enbguHa (Tursiops truncatus)

Puc. 2. AKycTudecKkye CUTHAIBI Aeb(pUHA. 2 — «IIeTI0K», b HeKore-
PEHTHBIII MMITY/IbC, ¢ — YHMBEPCAIbHbI UMITY/IbC, d — KOTepEeHTHbII
UMITY7IbC, € — parMeHT «cBUCTa». Och abcumcc — Bpemst, S0MKC/HeL.
Ocb opayHaT — ypoBeHb 3BYKOBOTO fjaBieHus B 1b — a, b, ¢, d, e — ot-

"HocutenbHo 10000, 2000, 5000, 1000IIa — cOOTBETCTBEHHO.
Fig. 2. Dolphin Acoustical Signals. a) «click»; b) incoherent pulse; c)
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B CBETE TEOPUM CUTHAJIOB U 9XOIOKALIMM BCe ellje aKTya/IbHa.
[ns peutenust aToit mpobmeMsl 6bTa pa3paboTaHa U BIeEp-
BbI€ UCIIO/Ib30BaHA METOAMKA BYXKaHa/IbHOI PETUCTpaLiin
CHUTHAJIOB [IBYX KBa3MCTAlMOHAPHBIX AeIb(UHOB OFHOTO
Bupa (Ryabov 2011, Ryabov 2014). Koudurypauns sxcre-
pUMeHTAa IIOKa3aHa Ha Puc. 1.

YacrorHas xapakrepuctuka ruppodonos (Puc. 1, 1 n 2)
MMe/la HEpaBHOMEpPHOCTb +3 nb mo wactor okono 160kIny
u +10gb mo vacror okomo 220kI11. Kakapiit KaHam 3ammucu
CUTHAJIOB COCTOSUT U3 IUAPOdoHa, PUIbTpa BEpXHUX YaCTOT
(0,1xT), yemmurens Hanpspkenus (40 nB) u ogHoro u3 xa-
HAJIOB MHOTOKAHA/IBHOTO 14 paspsgHOro (guMHaMMYeCKUit
mmamason 81pB) anamoro-umdposBoro mpeobpasoBarens
(AIIIT) USB-3000. YacToTa AMCKpeTU3aLMU KaXKJOro KaHa-
aa AIITT — 1MIar.

JIByxXKaHa/IbHAs PETUCTPALUsl aKyCTUYECKUX CUTHAJIOB
IBYX KBa3MCTALMOHAPHBIX JIe/Ib(UHOB MMEET CYIIeCTBEHHOe
IPeNMYILEeCTBO Iiepel OOLIENPUHATON OFHOKAHATBHOI pe-
rucTpanyeii. brarogapsa aToit MeTOUKE BIEPBbIE YCTaHOB-
JIeHa IIPYHAJIKHOCTD 3allMCAHHbBIX CUTHA/IOB KOHKPETHBIM
XKVMBOTHBIM U OTPa)KeHUsIM CUTHA/IOB OT TpaHUI GacceifHa,
3aUKCMpOBaHA ITOCIENOBATENIBHOCT OOMEHa CHUTHAIaMM
MEXY AenbGrHaMu, a TAKoKe AYHAMMUKA M3MeHeHMs popMbI
u XH usny4enus curnanos (Ryabov 2011, Ryabov 2014). Bee
3aperuCcTpUPOBAHHbIE CUTHAJIbI BIIEpBble KIaccu(puumupoBa-
HBI B COOTBETCTBUM C UX (PU3UUECKUMIU XapPaKTePUCTUKAMIY,
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{12  universal pulse; d) coherent pulse, e) «whistle» fragment. X-axis: time,
50us/div. Y-axis: sound pressure level in dB — a, b, ¢, d, e — in relation to
10000, 2000, 5000, 1000Pa respectively.

from two same-species quasi-stationary dolphins was de-
veloped and applied for the first time (Ryabov 2011, Ry-
abov 2014). Configuration of this experiment is shown
on Fig. 1.

Hydrophone frequency response (Fig. 1, 1 and 2) had
a variation of +3dB up to approximately 160kHz, and
+10dB up to approximately 220kHz. Each signal record-
ing channel consisted of a hydrophone, high-pass filter
(0.1kHz), voltage amplifier (40dB), and one of the chan-
nels of a multi-channel 14-bit (dynamic range: 81dB)
analog-to-digital converter (ADC) USB-3000. Sampling
frequency of each ADC channel: IMHz.

Two-channel registration of acoustical signals from
quasi-stationary dolphins has a significant advantage
over standard single-channel registration. This method
helped to assign recorded signals to particular animals
and signal reflection from the pool borders, to record the
sequence of signal exchange between the dolphins, the
dynamics of form alteration and signal emission response
curve (RC) (Ryabov 2011, Ryabov 2014). All registered
signals were for the first time classified in accordance
with their physical characteristics, in terms of the theory
of signals and echolocation, such as:

a) «Clicks» (fig. 2, tab.) were classified as sequences of
ultra-wideband coherent pulses.

b) Incoherent pulse (IP) bursts. The form of each IP is
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Ta61. OcHOBHBIE XapPaKTEPUCTUKN AKYCTUYECKMX CUTHAJIOB fIeNb(MIHOB.

(101 — UTYMOMOKOOHBIN «CBUCT»)

Tab. Main Characteristics of Dolphin Acoustical Signals

(NL - noise-like «whistle»)

KIIETTYKUY/ KI/CP VI/UP HIIP «CBUCTY/
«clicks» «whistle»
CP. JUIMTEINLHOCTL HMITYILCE, At (MC) 0.012+0.002 | 0.315£0.215 | 0.166£0.08 | 0.258+0.123 490264
average pulse duration, 4¢ (ms)
20.9+£13.8
CP. IMPHHA CIEKTPA HMIyIIkCa, Af (KI') 90+5.5 1574109 | 79.3422.9 104+9.2 (100)
average pulse spectrum width, Af (kHz) ’ ’ ’ ’ ’ ' NL (135)
6a3za curHana B=At*Af 10251 (49000)
time-bandwidth product B=A4t*4f I 4.96 132 269 NL (108000)
obmactp vacrtor, (k[ ') frequency range, (kHz) 1-250 1-120 3-200 6-200 2.8-135
JUTUTEIBHOCTh HAYKH HMITYJIBCOB, (MC) B g g g
pulse burst duration, (ms) 0.1-1 0.08-0.37 0.08-0.6 30-1020
yposes 3BykoRoro xaneis, (11a) 500130000 1-10 3-590 15-1000 1-15
sound pressure level, (Pa)
YHCIIO UMITY/IbCOB B MA4YKe 8 . B
number of pulses in a burst 8-611 6-375 427
JUIITENIBHOCTH NadkH, (Mc) burst duration, (ms) 37-1100 43-5920 390-3850
MEXXUMITYJIbCHBIE HHTEPBAIIBL, (MC)/ 3
OTHOCHTEIBHOE H3MEHEHNE 10-1000 0'8_; 16/6'6_ “4 017 51_615 /7 5) 18-300/9.72
pulse separation, (ms) /relative variation ' ’ '
Makc. ko3 d. 3anomaenus, (%)
max duty cycle, (%) 0.12 40 13 2
(hyHIaMEeHTaIbHAs YacTOTa «CBHUCTay, (KI'I) 3.8.42
«whistle» fundamental frequency, (kHz) '
YHUCJIO TAPMOHUK «CBUCTA» 1-16
number of «whistley» harmonics NL>50
MexKaHanbHas pasHuna Y3/1, (ab)
SPL interchannel difference, (dB) 12 30 20 3-20

B CBETE TEOPMM CUTHAJIOB VI SXOTIOKAIINM KaK:

a) «1emakm» (puc. 2, Tabn.) — KaaccuuIMpOBaHbl KakK Io-
CTIeT{OBATe/IbHOCTY CBEPXIIVPOKOIIOJIOCHBIX KOTePEHTHBIX VM-
Iy/bCOB.

b) mauky HekorepeHTHbIX MMIynbco (HM). Gopma xax-
moro HU cnoxunas (Puc. 2, Tabn.), M3MeHANaCh OT MMITy/IbCa
K MMITYZIbCY B KOKIOM Nadke. B CBA3M € 3TMM CHEKTP KaXK/IOTO
MIMITY/IbCA TaKXKe M3MEHAJICA OT VIMITY/IbCA K MMITYJIbCY.

C) TaYKM YHUBEPCAIbHBIX UMITYIbcoB (YU). Mexxumiryib-
CHBIE MHTEPBabl, aMIUIUTYAA, ¢popma (Puc. 2, Tabn.), crextp
YU n nanpasrenne XH ux u3mydeHns MOITM IIaBHO (OT MM-
Iy/Ibca K UMITY/IbCY) U3MEHAThCA B IIpeeax MayKy, XOTA MO-
711 OBITh IIOCTOSTHHBL

d) mauyxy xorepenTHBIX nMIynabcoB (KIM). ®opma u criexTp
KOTOPBIX HeM3MeHHBI B rpanuuax madku (Puc. 2, Tabn.), Ho cy-
I[eCTBEHHO PA3/TMIaiOTCA OT MAYKN K MavKe.

Marine Mammals of the Holarctic. 2015. Vol. 2

complex (Fig. 2, Table) and was changing from pulse
to pulse in each burst. Therefore, a pulse spectrum
was also changing from pulse to pulse.

¢) Universal pulse (UP) bursts. Pulse separation,
amplitude, form (Fig. 2, Table), IP spectrum and their
emission RC direction could change smoothly (from
pulse to pulse) within the burst, although they could
also remain constant.

d) Coherent pulse (CP) bursts. Their form and
spectrum were unvaried within the burst (Fig. 2, Ta-
ble), but differed significantly from burst to burst.

e) Frequency modulated «whistles» were classi-
fied as simultons with uniformly spaced tones (Fig.
2, Table).

However, dolphins emit more signals. For in-
stance, one of the recordings shows that within 36.7
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€) YaCTOTHO-MOJY/IMPOBaHHBIE «CBUCTbI» — KIACCUPUIN-
POBaHBI KaK (CMYITOHBI C PABHOMEPHO pacIpeie/IeHHbIMI TO-
Hamn) (puc. 2, Tabn.).

Bmecte ¢ TeM Aenb(uHDBI M3TyIalOT GOMBIIOE KOTUIECTBO
curHanoB. Hanpumep, Ha IpOTsO>KEeHMM OGHO M3 3amucell, 3a
36,7 cekyHpbI AenbduHbI Mpoxyuyposamn 11 nasek HU copep-
>Kammx 129 nMiynbcos, 9 mavek YV copepxaimmx 721 uMmynbc,
15 mauex KU copepkamux 1545 uMiynbcoB un 14 «CBUCTOB».
[TockomnbKy B bacceiiHe He OBUIO APYTUX XUBOTHBIX, U, [ENb-
(MHOB HUKTO He NPMHYKAAI NMPOAYLMPOBATh, Kakue Obl TO
HI 6BITIO 3BYKJ, MO>KHO IIOJIaTaTh, YTO CPeAM 3BYKOB, KOTOPBIE
OHY U3JTy4asny, ObUIM 3BYKM, IpeIHa3HAYEHHDIE I OOI[eHs
IPYT C APYIOM, M 3BYKH, IpeIHAa3HAYEHHbIE /s OPMEHTAaLuN
B bacceliHe, 4TOOBI OLIYIATh CBOE IepeMeleHIe OTHOCKUTENb-
HO MOCTKOB (puc 1), apyroro fenb¢uHa, CTeHOK 1 fHa HacceliHa
U, 4TO6BI MOHUTOPUTD IPOCTPAHCTBO GacceilHa Ha AUCTAHIUAX
60/IBIINX IPO3PAYHOCTH BOJBI, T.€. IPUOIUSUTEIBHO >5 M.

AHanmM3 MOMEHTOB BpeMeH) MpPOAYLMPOBAHMUs CUTHAIOB
" X QU3NIECKMX XapaKTePUCTUK ITOKaszany, 4to madku HU
un YU, «cBuctb» u nmaukyu KV npoaynupyoT Tpu pasHbIX Op-
raHa fenb¢uHa HedaBucuMo. CIefoBaTe/IbHO, C YIeTOM «IIjel-
4KOB», Y [ie/lbpNHA, BUAMMO €CTh, II0 MEHbIIIell Mepe, YeThIpe
OpraHa, KOTOPBIMI OH HE3aBMCMMO MPOAYLUPYET MATh TUIOB
akycruueckux curHanos (mauxy HV n YV, mauxu KU, «cBu-
CTBI» U «IeTYKM»). XOTS B HAYYHOIL TUTEPATYPe 06CYKAAI0TCs
TONIBKO OpPTaHbl, CBA3aHHbIE C IIPOAYLUPOBAHMEM «II[ETIKOB»
U «CBUCTOBY, CTIEOBATE/IbHO, OPTAHBI, IIPOAYLMPYIOLIVe TauKN
HW n YW, mauxu KV, moka HeM3BECTHBI.

ITpocTpaHCTBEHHOE 3aTyXaHMe 3BYKa B BOfe OBICTPO BO3-
pacTtaet ¢ pocToM ero 4actotsl. Koadduument mpocrpancr-
BeHHOTro 3aryxaHus () Ha HM3Kux vacrorax (mo 20 xIix) emre
He3HauuTeneH, okoo 1 ob /kM, HO Ha yacToTax okojo 100 ki
B > 33 nb/xM, a Ha gactoTe 1 MITy — B > 33018B/km. [ToaTomy
IIMpYHA CIEeKTpa curHamoB fgenbdura (o 150 kIir) mckiio-
JaeT BO3MOXXHOCTDb MICIO/Ib30BAHNUs 60J/Iee BHICOKOYACTOTHOI
HeCyllell /i YBeNW4YeHMs [aTbHOCTYU [eiiCTBUA COHAapOB.
Bcnencraue storo Ilpupopa, mo-BupumMomy, 6b11a BBIHYKAEHa
co3faTh AenbpyHAM pasHble CTIOXKHBIE CIIELMaNN3MPOBAHHbBIE
30HAMPYIOLIYE CUTHATIBI («IeTYKI», HaYK/ KOTePeHTHbIX, He-
KOT€PEHTHBIX 1 YHMBEPCAIbHbBIX UMITYIbCOB, «CBUCTBI») U CO-
OTBETCTBYIOLI[Ié MM MeXaHM3MbI O0OpPabOTKM SXOCUTHAJIOB
B C7IyXe Aenb1HA, ONTVMUSUPOBAHHbIE II0 Pa3HBIM 3X0/IOKa-
LIIOHHBIM 3aJa4yaM.

[yl OLIeHKM CIIOKHOCTM CMTHAJIOB paccuMTaHa ux 6asa
(B). C aroit nenpio 65N UCIIONb30BAHbL M3MEPEHHBIE B Pabo-
Te 3HAYeHMA CPefHeil AmnTenbHOCTH (At) M CpefHelt MVPUHbI
criextpa (Af) cooTBeTCcTBYyIOMMUX CUTHANTOB. PaccunranHast 6asa
(B=At*Af) Bcex OB curHanoB penbduHa pasmuyna (Tabm.).
9TO yKasbIBaeT Ha CTIOXHOCTb U (PYHKIMOHAIBHYIO CIIEI[Va/IN-
3aI1I0 K&X/JOTO U3 PACCMOTPEHHBIX TUIIOB CUTHA/IOB fieNbdIHA
B POJM 30HAUPYIOUVX CUTHATIOB PA3/MYHBIX TUIIOB COHApPOB.
Bonee Toro, 6asa curHamoB fenb(UHA CYLIECTBEHHO OO7Iblile
6a3pl IIPOCTOrO PAfMOMMIIY/IbCA C TOHATBHBIM 3aIlOJTHEHUEM
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seconds, the dolphins produced 11 IP bursts contain-
ing 129 pulses, 9 UP bursts containing 721 pulses, 15
CP bursts containing 1545 pulses, and 14 «whistles».
Given that there were no other animals in the pool
and the dolphins were not pressured to produce
any sounds, it can be suggested that among emitted
sounds, there were sounds intended for communica-
tion with each other and those intended for orienta-
tion in the pool in order to sense their movements
with respect to the decks (fig. 1), another dolphin,
pool walls and bottom, and to monitor the pool space
at the distances exceeding water clarity, i.e. approxi-
mately >5m.

Analysis of the moment of signal production time
and signal physical characteristics showed that IP and
UP bursts, «whistles» and CP bursts are produced
independently by three different dolphin organs.
Therefore, taking «clicks» into account, the dolphins
probably have at least four organs through which they
independently produce five types of acoustical signals
(IP and UP bursts, CP bursts, «whistles» and «clicks»).
Given that scientific literature only mentions the or-
gans associated with «clicks» and «whistles» produc-
tion, it means that the organs associated with produc-
tion of IP, UP and CP bursts, are yet unknown.

Sound space attenuation in the water rapidly in-
creases as its frequency grows. Space attenuation
coeflicient (B) at low frequencies (up to 20kHz) is
small, but at frequencies of approximately 100kHz,
B > 33dB/km, and at IMHz,— B > 330dB/km. That
is why the spectrum width of dolphin signals (up to
150kHz) eliminates the possibility of using a more
high-frequency carrier to increase the range of sonar
coverage. As a result, it appears that Mother Nature
had to provide the dolphins with various complex
special-purpose probing signals («clicks», coherent,
incoherent and universal pulse bursts, and «whistles»)
and corresponding mechanisms of echo-signal pro-
cessing in dolphin’s hearing, optimized by different
echolocation-related tasks.

In order to assess the complexity of signals, their
time-bandwidth product was calculated (B). The val-
ues of average duration (Af) and average spectrum
width (Af) of corresponding signals, measured dur-
ing the study, were used for this purpose. The product
(B=At*Af) calculated for all types of dolphin signals
is different (Table). That indicates the complexity and
functional specialization of each analyzed type of dol-
phin signals as probing signals of various types of so-
nars. Additionally, the time-bandwidth product for a
dolphin is significantly higher than that of a simple
radio pulse with tone charging (B=1), which is still
used in technological sonars and radars. At the same
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(B=1), xoTOpBIil ellle UCIONb3YyeTCA B TEXHMYECKUX COHapax
u pajapax. B ro xe Bpems, HV umeroT MmakcuManbHOE 3Have-
Hite 6a3bl Cpeyt MMIIY/IbCHBIX CUTHAJIOB IeNb(IHA, YTO MOXKHO
00DACHUTD TeM, YTO HAPSIAY C BBIIIOTHEHUEM 9XOJIOKAL[VIOHHOI!
GYHKIUY, TO-BUANMOMY, OHU SIBJIIIOTCS CUTHA/IAMU PasrOBOP-
HOTO sA3bIKa fenbduHa (Ryabov 2011).

CregyeT OTMETUTD 3HAYUTENIbHOE, [0 IBYX MOPAIKOB, U3Me-
HEHMe MEXVMITY/IbCHBIX NHTEPBAJIOB, t , B MIAYKaX NMITY/IbCOB
(Ta6.). C TOYKY 3peHNs IXOMOKALVN OFHO3HATHOE M3MepeHue
JATbHOCTM LI/ BO3MOXKHO IIPY HM3KUX YacTOTaxX ClefjoBa-
HUsI 30HAMPYIOIINX UMITY/IbCOB, KOT/Ia tmi> t2 » THe tZW — Bpems
IBOJTHOTO MYTH 3ByKa Jo Lemu. OFHAKO B 3TOM CIydYae BO3pa-
CTaeT HEONpENleNIeHHOCTh M3MepeHus [lomnepoBCKOro CABUra
4acTOT 3XocurHana. CreoBaTebHO, NPM HUSKMX YacTOTaX
CTIeflOBaHVsI 30HAUPYIOILIUX CUTHATIOB [ieNb(IH, IIO0-BULUMOMY,
IIPOM3BOJUT M3MEpPEeHMe JJAIbHOCTYU LeNIN, ¥ MOXKET i 3TO-
ro MCIOAb30BaTh Kak «ijenukm», KW, YU, tax u HN. Bmecte
C TeM, U3BECTHO, YTO fIeTb(IHBI UCIIOB30BAIIN IETIKI» B Ka-
YecTBe 30HMPYOIUX CUTHAIOB /711 5XONOKAIJIOHHOTO Pas3/iu-
YeHMsI, PacIO3HABAHMSA U KIacCuMKAIMU HOABOSHBIX 00BeK-
TOB. Vcronb3oBaHMe Aeb()UHOM KOTePEHTHBIX 30HAUPYIOLINX
uMITyabcoB («iemdku», YV, KV) mpepmnonaraet KorepeHTHYIO
06paboOTKy 9XOCUTHAIOB: KOT€PEHTHOE HAKOIUIEHNE IIOJIe3HO-
TO 3X0, KOTEPEHTHYI0 KOMIIEHCALIMI0 MEMIAIOUINX OTPAKEeHMIA,
U, C/IEfOBATENbHO, 06PabOTKY 9XOCUTHATIOB METOLOM CeyleK-
topa giokyuuxcs ueneit (CIOIT) (Ryabov 2011, Ryabov 2014),
UCTIONIb3YEeMBIX B TeXHMKe axonokanyuy. CJI1I nosbliiaeT mome-
XO03aIMIIEHHOCTb 3XO/IOKAL[MOHHO CHCTeMbI IIPU BbIfle/IEHNN
HOJIE3HOTO ABJDKYIIETOCsS 9X0 Ha (pOHe CTAIMOHAPHON OTpa-
JKEHHOJI ITOMeXM 3a CYeT B3a¥MHOTO IIOflaB/IeHN: 3XOCUTHAIOB
OT CTAI[IOHAPHBIX MELIAIONINX 0O'bEKTOB 1 HAKOIIEHMS 9XO OT
HOJIe3HBIX [IBIDKYIUXCS 00BEKTOB.

ITpu BBICOKMX YacTOTax C€[OBaHNUA MMIYIbCOB B Iad-
kax KW, korma tmi< tZW, BO3MOXXHO OTHO3HAYHO€ M3MepeHUe
JlonnepoBCKOro CABMIAa 9acTOT SXOCHUTHana. B aToM cnydae
30HAMPYIOLINIT CUTHAN Aenb(uHa ImpeAnonaraetT o6paboTky
9XOCUTHAJIOB CIIOCO60M MMITYTbCHOTO JONIEpOBCKOrO CO-
Hapa (MJC), mnpoKo MCIONb3YyeMOTO B 3XOIOKALMOHHOM
TeXHMUKe M1 OOHApPYXeHUs ABIDKYLIMXCA Lenmeil WM s
omnpefeseHMsI OTHOCUTENbHON PaguanbHOi CKOpOCTH cOmu-
JKeHMsI ¢ 00BEKTOM U M3MepeHMs PACcCTOSHUS [0 0OBeKTa.
IIpu 3TOM, pasnIMYHBI KOHTYP M3MEHEHU 4aCTOTHI CIIENO-
BaHus KV BHYTpU Kak[oil ma4yky, Aenb(uH, M0-BUAUMOMY,
UICIIONIb3Y€eT KaK OIEPATUBHYIO METKY KaXK/IOM «CBOEN» Iad-
ku KV, 4T06bI IpM aHaNM3e OTINYATb U 9XOCUTHAJBL «CBO-
ux» nadek KV or mayex copopuyeir u mayxy oT mayku. Ta-
KOVl MeTOJl MapKMPOBKI CUTHA/IOB HeNbGUH, I0-BULUMOMY,
IPUMEHSET [/Is1 BCeX «CBOMX» IayeK MMITYbCHBIX CUTHAJIOB.
C aT0i1 Xe 1enbio, pasnu4Has GopMa KOHTypa M3MEHEHMUs
(byHaMeHTaIbHOI YaCTOTBI KaX/JOTO «CBUCTa» MOXKET OBITH
OIlepaTUBHOI METKOI «CBOETO» CUT'HA/IA, YTOOBI IPK aHATII3E
OT/INYATh SXOCUTHAJIBI CBOMX» «CBUCTOB» OT «CBUCTOB» CO-
ponuyell 1 OBVMH «CBUCT» OT JPYTOTo.
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time, IP’s have the maximum time-bandwidth prod-
uct value among dolphin pulse signals, which can be
explained by the fact that together with echolocation
function, they appear to be the signals of dolphin lan-
guage (Ryabov 2011).

Significant variation (up to two orders) of pulse
separation (¢ ) in pulse bursts should be noted (Ta-
ble). With regard to echolocation, unambiguous mea-
surement of the target range is possible at low rates
of sound pulse repetition, when t >t where t,, is
the time of double sound path to the target. However,
the uncertainty of the Doppler shift measurement
of echo-signal frequencies will increase in this case.
Therefore, at low rates of sound pulse repetition, the
dolphin appears to be measuring the target range and
can use «clicks», CP’s, UP’s and IP’s for this purpose.
At the same time, it is well-known that dolphins used
«clicks» as probing signals for echolocation distinc-
tion, recognition and classification of underwater ob-
jects. Coherent sound pulses («clicks», UP and CP)
used by dolphins suggest a coherent processing of
echo-signals: coherent accumulation of useful echo,
coherent compensation of clutter, and processing of
echo-signals through the method of moving target in-
dicator (MTI) (Ryabov 2011, Ryabov 2014), used in
echolocation techniques. MTI increases the echolo-
cation system interference resistance at the moment
of useful moving echo appearance against reflected
stationary noise through mutual suppression of echo-
signals from stationary interfering objects and echo
accumulation from useful moving objects.

At high pulse repetition rates in CP bursts, when
t <t,,an unambiguous Doppler shift measurement
of echo-signal frequencies is possible. In this case, dol-
phin probing signals suggest echo-signal processing
through the method of pulsed Doppler sonar (PDS),
widely used in echolocation techniques for moving
target detection, determination of relative approach-
ing radial velocity, and object distance measurement.
At the same time, it appears that dolphins use various
alteration loops of CP repetition rate inside each burst
as a strategic reference for each «own» CP burst in or-
der to distinguish echo-signals of «own» CP bursts
from congeners’ bursts, and one burst from another.
Presumably, dolphins use this signal marking method
for all «<own» pulse signal bursts. For the same pur-
pose, various shapes of fundamental frequency altera-
tion loops of each «whistle» can be used as a reference
for «own» signal in order to distinguish echo-signals
of «own» «whistles» from congeners’ «whistles», and
one «whistle» from another.

At high pulse repetition rates, the pulse burst duty
cycle (DC) reached 20-40% (Table). In echolocation
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ITpyu BBICOKMX YacTOTaX CI€fOBaHMs VMITY/IbCOB, K03 Pu-
uyeHt sanonHenns (K3) maukn nmmynbcos gocturan 20-40%
(Tabn.). B 35XONOKAIIMOHHOM TEXHMKE IIOC/IENOBATENbHOCTD
30HAMPYIOLUX NMITyIbcoB ¢ K3 6ombire 10% HasbIBaeTCs KBa-
3MHETPepbIBHON. [IPUHIUI KBa3MHEIPEPHIBHOTO M3IyYEeHUs
YHAYHO COYeTaeT IPEeNMYILIeCTBA MMITYTbCHOTO U HEIIPePbIBHO-
ro pexxuma paborsl 9xookatopa. C yBenndyeHneM 4MUCIa UM-
IIY/IbCOB TIOBBIIIAETCS SHEPIUs 3OHAUPYIOLIETO CUTHATIA U, KaK
CTIefICTBIE, 9XOCUTHAIA.

VI3BecTHO, 4TO 3BYKOBOE HaBjeHMe B cepmdyeckoil BOmHe
yObIBaeT MpOIOPIMOHANBHO PACCTOSHMIO. YUUTBIBAas PacCTo-
SIHUSL [0 OIVDKHETO U [JATIbHETO TUAPOQPOHOB OT KaXIOTO AeNb-
¢duna (1M 1 3 M, COOTBETCTBEHHO), OYEBIUIHO, YTO IIPYU U3/Ty4e-
HUM JeNbGVYHOM HEHAIPaBIeHHOrO CUTHAJIA PETMCTPUPYEMBII
Y3[1 va ganprem rugpodose Oymet Ha 8-10 nb MenbIue, yem Ha
6mKHeM. B To ke BpeMst aHa/M3 AMHAMUKY V3MEHEHIST MeXKa-
Ha/IbHBIX aMIUTUTY/] 3aIIMCAHHBIX CUTHA/IOB, 0OHAPY>KIT MeXKa-
HajIbHble pasnuuus Y3]] curHanos fenbduua 6osbiune 8-10 nb
(Tabm.), 4TO yKa3bIBaeT Ha HAIPABIEHHOCTb M MPOCTPAHCTBEH-
HOe M3MeHeHMe MOMoKeHNs1 MakcuMmyMa XH manydeHus curHa-
JIOB CTAI[IOHAPHOTO fienbuHa. /s TOUHBIX KOMMIECTBEHHBIX
M3MepeHuii CKaHnpoBanua XH usmydyeHms aKyCTUYeCKUX CUT-
HAJIOB JleNb(1Ha HY>KHBI CIIel[1a/IbHblE VICCTIeTOBAHM.

Bce akycTuueckme curHasbl Aenb(UHA SBISAIOTCSI CIOX-
HBIMU CIeIJa/TU3VPOBAaHHBIMY 3OHJUPYIOLIVMY CUTHAIAMIA,
IPUCIOCOOIEHHBIMM /IS PEIIeHNs PAa3IMYHBIX XOTOKALMOH-
HbIX 3a7a4 (Ryabov 2011, Ryabov 2014), mostomy axomokauu-
OHHas cicTeMa fienbGUHOB U, mo-BuguMomy, Odontoceti 6oree
CTIOXKHasA, 4eM 9TO IPeAIoNarajaoch paHee. B cooTBeTcTBUU
C PaCCMOTpPEHHBIMH B paboTe TUIIAMY 30HAVPYIOLINX CUTHAJIOB
menbdyHA, IPeANonaraeTcsi Haau4uue y genb@uHa aleKBaTHbIX
UM, TIO MeHblIell Mepe, IeCTU TUIOB COHAPOB, M COOTBETCT-
BYIOIVIX METOIOB 0OPabOTKY 9XOCUTHAJIOB B CIyXe [ienbg1Ha
M3BECTHBIX U3 TEXHVKM 9XOIOKALIMIL:

1) — cenexrop aBwkymeitcst temn (CIHLI), sonpupyromiue
CUTHAJIBI — TOC/IENOBATENIBHOCTH «IETYKOB» (CBEPIIMPOKOIIONO-
CHBIX KOT€PEHTHBIX MIMITY/IbCOB), C HI3KOI YaCTOTOI IIOBTOPEHIS,

2) — umnynschbit Jomneposckuit conap (MIC), soupu-
pyloline CUrHaIbl — MaKeThl IIMPOKOIOIOCHBIX KOTePEHTHBIX
VIMITyZIbCOB C BBICOKOJ YaCTOTOM IPOBTOPEHMA,

3) — UYM-coHap co CKaTyeM UMITY/IbCa,

4) — YM-[lomyiepoBCKuit COHAp,

30HAMpYIOLUe CUTHAIBI COHAPOB 3) 1 4) MOTYT ObITh OFHU
U Te K€ «CBUCTBbI» (CUMY/ITOHBI), HO COHApBI OTINYAIOTCI Me-
TOOM 06pabOTKM 9XOCUTHAJIOB ¥ UCIOIb3YIOTCS /I Pa3HBIX
9XOJIOKAI[IOHHBIX 3a/ja4,

5) — yHuBepcanpHblit coHap (YC), 30HAMpyOlIne CUTHA-
JIBl — IaKeTbl YHUBEPCA/TbHBIX VMITY/IbCOB,

6) — wuexorepentHsit conap (HC), soHpupyoue curHa-
JIBl — MaKeThl HEKOTePeHTHBIX uMIrynbcoB. HV Hapsazy ¢ axoro-
KallMOHHOM (YHKI[Mell, 0-BUAMMOMY, UTPAIOT POJIb CUTHAJIOB
BBICOKOPA3BUTOTO PAasTOBOPHOro sisbika menbduuoB (Ryabov
2011, Ryabov 2014). EcTb Bce 0CHOBaHMS [O/IaraTh, 4To Aenbdu-
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techniques, the probing-pulse sequence with DC ex-
ceeding 10% is called a quasi-continuous sequence.
The quasi-continuous emission principle convenient-
ly combines the advantages of pulse and continuous
sonar operation. As the number of pulses increases,
the probing signal energy grows, and as a result, the
echo-signal energy grows as well.

It is known that sound pressure in spherical waves
decreases proportionally to the distance. Considering
the distances from each dolphin to the closest and far-
thermost hydrophone (1m and 3m respectively), it is
clear that when the dolphin emits an omnidirectional
signal, the farthermost hydrophone will register a
sound pressure level (SPL) 8-10dB lower than the
closest one. At the same time, analysis of the dynam-
ics of interchannel amplitudes variation for recorded
signals showed interchannel differences between dol-
phin signals SPL exceeding 8-10dB (Table), which
indicates directionality and spatial variation of RC
maximum position for the signals emitted by a sta-
tionary dolphin. However, special research is required
for precise quantitative measurement of the dolphin
acoustical signals emission scanning.

All dolphin acoustical signals are complex spe-
cialized probing signals designed for fulfilling vari-
ous echolocation-related tasks (Ryabov 2011, Ryabov
2014). That is why echolocation system of dolphins
and, apparently, that of Odontoceti, is more complex
than it was assumed before. Based on the types of dol-
phin probing signals analyzed herein, it is believed that
dolphins have at least six types of equivalent sonars and
corresponding methods of echo-signal processing in
dolphin hearing known from echolocation techniques:

1) Moving target indicator (MTTI), probing signals:
sequences of «clicks» (ultra-wideband coherent puls-
es) of low repetition rate;

2) Pulsed Doppler sonar (PDS), probing signals:
ultra-wideband coherent pulse bursts of high repeti-
tion rate;

3) FM-sonar with pulse compression;

4) FM-Doppler sonar;

Sonar probing signals 3) and 4) can be the same
«whistles» (simultons), but the sonars differ by the
method of echo-signal processing and are used for
various echolocation-related tasks.

5) Universal sonar (US), probing signals: universal
pulse bursts;

6) Incoherent sonar (IS), probing signals: incoher-
ent pulse bursts. Together with echolocation func-
tion, IP’s appear to play the role of signals of a highly
developed dolphin language (Ryabov 2011, Ryabov
2014). There are good reasons to believe that dolphins
and, probably, Odontoceti have a highly developed
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HBI 11, To-BupguMomy, Odontoceti MMeIOT BBICOKOPA3BUTBIN pas-
TOBOPHBIIT SI3bIK, YTO COI/IACYeTCs € IpefcTaBieHreM o Cetacean
KaK O TIePBbIX Pa3yMHBIX )KBOTHBIX ITaHeThI 3eMist. OcTanbHbIe
aKyCTUYeCKue CUTHAIBI Belb(yHA B pasHOI cTerteHy 61yHKIM-
OHA/IbHBI ¥, HAPSIAY C 9XOMOKALMOHHOI (YHKIVeIt, MOTYT ObITh
VICTIONB30BAHBI UM TIPU OOMeHe OrpaHNYeHHbIM KOTMYECTBOM
CoO001IeHNMIT, KAK KOMMYHUKAILVIOHHBIE.

MHoroo6pasue aKyCTUIECKIX CUTHA/IOB 1 MX XapaKTepUCTH-
ku (puc.2, Tab.) ykaspiBaoT Ha 3QQeKTNBHOE MCIONb30BaHIEe
menbdUHOM BCero AmanasoHa 4actot cryxa (8-160kIi). Crenyer
0c060 OTMETUTB, UTO [feNbGUHBI MOTUGULUMPYIOT ¥ CKAHUPYIOT
XH usny4enust «cBucToB» (cumyntoHos), HV u YV B npoctpan-
cTBe (IIpY CTAlMOHAPHOM IIOTIOKEeHIN HenbduHa).

Axycrudeckue curHambl fenbduHa IIpupoga cospama, mo
MeHbIIIEN Mepe, 25 MJIH. JIET TOMY Ha3afl, I0O3TOMY, X XapaKTepu-
CTHKM, OYEBIU/HO, OTIPefe/IeHbl UX (YHKIVOHATbHOCTBIO 1 OLTH-
MaJIbHBI C TOYKM 3PEHMS COBPEMEHHOTO COCTOSHIS (PUSMIECKOIL
aKyCTUKM, TEOPUY CUTHAJIOB U 9X0JIoKalmu. EcTb Bce ocHOBaHMs
Ins 6oree AeTaTbHOTO M3YUYeHNUs aKyCTUIeCKUX CUTHAJIOB U CO-
HapoB fenbduHa. X0Tenoch Obl YMaTh, 4TO IOTYYEHHBIE PE3YIIb-
TaThI AA/[yT HECOMHEHHBII BBIUTPBILI TIPU UCIIONb30BAHNUM UX He
TOJIbKO B TM/IPOTIOKALIMIL, HO U B PAIOTIOKALINIL.

language, which is consistent with the concept of Ce-
taceans being the first intelligent animals on Earth.
Other acoustical dolphin signals are bifunctional to
different extents and together with echolocation func-
tion, they can be used as communication signals when
exchanging a limited number of messages.

Variety of acoustical signals and their character-
istics (fig. 2, tab.) suggest that dolphins efficiently use
the whole range of hearing frequencies (8-160kHz).
It should be noted that dolphins modify and scan
emission RC of «whistles» (simultons), IP’s and UP’s
in space (in case of stationary position of a dolphin).

Dolphin acoustical signals were created by Moth-
er Nature at least 25 million years ago, that is why
it appears that their characteristics are defined by
their functionality and are optimal in terms of cur-
rent status of physical acoustics, the theory of signals
and echolocation. There are good reasons for more
detailed study of the dolphin acoustical signals and
sonars. Hopefully, the achieved results will be highly
beneficial in their application not only in hydroloc-
taion, but in radiolocation as well.
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Muscles of the shoulder and elbow joints of the forelimbs (flippers) in the baikal seal
Ryadinskaya N.I.
Irkutsk State Agricultural Academy, Irkutsk, Russia

Barixanbckuil TroneHb wim Hepra (Phoca sibirica Gmelin,
1798). OTHOCUTCA K LIapcTBY >kmMBOTHBIe (Animalia, Zoobiota),
tun xoppossie (Chordata), kmacc mnekonuraronye (Mammalia
Linnaeus, 1758), orpsap nactonorre (Pinnipedia Illiger,
1811), ceMeiiCTBO TIONICHEeBBle, HacTOAIMe (Oe3yxue) TIONIEHU
(Phocidae Brooker, 1828), pon o6bikHOBeHHBIe (HacTOsIME)
tionienu (Phoca Linnaeus, 1758). Brmkarinie popcTBeHHUKN:
Konpuartas mepna (Phoca hispida Schreber), xacnmitckmit Tro-
nenp (Phoca caspica Gmelin). IIpoucxoput oT obigero ¢ ce-
BeprIM KOJIbYAaTbhIM THOJIEHEM Hpe,uKa. HepHa OaBHO ABJIAETCA
cBOeoOpasHbIM cMMBOIOM barikana (1300pakeHue HepIIbl WU
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The Baykal seal (or nerpa) (Phoca sibirica Gmelin,
1798). It falls within the realms of animals (Animalia,
Zoobiota), phylum of chordate animal (Chordata),
mammal class (Mammalia Linnaeus, 1758), pinniped
order (Pinnipedia Illiger, 1811), seal family, phocede
seals (Phocidae Brooker, 1828), common genus (true)
seals (Phoca Linnaeus, 1758). The immediate family:
the ringed seal (Phoca hispida Schreber) and the Cas-
pian seal (Phoca caspica Gmelin). It takes origin from
the common with a northern ringed seal ancestral
form. For a long time the seal is a peculiar symbol of
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