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expl""" all the", m. o"",.nd perhap' ,o me more

ANIMAL COMM UNICATI O N
Sound signa ls are impo rtant for n~arl y all anima l, . They
lislen passively for wa rning sounds signalling the approach
of predators, they listen carefully for w unds given out by

Ihe irown prey, and they use sound act ively to com munica te
with other members of the same species, Some animals ,

such as bats and do lphins, also usc active sonar methods to

map their cnvironment and seck out prey. While the variety
of analomical deta ils and habitats can exp lain much o[ the
varialionbetweenthe so nicactiv itic:;ofdilferentspccics, thcTC
are ce rtain ge neral principles tha t apply to all anim als, whilc

tlJcan~-cstryofcvo l utiongivcscluesfor anatomical s imil arilies

between animals as diverse as cricke ts and humans, The

present paper will dea l exclusi vely w ith land-dwelli ng anima ls.
lcavingundcrwater co mmuni ca tion to olher,pcakcrs

Sincct l1cnumbcr ofbooksandpa pc'l"Spublishcdonbiologica l
aspects of anima l behav iour is immense, I can pt.'l"haps be
forgiven for concemrarmgon those to which Ihav econlributed
myselC which dea l wilh physical and acou, tic aSpc<.:h<lfthe
subj~'\.1 . On~ Of lh~Sl: (Fk1chcr 1985) give!;a brief sllT'lleyof the
,ubje\:l,while ~"Omprehensi ve trea"Jlenl~ havc bcengivenin two

othe rs (H etcher and Thwaitcs 1979a. Fletchcr l9'l2), Otcoursc

I have benefhcd greatly ITnmthe research ot otbers, particu larly
biologisl!<, bllt l have lefl it to my biological eolieagues to filter
this workinto my consciousn ess.

LeI us look first at conspccific commu nication and sec
what general rules ap ply. 11 is not unreas onable 10 ex pect
that Iherc may be a large difference in behaviour be tween
air-brea thing animals such as eleph ants, humans and birds,
and those animals such as insects that have to produce sound
by mechan ica l vibratio n of some part oftheir anatomy, so we

Iirstcxammethcsc air- breatbers
Sinc.,:onc aim ofconspeci fic co mmun ication istomaximisc

the distance over which the call can be heard ,and sinc e this
depend s on both the acoustic power that can be pmduced and
the frcqucncy of lhe ca ll signal. we might expect a rclation
between the call frequency alld the S;1-Cof the an imal . There
IS indeed such a relation and it isind jcated by the summ ary

10 Fig. I. Toanalysc the sca li ngrule thatmightbee~peeted

req uires co nsiderat ion of the sound -production mechan ism,

essentially air flow through a vibra ting valve, sound radiation,
propag ation loss (w hich increases as the square of frequenc y),
alld auditory sen silivily . Putti ng these all toge ther yie lds the
rule lha l dominant freq uency sho llld be inversel y propo rt ional
to the mass of the animal' s body to the power 0.4 (Flelc her
20( 4). 111is is The line show n in The figure. Clear ly there

are some outlier s inlhis gcneral cnrrclation, bu tthc rcsu lt
is surp risingly co nsisTenT when the range of animal size and
analnmyisconsidered. Asimilar'iCalingrule canhocd crived
fnr Ihc corn munication distance , which varies aoo lll as h<)lly

mass to Thepower 0.6

Figure 1 llistrihulionof dominant frequencies fnr.large
range ofa ir-hreathing animals, The line is the c.kulato:d
bcha,i our: frequency proportional to (li hody massj?" .
(Adaptc'd from Flctcher2004)

Insect son g bcha viour is, as might p.:rlwpsbccxpccted,
very muc h less consistent bec ause thc sound production
mech anism varies widel y between species, but il is clcar Ihat
very small illsects makc sound s ofvcry bigh freq ueney. Wc
rclum to this later.

i\'po-i<McJf"' mii><i ''''''<,;,j ;_ '''in.: '' .......i.... ""••" • •" i ,.... .. ly
Con fe",ncc . 200S. Editm Torran<o II-IcMino
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I NFOR I\I ATIO~ CONTE NT VOCALISAT iON IS IU RUS

(.,

Figure 2. AnatOl1l)" nrl he v",.1.~cm of (a,o .... mmal and
(b) , songhird

The voc alisation mec han ism in birlh d ilTcrs from that ill
mamm als unly in dcta il. The ~llCa l ~Il l ~ e. or sy rin l. is
du plicat ed in "'lUg birds ami the t....u ~lh C!l are at lhc u!'P"T
end. nrthchn",~h i, as sh""" n in Fig. 2(b), mtho;:r than in the
hasc o fthe trac hea jo!ll al>o:w c the jo nct inn of rbe broncbl as
ill mam mals, Uinh ..:an lhus divid e lhc ~I>cal effon helwcc n
lhc lwO ' yl inllea l val vcs , us ing ooc for h igh and tl>c: other for
10"" note.. , o r can eve n sing ....0 !IOt",S at ce ce. The ulvcs
tht.'lIl-'<CI~n; di ffer in structure from lhoe1al')'n~ in mammals,
and gcnct'l'llly invol ve infl ala h lc NlC S lhal o;:an be made 10 close
off the . irw.) Rnd l hu~ respond 10 prl: S"llrc ' I riaIMIIl' in an
,..eillaw ry man nCl'

1bc ufIPCT ",'CII uect i~ less fl"'llib lc in bird .. tha n in
mammals.since the t>ca.k is less adj ustabk than the lips and
thelOO gue is , ....ncrall y nafTO\ll, O\:"pi tc lhis. lhc_gofbirds
such as l'lIS'ens bears a clo se resembta nce 10 hullWl SOfl&,

...' ; t1t aJj osl:!.blc f<l\Tll;lnlSlt frcqucne~ .. etlabov e tnet o f tbe
fundancntal (F1o::lchcr I<:ISs.. 19<:12, F1C1ch.:r and Tamnpn lloky
199Q). This uplains ....hy pam >ts and cockato"" c":In imitlllC
hu man speech,siIK.-e lhey C;,ll'l rq>n>JlII.-ethe upper formants
lhal cncOOc the I. ...... ''''1s... h ile !he m iss ing first formanl he .......
about I U lz. S1mply rnaLcs !he !f'C"'Ch "ou nd Rl n ,flCia l" .

~ · Iun,

~ , .bronch.... / moo lh

~~..,,'"

Some hirds can tU11Clhe ir " ('CI I ~ystcm~ 10 prod uce neRn y
pun.:-tnnc so ngs . pllrlk ulllr ~sun, plcs bein g rhc Ring [lo ve,
which employs an inllaTahle sac in IIICV\>Clll 1mct , Lco::pinl: ib
beak c losed llnd re ly ing up" n dir"'~T l'ound radianon frum The
vibmt ing '>llc wa lls to prnd uee its 'c"" ' .. .und ( Fletc her CTal
2(04). Analysis shows Ihat the resonance 1re 'l \lcncy . a rie. by
only a sma ll amo unt for II mnllc ratc chulIllCin the 'w; in l1ation .
since the inc rea,,,,d complia llCI' " f th... <:ncl lls.....ta ir is largel y
oolallC<:dby lhcincrease in walleren

Th e Noethcm Card inal prodo c'C~ a sim ila r e ffec t, but with
• "'i dd y adju .tablc fM,juerocy range. by ~ i ng i ng ....ith ilS bea k
slighfl)' ope n and I'd y inlj: lIpilll a Ilc!mh" U7 reson nece in
an adju.. tahle voca l ca vi ly tu tune thc f"rmant~ , On c " fthc

Info rma tion ca n be encoded in ~ocllliJillti"n s in sc...c ra l ways.
bet the mo~l imporlanl are the sp..:ct" d strw;tun: and envelo pe,

and the time varia ti" n of lhc sig nal. insec ts generally have the
simples l signa ls.. wh;c h arc:es~ntilllly rcpc ating pu l,es a t a

singlt fmj......ocy, thc n:a ' ..n bc ing tha t thc:...: a rc simpl ym.dillll
ca lis by rnc malnof lheloJlCCics andnccd tnco n,ey not h illg

n1h.:r tha n thei r e l iSlCflC'e alld location . At thc o ther ~'fld o f

!be sc alc, huma ns use bodl timc cnro ch ng (,,"..'I~......"CS. ""ord'o..
syll ablcs)and fmj~C'Il\:<JlJing(vov.cls.ron.""nanl'l) to

constrne1 a~uagc ...ith high informa tion rontC1lI. Birds

arc:perhap'l anoma lous.. 'inl.'"theit snngs ar.:com plcs ill both
timc and fInjUl;'flC)'bul.bc.:au.ethC'yan:n."l"cttt"'c. thctocal
informa tion coeten t ~ lim llC'd

1bc case of ckphanb " particularly LnlCfnling . sincc the
domin;a nt frequmcy of abouI30 liz cou ld be dw. :tni-J lIS

-mfror!.orlic" •.....tit p"lpIgaln; O\ C'I'k""di'ltll~ pon icularly

when Ibm: iSl lCIflpcnlllm' in'cnion in tho:I trnoJphac. It
turns out. howeva . thai Olhcrclcphanh can.. '" ra;ogniw: .an
ind i, id.... unlil thcy l re ab le lOhe.u thc inf...rm..liol'lrontaincd

in fmjunocy romJlOl1robIh,n.C aOOut 100H~

H lC ,.\USATIOS IN .' I A I\I U4. I~"

,,.11mam ma b hu c ~cry 'Ilm,!.ar ' oca l''II.tion ll'IlXlwl i",...., lIS

sho ...n in Fig. 2{al , A,rlScompn:"l''fC'dinthe lull~lolprn"",rc

that don not '1ry Jfl'J tly 8Cruwo;~~ or the sUr ran ce .

since mu", k .~ il about the 'll.mt and both the t1ti. :i PC'SSo
o fOOl1ta inill8 muM:Jci, and ee r...:husofthc long ue VlIf) ' in
the same way ...-ith a llima l sin, 1bc voca l orpn ('(lnUIim a

pR.-S.......C-ron lro lledflap ..l>'C". lheO'lCillat i"nli"o.pcncyof
whicfl ,and hcocc th l l"fthe .ir fl.....,. i<.eon lro lled by m ....cul.u

tensi on. A I>o:~'e the ~al~c 15 a V(lCal lnct termi nated by I

flc:u hlcopcncd mou lh, and II is the ac...usuc n......lIlallCeSof tbc

coota illCdl i rrolomn thalnlll t>eadj""lcd t,,~.te"'II1f'Ila'\ised

forma nts in Ihc n d;aTcd sound . The fn-qucncy of till: I...... es..

forma nl blind is typica lly ......'en l t in~ thalof thc S'II,c

O1Cillation. and thc forma nt froqllCncin call beadj uS4-d o~n

'lui te a lall!cranl!e by S'l riat;ollin rno.Mlth gcnm..11')'

\."h ilc this ",>cali"" ti" n mec han i, m is "cl')' flexible, it
is 001 \Cf}'cfficicn t typ ici lly R'ac hinga muimom ofOOl

much morc than 1% II high "'MInd le~ c1 ~ , Typi<:al maximum

coo lin........, ...".md OUlpuT ;s o f o rder 10 .. "" per l iluWam of
bod y ma.ss. Th i ~ amou nts to l bo ut 10 mw (90 d U at I m) fur

a homan and pcrh ap'l I W for an ele phant . UinJs andin'Ccls.

a, wc'ha ll!o«la te r. d" moch l>.:lle r.
Bals a re pa rlicula rly inlcrcs tinG animals a~(lost icll ily

be<,'auscof lhcl r usc"fulllllsu nic sillnals(aro und tiO to llO
k ll ~ )tilr cchtl- Ioclltion . T heir voc ill anlltom y is similar to that

of Ol.her an ima l. e l cc ", thll thei r na saltract " tien co ntai ns
sc.' cnl cl~i tic. lhl Tappear to be matc hed >0 as to emphasise

thc rrcferred f~uerocy, 8atcallsosually oonsi!lltlfUJl""'~rd

~wecp i n1l5yll ahle-s ""hich are presu mahly n.'COOl.tructcd into
sh arp po l",.. by their 11...11101')'anal~ i'l s~tem_ Th il. l.....:hn ique
i. rcm; ni'lo.:cnl of II>.:Rch irp ing _dec hirpi ng" tec hnique often

u"Cdfor rad ar signal s and alkwo''1l hcemincdeall lo ha\·c high

aoou!>lic ~'tlCrvy w iThout requirin g hiGhpcak J'Ow~'T.
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most spectacular birdc alls is, however, thaI of lheAustra lian
sulpbur -cresrcd cockatoo, which produces an immensely loud
shriek that cunbe shown by analy, is tn he actually a chautic
osci llation ofits syriuge nl valve (Fletcher 20( 0)

Although they ilre not closely rcbh. 'd, animals such
as frogs use a resnllilnt vOl'alisat ion lechniqu c Ihal is very
similart o lhatemployed hydoves. lt ise asi lysC<'n that most
frugs innate a large thin-walled sac below their mouth when
producing soun d. The sac rernains intlated duemg thccaH and
themouth i s closed, Sfl tl1at "'lund mdiat ion occu~ lhroughthe

3gencyof lhe vibralingsoc walls ml-dIIIe resonance freq uency
iS llOt \' ery ~si ti \'e to saein llat ion

SOUi'iIJ I'R o n LTCTI O:"lBY INSECTS
Wht.'I1 we tum to conside r sound production by insec5, the

situalion is v<'r)' different, ror lhey must rely upon resonant
structun.", vihrating in the air, 1ndee<l tl1i.s method but with
surrounding "aler r~lhcr than air, is al<;() used by crustaceans.
Tv.u signifkanuyditlcrcnt merhods a~ U.sN, as we 110'" discuss.

(. )

lb)

fi~urc ) . CllSnuoo pwd1ll1ion.)" tcrnl ,r ac icaJa
(b) GftJrndry or tile h"m e,ca~. lnI in tile ground by a
criek<1

In the fi~. "hid is cha r.'lCtv'T1st ic of cicallas. anatomy
provide-5alaq,~ body ca\iry.intltewa IL. ofwhichan: """ rat hc.

stiff dcforTIJabk: ribbed p"'~{Il'trIpana ) tkJlcan be made 10

~ i hralc by mu...:ular a<.1ivn, a. ~,wn in Fig. 3(a). As the dri~ ing

muse"-", contract, t~"'C pllllCS &:form~i,ely in as ~'J>

wi!<emanner 11-'1 cad i rib nif">frum one 'iolahleposiliUllIOallOlbef,
thusprm· iding ana collslic di'i'lacemc:nl cum.'1lt \\ ilh afm.luency
equa l to lhe 131<: of iod,v'idual rib collapse. Siree then: may
bc wn nbsc mis rnechemsm tnultiplk" thec\Citation frequency
pro\' i,k:d hy nlu~Ie O$Ci rr alinn by a faet<>r t<:ll i n th i sa,<. The
body cavity ~olumc ha" been lunoo by cV(llllli"n so that the
resonance ftaluC'Ilcytl f tbclwotympana, biICk~-dhyth~cavily.is

eqlml lO thc ri b collapsc fn.'<{ueJlcy, so t hallb~'Il;: isalargen.'SI"':1I11

amplificalion of the cxcnation. Becauset herw'oly mpana move in
pha5C,and tbci r vib~tionsarcclosc ly eolipledby lhcl\.'SOnance,

lbey a<:1 in combination as a m onopolesource and give highly
cfficicnl s"u nd mdiation(Flct cherandHiIl1978).

Thc mdiated sound from a cicada Ilu~s consi sts of a string of
oonsecutiv-eidcnti cal ' 'lIyHablcs'' ,eachonccorn:sJXllldingtoasingic

buckling motionof the rymbals and ctmtaining \\'ith in ita train of
oscilla tionsat the cavity resonance fi-cq1JC1lC)". The inf"noatioll
wn1entcanbcvaried by ch:lngingthenum~rof syllable'<ina

"wortl" or, n" m: u"ually. by~arying thc syllablerepetili()llT'Jle

lnsects us a rule devole Illul'h more "f lheir av-ailable
muscular power 10 sound product ion than do mamm als, Thus
acoJllinuous ly singiog cicadaw cighing lcs.llullll grnay
produce as much M I mW of sound energy (HOdB al 1 m).

whic h iS ctlmparaOlc with that produced by a human oJl'<lrn
singer weighing some lOStimes as much!

The second ctas s ofinsects we should consider consists of
those such ac crfckets that prod uce sound hy t1rawing a tootbc d
lile of some sort acros s a p;.rt oflheiranall'm y, generally a
wing or wing eovcr, Ihuscau, ingil 10 villral<:. A s the conlaci
is hlled and n:lcaS<.'d by cach loo lh nf lhcli lc il II"neratl$
a dampt.'d \'ibraliun at the r~'St",ancc frequency o f the wing
panel. giv-ing a scrics of these vibrations for each k g stroke.
Th is is intrinsically a much I,rss l.'fficielll sound produd ion
mcchanism than that used by thc cicada. since ihe vibrating
sourecis a dipole.andgcnera llyscl'l'cs forshort-4islancc
oommunicat ionwilhin a fa irly largcpopulat ion

To o~en:<lmc th is inlll.'fI.'1l1dipole disadv'antagc, a few insects
such as the cricket !Ia' e &:~ek,!"x1 die inb'Cfliousstl1ltcgy of
digging a hom-like burrow wilh a cavity al the buried end,
ammging for this structure 10 be 1\.""" ~1111 at lheir song Ircqlk-'IlCY,
ar\d p"sition i ng thern~;el ve'i1I 11le junclinn b<.1weenlhcbomthroal

andlhc ca\ ity sothalL!lc.hpolar ll"w c""'ted bytheir ~ ilwal ing

wil1goo\'e~ drives thc wbole oscillali llnclkt.1i\ c1 y (l);,"'set al

1996), This arranger rcruisshown in I' ig, ) (b).

AunlTORY ANU VIIJRATION SI-:NSORS
lt i,anolablc lcat urc"faliditnrysyslclllslhallllo,lof lhem
rclyupu n scn-;ory cells wilhlhi n hairsp rolruding fronlune cnd
(FletcherI9711). llcl k'Cliun uf lhe h" irshyn"i<ldi'l' lacemen t
induc...... by the a';t>ll,ti c signal opens ion channels in mc ccrts
which, in tum, leads roa n electrical signal in the auached nerve
channel. In the case of some inserts such as caterpiUar,;, these
sensoryhairs arc used dil\.'Ctly l,, &:ttx l cll>liC<' rangc signal> trcm
the hcating wings nfpredalory "'a.sps. In the ca.sc of aqualie
crea tures, the hairs may be h llk.'d with small ma". i\c " lIl liths
so lbal when the bulk ofthe hndy of the fish is dbplece d hy an
aooustic ' il'llal,lhe incr1l3 of lheotolith deJ1eclslheSl.'I1 Sl1r)f
hair. Somefish, howe\'er, ba~e anair- lillcd~,w il1l bladdcr" thal

has the same elTcct.tbnu~di""crlOgin phaseby lllO" .

In land-dw elling anim:lls, ineluding humans, these sen sory
hair cells havl.'otlen been incorl'nr.lled into assemhlies wuh
WlI\C w rt o f fl\.'<luency di, pcrsi"n mechanism. generally
through w3\'cspmpagat ing " n a laJl'<lR:<! IrH:mbrane, in the
organ known as tbe cochl...a, as will hediscu,....,.]later.

Sensin g of vibratio n is also impurtllnt for mo~t animals
- even humans can detec t quite small vibnmonsthrough their
lingertips and larger low-freq uency vibrations lhroug h the
legs, For some in....cls, howev-cr,lhc ".'n, ing"fv ihr" tion i.
more important Ihan the sensing of air-borne sound. Two
obvious examples are the spider in irs web, and the related
water-sk im llle r l h a l dct ~'C ls sllrfitCc ri pples gencmtcUby insect
preycau ghl hy slirfilce ten , ion. S"l1lei nsccts hilve speciil liscd
detv-.:tors jusl below lheir knee·joinh (and there li" c called
"s ub-genuat organs" ) to dclecl thesc v-ihrali"ns.
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P'?ES-~ ~ 'pi,~ I" - ~- P,

/
septum

P, · ------ tymp.ulll __ p p.

Figurc S. SChnnat i< drlI.. in' ofthe ....l<lRt)<Iflheo;rid. CI
aud;torysys¥:11t.Thc I"1"1oI<¥Y"OOUldhe~ .. ithtlul
"flhc: h_ <Wd il<lf} '~\IC1n

Som e insects , however . have much Inure c" mp1cx aud itory
systems. An example is the cric ket, whi ch ~us aud itury l)1n pana
located one on eac h forele g nca r I~e knwjuinl, Eac h tYlllpmlllm
is backed by a sma tl cav ilywhich is co nnected by a rather long
tlaringlubcto ancs itp< >r1(spir...:lc) ontoclhonlxlhalscrves
to allo w tlle ingres s of a ir to mainta in lhc lifc n f lhe inscct . The
tw o rubes leading from tympana ttl sp im :lcs an: con nec ted by a
th in membrane: or scplum within the thorax , as show n in Fig . S
(Fletcher and Thwanes1979h, Fkt clM:r 19?2 chap, II ).

HEA RIl\G IN RErTllES A'D 8lRDS
"Thcaudi lOfy foell5iti\·ity of birds is co mpara ble with tIw of
humans and geoeral1y nto..'11ds over a similar frcqllcncy range ,
lhoughbia.sed lOnrdshii:heTfrcqllCllCi<.~i.one"'oold ell.po;."Cl

from the p\(l( in Fig . I. The same is lnlC of sma ll mamm.als
sudt as mice .

SurprisingJy. the i ud iloly S)SI~-m of 11M: fro g l", hic h ei lS
c>cadasi f it ca n')i$ \ Cf}'simi lar• ..,i th t\Ooo s impleeaf1; opc11ing
imo tjc mourh ca vity , Thepn:scnccoft\O.o 'l nill\l:1IlS forthe
nosrri ls sh ifts lltc auditorysensitiv ily pa nCl'llsomc .. hat a..ay
fromthc d irect tranS"ersc d irection . Since tlte mouth cavi l}' is
also empto yed 10 prodlll.'e voca lisoulons , lherc mu 'll clearl y be
al1>eChanismr"r d..'<:<lUplingthcncur,il tran!oducef'So ft hcean;

• d urinl1 soogproduetion

f:- , ~.- F~is '. ' / l- ,00Li=rn
111I ; 0 10 ~.., 1OO '000 )(100 IIIDO

(bl (1)1 h "'l""",,) in helU

O
~· ~:,· ~'"",""

' ~: '~1 ' (.)
(el 1(a }

DlRECTIONA I. III~AR I NG IN I:"JSECTS

II is usuall y irnpmta nl for a ll an imal 10 be able 10 detect the

di reclion from which an auditory signal crises . and for this

reason nearly all animab have IWO symm,,;trically paitl,.'l,\auc.lilory

organs. In ibe ca5Co frt\ilnunals. ilS foe example humans. the
two.,.... f1;an; Vl:rylM."arly ""l"' ralc troman acoustic p"intor~ i~.,.·

alld comparisun oflbe sij!nals receivedby each is i taoJ< for the
neural systrnL Ea.:hcar .......-s. oo..CVCf,....ve a C\."t1ain amounl

ofdira.1ional~ilivity lnft"PlilCli. binls,andinscctsthcre is

adually idiJCl,.1111l'tJU"ic c<lUplinllb..1"'u''fI thcl'''Ocars.

As with the sound prodlll.1iOfl me<;: .... nivn. lhe simpl<"ll

aud ilOfy SYSI~'111S re ly uport a diapbrallffi back~'t1 by i ca vity

and C<H'1~kd mc'Chin ica l1y 10 some son o f eeuraltraasducer,

Such a sy'lt~'tll can be tu",-'lI 10 produce a f\.'WOiUICC, and

thus max imum audi tory sensili~ity. al the C<H'1spcci fic ea ll

frcq ucncy of thc amma l tonC<'lTlI.'t1.

Two such Iympana opcn inl1 inlo the sa me vo lume arc ab le

lo ~atea S)'$lem ",ith high directional sc ll5i1i\'ity, T his is

<kspite thcfaet ihai lltc ",ho kpro<.-asrdi<"luport ihephas<:

differcncc bn"'CC'f1the S(loUnd si~lsatlltelwocars.'. ..hich is

1}1'1Cll1ly ool y ahout JO· (fk1cIter1 992,chJ.p 9)."Thc audllOl}'

ana tomyofa female cicada • ..ho"''Q in Fig , 4(a l, thus kooks
lil.e a smal ler u nion of lite mik sou nd prooJuction sySl<lltt

sho Y," in Fig , 3(a). thc: mak. hc:ing thc .....ndprooJlII.-.:rs and

the femiks lhc 1isl~ l1lc: audil oryrcsporlSC ofMtC h a

sys tml f"ri""ila lt'TI1(l Ja nd C<lIltnlla to..T.lI(C)stlund inc idcocc

is sh O'A'n in F;~. -l{b) for . part ie:ular sri "f pa nlmct eTVlItues

Whik ltw:re i~llO prOllOUllCl:d lCs"nanccforthc ips.ilateralear,

there i.~ a marked dcc n:a.o;cin f\."'P'>n -e fur the co"mda tcral

ear a t the tuned frcqumcy. The di m:tional rcspo;msc al this

frcq uc llC)' has a card io id form ",ilh a d ifl;'l,1iv ily of more IlIan

ID dR.as sho wn in Fig 4(c l

FijJ:ure 4. (a) S kel~ h or lhe aud ilnry an~t"my of a femate
cicada. Cb) Calcu l,",d frequency =i"Ill-SC Oflhe ipsilnleml
(I) and oontOilla'enil( C) ears fo, a pan icular sel Of pil.amelcr
~a lllCs, (el Polar pill! ol'th cdiree tional respon-sc forlbe Iwo
canrur ..vCl'lllf""l""n"';n .sl'lownasap;il'llmo:1er,

Figure 6. {alS kclcho fl hellco n,,·'ryof'hc ••a,htOly .)"'~m "f

a bird o. lilard.'The lwo lyn'jlllna.n: co" ...." k:db y .'lmplc
tube. (b) Res""" ", of the i!"" lalcml (I) lind c,.' ItULllcr. 1
(C) c.rs a• • funct;on offrcqucoc) fllf a p"f1iculor ....tof
parameter vatues, (c) Polar plol .. fdirectional rcspoose al
\laf;ou, rre<j"""cies f<lflhissamc selo fpar;tmt1(Tv al"..
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Liards and birds als" posse ss aud itory sys tems ....ith
acoustic cou pling betwee n the two ears. lnstead of a simple
cavi l)', ho....ever, they gene rally hav e a nearly straig bt canal 10
perfOlTIllhecOIlIlecl inn ,ilS sbow ni n bg. 6(a) With a f)'pical
ca nal lenglhof say 20mm, and apl'Tllpriale values of the olher
parameters. such a system can give a cardioid response pattern
for each ear hh best scpara linn al a fn."quency u f arnu nd 11K)"
Ht., and a din. 1iunal ity of u much as 30 dR a. shown in Fig.
6(b) and (C) (Fleleh('l" 1992, cha p. I I)

II [ARI~G IN MAMMA I.S
Referring bac k 10 i",,",cl hcarins , onc nf lhe inlen.-slinsfcalu!t'S
of Fig, 5 is the topologica l sim ilarity between this insect
audito ry system and Ihal of mammal s such as bumans. To sec
Illi~, comparc the drawing with lhat of a huma n audilOl)' syslem
if'we wen: to drag our ears , and the Eustachea n lu!les con nCCling
tbem 10 the nasa l passages. down 10 our c1hows! w hateverthe
c'io lulionarysigmficanL'Cof thisohsel"\'at iun. lhe two sys lems

a", acoUslically very different. since the human Euslachc''''
tubes arc so "arrow Ihal very lillie aeOl"lic ene'l:Y can flow
along them.whilci n the cricket system the lleo.l't ic co nneclivity
co nrribules signi tica nlly to theovern ll 1lehav iour,

The aud ilory syste ms or mam mals generally POSSL'SS an
"otnc r car" consis ting of an obliquely trunca ted hum . the
" pinna", lcadm g to the tympan um rhrough an "udilu!}' cana l.
hen a sim plc conical horn has di rectional propert ies, wuh
the d.rec uon ofm aximum s ignal rcsponsc cortcspondlng ro
the syuuuctry allis. At vel)' low fr""lu~ ne i~s lht: rt'sponse is
l." t nutlbl y J ire<;liomll , bUl b\.-co,n ~s i nc r~asingly so al highcr
frcqucn~ ies where lhe sound wave lenglh is co rnparable wuh
the diameter ofthe upcn end u r lhe hum

MOSll'i nnuc, bowcver, do llol huve this simp 1c shape, 'rue
moslobviousvarial ionis thut lhe homisobliqucly lrunca led
so that the Of".'nend faces mort' near ly along the line nf sight.
and maximum st nsitivit y is ach ievt:d clo, e IOlhi,dirt:clion
(t"lelcher and Thwa ilcs 19HH). Many ani mals, such as
kangaroos but not human s, arc able to rotate their p i n na~ 10

muimi~highlrcquency soun.dand thus lncale thcdin.'Ct inn

of the source, even usin g j ust one ea r. In human s lb.:: shapc
of lhe pinn"e is ralherconvo lured and thisleM s to additional
re"[>',rn.epcak,alpart icolur lrdnsverse reso nancefl"C'luenci es
tha t may a,,"i, l indi n..oclionallocalion

Iitc al.l.'C of the muc h larger SilC of mamma l heads in
relatin"to the si gnificamfn..'\l uencie-& bcingdctccled,th~ rt: are

clcar vshedowm gveffccts ofrhe head. leading to redUClinn of
the signal al the con tra lateral car . This effect , toge ther with
pinna direc tiona lity and signa l phase diff erences provides
sufficie nt information for lht: mamma l to detect the genera l
direclion of a sou nd signal. TimingdifTerenL'C'Sare pTObablyllf
equal imponaecc if the signal has sharp amp litude vana uons .
aswilh asequencctlfclid ,s

Si,.." the cncoJ ing of information in lhl: com plcx vocal
signalsU!>edby mamma ls de pend:>grcally u[>'lll\urialioo inthc
frequenciel;orv ocal furmants. their hcaring systems ba\'e evoh ed
to be able 10 disc rimimte freqUCIll.'"}'.-ariationsto high pl«'ision.
The major freqOCR,:y-dispcrsive c1em..T11is lILtha",1 mo,.TIl!Jnne in
the f1uid-lilled cochlea, Deflection of this membra ne is achieved
by injecting the signal 10 a membeare-covcrcd port (the -o vat

windnw') situaled on nnc side of the ....,mbrdne and providing a
pres....m::-relicfp ..n (the -m uoo"" ,ind<'w..) on tl1eother ~i<k: . The

basilar mcmbr.me is tapered, as also are the lIuid lilkd chanOl:ls
on each srde of it. and lltis gmdalion tUl10Cll thc local rncmbraroe
resonance 10 PfflI!.re5si\'c ty kmcr tTcquencies a.sdistancc from
Ihc,, \ alwindow incrca..'oft. Tbe resahe a wave tbat propagares
with small amplilude Ihruugh the high fil:qUI:ncy resoeaeces
"""r lheinI"1It.~....,h<.-s 3 rnallimum displ .....'C'tT'ot:111inlht l\S1Oant
"""'1i"f1,andis l""'nCll [>'lOCntiallya llenualedO V<.'1"llicrcmaindt-r
ofthc membrane length , Hair ce lls dtuaicd Ok1Ogthe membrane
dL'lL'CIthclnca l. -...:illalionsandlherchy oommllnicaleaspcctl'll lly
reso lved signal tOlhea udiloryJlCf\le

Th is mechamsm , proposed some fifty years ago by Georg
von lkkesy, nplainsthe general behaviour nf' the ear but
provides a frequency discrimination that is much less than is
fUlInd in ellJlCrimcnl. Il is lr.nuwn, ho...eve r, lhat ina ddit ion to
lhe single row lJf " innt:r hair cells" lhat provide toc signa l w
lh~ auditory nerve, there art' three paralle l rows of outer hai r
ce lls, and it has hee n pm p.JSCtltha t lhese constitu te in some
way a "seeu nd filler" to sharpen uie tuning pTO,' id~'tl by lhc
basilar membr aneitself O ne such mechanism, proposed by
Bel l and Flcleher (2004 ), invl1lvcs gener" tion of" partic ular
fon u ofl raru;veThdy pmpa~l ing waves on the membrane Iha l
arc ab le to prod uce standing -wav e resonanc es between the
outer hair cell rowa. with sharplytuned leakage propagation
lothc inncrhair celk Sinee thcc tl"" live mass of lhe inner
hai r ce lls is much lL'SS than that of the basilar mo::mbrane
and assoc iated liquid.uhe quality factor Q-V"IOL'S of the two
mcchan i sm ' are e ffccli velymuhirl i~"j t"gcther toproduee thc

obscr\ cd very sha rp tuni ng

CO~CLUSIO~

This has been a short and selective lrealmen t of a very
wide subject that has interes ted tecearchers for more than a
ct:ntury. ~ypurpvse hasbet:n l l) showthal.by apl'lyi n g the

straightforwa rd principles OraCOO_l'n : loadmillL'<1 ly idealised
versiens ot'the sound production ..od bcaring sysrcms of u wide
vari~ty"fanimals it is possib1ch) ;o(h ie\'e"rcasonabl ydcta ilcd

understanding of al least those 1>l.I~'Cli of the \"oca lisati<K1 and
hearing systems that are closest lo thl::nviromncnt. O f course

this leaves a grea tdc" l to be """ II with in other way s: Ihe
electrop hy, i"log}' of neur~ 1 lrolnsdULtion, the enl'oo ing and
decodingofinformationin lhe bnin, andthe acti\"e cofllro l nf
vocal isatio nandh earin g sysletTb thr,>ugh someofthcmusclcs
invnlved . Thc'c suhjl'Cts all Iic morc ciearly wilh in trn.:rcalm s
of biophysics and psycho physics and have anracted the
atlen lionofmanyresearchel1i\\ i1hin lhosc:fields. lam s<>rry
that I do not know enough of thL"s('achievements to be able to
~nl an adequately cl...ar and deta iled summary, bu l must
teave unsro somcocc cfsc .
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