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1 Uvod

Predacni tlak zasadnim zpisobem ovliviiuje chovani volné zijicich zvirat. Béhem predacni
hrozby dochazi k druhové specifické strategii s cilem redukovat rizika. To byva casto
doprovazeno komunikaci v riznych Casovych fazich probihajiciho predacniho tlaku. Mimo
dobu vlastniho lovu kofist ziskava ptehled o distribuci predatort ve spolecné sdileném prostoru,
kdy predatofi komunikuji v riznych kontextech béhem neloveckych aktivit. Pfi vlastnim lovu
potencialni kofist pouziva n€kolik typtu akustickych signalti s narastajici hrozbou predace
a v nekterych piipadech i v momentu vlastniho uchvaceni predatorem. Tyto komunikacni
interakce probihaji nejen mezi pfimymi ucCastniky predacni udalosti, ale zachycené signaly
mohou byt vyuzivany i1 dalSimi jedinci. Varovné signdly mohou obsahovat celou fadu
informaci, které mohou zvySovat antipredacni efekt. Jednou z nich miaZze byt i1 individualni
identita volajiciho. I kdyz riziko stat se kofisti Casto pfevazi nad jinymi komunikac¢nimi
funkcemi prenaSenych signalt, tak za urcitych podminek je dostateCny selekcni tlak na to,
signalizovat vlastni identitu. Komunikace v predacnim kontextu a individualni rozdily ve
vokalizaci jsou intenzivné studovany. Identita volajiciho jedince zakddovana v jeho vokalizaci
byla dokumentovana u fady savca a ptakd. V pfipad€ nevokalnich signald, tedy zvuku, které
nemaji svij puvod v hlasivkach savcu ¢i syringu ptaku, je vSak studium akustické individuality
teprve v pocatcich a u vétSiny typa téchto zvukd nebyl doposud dokumentovan. Neékteré
z doposud nevyfesenych otazek antipredacni komunikace a akustické individuality se snazi

resit tato prace.



2 Cile prace

I. Otestovat reakce vtici hlasu vybraného predatora a ovéfit moznost vlivu

rtizného typu kofisti na variabilitu hlasu predatora.

Cilem prvni ¢asti vyzkumu bylo otestovat antipredacni reakce vaci hrozbé potencialniho
predatora vyjadienou jeho samotnym hlasem, tzn. bez pfitomnosti dal§ich komunikacnich
modalit (napf. vizualni pfitomnosti predatora). V ptipadé potencialni rekognice hlasu hnizdniho
predatora zastava otazka, zda vyvolava odliSnou antipredacni odezvu v zavislosti na pohlavi
i u druhti s extrémné polygynnim ¢i dokonce lekovym reprodukénim systémem, ve kterém se

samec nepodili zadnou formou rodi¢ovské péce.

Zatimco variabilita v signalech vydavanych potencialni kofisti (zejména v ptipad€ alarmu) je
velmi intenzivné studovana, variabilita hlasu predatora v zavislosti na druhu potencialni kofisti

zustava nezodpovézena.

Policht, R., Hart, V., Goncharov, D., Surovy, P., Hanzal, V , Cerven;’g J. & H. Burda (2019)

Vocal recognition of a nest-predator in black grouse. PeerJ, 7, €6533-e6533.

Policht, R., Matéjka, O., Benediktova, K., Adamkova, J. & V. Hart (2021) Hunting dogs bark

differently when they encounter different animal species. Scientific Reports, 11, 17407.

Il. Porovnat miru individualni variability u vokalnich signali s odliSnou

akustickou strukturou.

Individualni variabilita ve varovnych hlasech (alarmech) je intenzivné studovana zejména
u nékterych skupin savcl a ptakt. Signalizace pozemnich sciuridi predstavuje typickou

modelovou skupinu ve vyzkumu antipredacnich aspekti komunikace. Mira individualné



odlisné exprese v akustickych signalech vyznamné zévisi i na akustické struktufe studovanych
signald. Pro studium vlivu akustické struktury na miru individualnich rozdili se nabizi
porovnani signalt, produkovanych raznymi druhy, ale jest€é zajimavé€jsi model mohou
predstavovat odlisné strukturované signaly produkované stejnym druhem a ve stejném

kontextu.

Goncharov, D., Policht, R., Hambalkova, L., Salovarov, V. & V. Hart (2021) Individual-based
acoustic  variation of the alarm calls in the long-tailed ground squirrel.

Royal Society Open Science, 8, 200147.

Hart, V., Policht, R., Jandak, V., Brothanek, M. & H. Burda, (2020) Low frequencies in the

display vocalization of the Western Capercaillie (Tetrao urogallus). PeerJ, 8, €9189.

Linhart, P., Osiejuk, T., Budka, M., Salek, M., Spinka, M., Policht, R., Syrova, M. & D.T.
Blumstein (2019) Measuring individual identity information in animal signals: Overview and

performance of available identity metrics. Methods in Ecology and Evolution, 10, 1558-1570.

lll. Ovérit moznost kddovani individualni identity u nevokalnich akustickych

signald.

Mira individualnich rozdila je velmi intenzivné studovana. To se vSak tyka hlavné signald, které
jsou produkovany hlasovym aparatem, tedy hlasivkami v pfipad€ savcu a syringem, v piipade
ptaka. Jak u nékterych plaza a savceu, tak ptaku, se vSak vyskytuji i zvuky, které nemaji sviij
puvod v hlasovém aparatu. Vyzkum individualni variability u téchto nevokalnich signala je

teprve v pocatcich.

Policht, R., Kowalczyk, A., Lukaszewicz, E. & V. Hart (2020) Hissing of geese: caller identity

encoded in a non-vocal acoustic signal. PeerJ, 8, e10197.

Hambalkova, L., Policht, R., Horak, J. & V. Hart (2021) Acoustic individuality in the hissing

calls of the male black grouse (Lyrurus tetrix). Peer], 9, e11837.



3 Literarni prehled

3.1. Signalizace béhem predace

Predace predstavuje klicovy selekéni tlak formujici chovani vSech zGc¢astnénych stran, jak
kofristi a jejich predatort, pfipadné i dalSich ucastnikd, ktefi mohou tézit z ulovené kofisti (jako
jini predatofi, mesopredatofi ¢i mrchozrouti), nebo jedinci, ktefi zachytili signaly doprovazejici
predacni udalost. Pfirozeny vybér tlaci predatory ke zvySovani efektivity nalezeni a uloveni
kofisti (viz Johnson & Belk 2020). V piipadé kofisti pak selekcni tlak vede ke zvySovani
schopnosti nebyt predatorem detekovan a ke schopnosti predatorim uniknout (Krebs, Davies
& Parr 1993). Pokud se zaméfime na akusticky komunikacni kanal, vlastni predace mize byt
doprovazena varovnymi signaly jak potencialni kofisti (tzv. alarmy), tak hlasy samotnych
predatorti. Varovné hlasy mohou byt také , odposlouchavany® treti stranou, tedy jedinci, ktefi
aktualné nejsou cilem komunikace v interakci kofisti a predatora (viz Magrath et al. 2015).
Zminovana signalizace pak muze probihat jak mezi pfislusniky stejné kategorie, kterou muze
byt stejny druh, vlastni rodina, skupina, apod., tak mezi pfislusniky odlisnych kategorii, jako
napt. mezi jedinci odliSnych skupin nebo pfislusniky jinych druhti nebo jinych vyssich
taxonomickych kategorii, napf. tfid (ptaci vs. savci €i plazi). V prvém zmifiovaném pripade
oznacujeme tyto signaly jako konspecifické a ve druhém piipad¢ jako signaly heterospecifické
(Magrath et al. 2015). Takovéto ,,odposlouchavani“ (eavesdropping) jinych jedinci byva
vyznamné zejména u druhu zijicich v relativné komplexnich systémech, ve kterych dochazi
spolu s dalsimi druhy ke spole¢nému sdileni predatora (McGregor & Dabelsteen 1996). Jedinci
tak mohou ziskdvat informace o potencialni hrozbé zokoli pomoci komunikace C¢i

odposlouchavanim.

Dal$im typem hlast v predacnim kontextu jsou stresové hlasy, vydavané kofisti,
v momentu, kdy je jedinec uchvacen predatorem nebo v prabéhu stvani predatorem tésné pied
jeho dostizenim (viz Amaya et al. 2019). Do predacniho kontextu lze zafadit 1 tzv. mobbing
calls, coz jsou hlasy vydavané potencialni kofisti v situaci, kdy je predator objeven a piisel tak
o moznost piekvapeni kofisti nebo byl lovecky neaktivni, jako no¢ni predator objeveny
v prubéhu dne, kterym muZe byt napf. sova, ale také denni predator ¢i dokonce hnizdni predator
(viz Marler 2004; Strnad et al. 2012). Mobbing tak predstavuje dialezitou formu antipredacni

strategie (Caro 2005). Funkci téchto hlasu je obtézovani az odehnani objeveného predatora ale



také rekrutovat dalsi jedince k jeho obtézovani (Altmann 1956; Dutour, Léna & Lengagne
2017). V kontextu aktualni predacni hrozby se objevuji i tzv. seet calls, vydavané drobnymi
peévci, které jsou sdileny a rozpoznavany mezi vice druhy (Marler 1955). Nektefi autofi je
pojmenovavaji vice synonymy, jako napf. ,,flee alarms, warning calls, hawk nebo eagle alarms*
(viz Magrath et al. 2015). Vyhody specifické struktury té€chto signalti jsou popsany v kapitole

,,Akusticka struktura kédovani informaci®.

3.2. Evoluce alarmovych signalu

Varovné hlasy, tzv. alarmy* pfedstavuji specifické vokalizace produkované mnoha socialnimi
druhy v pfipadé€ ohrozeni ¢i prekvapeni predatorem (Zuberbiihler 2009). Tyto alarmy se mohou
vyskytovat v ramci druhu nebo mezi riznymi druhy. Odposlech signalti ostatnich druhti mtze
poskytovat §irsi rozsah informaci, nez je tomu v piipadé samotnych konspecifickych signala
(Magrath et al. 2015). To vyplyva také z toho, ze vétSina jedinca v ptirozenych spoleCenstvich
je obklopena heterospecifickymi jedinci, proto také odposlech heterospecifickych signalt muze
vyznamné zvysit celkové mnozstvi dostupnych relevantnich informaci (Seppénen et al. 2007;
Magrath et al. 2015). Pouzivani varovnych hlast predstavuje vyznamnou slozku komunikace
jako takové. Dopustit se omylu v tomto typu komunikace mize snadno vézt ke smrti jedince.
Proto pfirozeny vybér by mél favorizovat schopnosti umoziujici tento specificky typ
komunikace (Witkin & Ficken 1979). Nabizi se pak otazka, proC jedinci vibec vydavaji
napadné zvuky v pfitomnosti predatora, kterého tim na sebe upozoriu;ji. Tento fenomén se snazi

vysvétlit nasledujici hypotézy, kterym se vénuje né€kolik autorti (viz napt. Zuberbiihler 2009).

Varovné signaly poskytuji varyjicimu jedinci selektivni vyhodu, pokud zvySuji
pravdépodobnost preziti blizce piibuznym jedincim, coz je na zakladé hypotézy
pribuzenského vybéru, kterou postuloval Maynard-Smith (Maynard Smith 1965). Jak uvadi
Magrath et al. (2015), na zakladé této hypotézy jsou naklady volajiciho, spocivajici ve
zvySeném riziku predace prevazeny benefity, vyplyvajicimi ze zvySené pravdépodobnosti
preziti jedinct, ktefi tento signal pfijimaji. V pfipadé€ blizkych pfibuznych se jedna o jedince,
ktefi s volajicim jedincem sdili pomérnou ¢ast svych gent. To bylo nejcastéji dokumentovano
v interakci rodi¢u a jejich mlad’at. Napft. u svisté zlutobfichého (Marmota flaviventris) varovna
volani predstavuji ptfimou formu rodicovské péce matky. Jakmile odristajici mlad’ata opousteji
noru, jejich matky volaji ¢ast&ji nez jedinci jinych v€kovych kategorii obou pohlavi vcetné
samic bez mlad’at (Blumstein et al. 1997). Piskomil velky (Rhombomys opimus) jako varovny

10



signal pouziva nejen volani, ale také dupani zadnimi nohami. Samice 1 samci piskaji a dupaji
Castéji v pritomnosti blizkych pfibuznych, mladat ¢i partnera. Dospéli varuji cCastéji
v pritomnosti mlad’at, zatimco soliterni jedinci varuji zfidka (Randall, Rogovin & Shier 2000).
U monogamn¢ Zzijici orebice rudé (Alectoris rufa) bylo zjisténo, ze samci nejcastéji pouzivaji
varovné volani v pfitomnosti partnerky, méné Casto volaji v pfitomnosti nepfibuznych samic,
ale 1 nepfibuznych samct (Zaccaroni et al. 2013). Mangabej plastikovy (Lophocebus albigena)
predstavuje hlavni kofist orla korunkatého v (Stephanoaetus coronatus) v narodnim parku
Kibale v Ugandé (Arlet & Isbell 2009). To se tyka zejména dospélych samct. VSichni dospéli
samci vydavaji alarmy ale nejvySe postaveni jedinci na orly dokonce Utoc€i, coz naznacuje jejich
nejvyssi motivaci pii ochrané potomkt. Hypotéza piibuzenského vybéru je robustné
dokumentovana zejména u primatd, ptakl a hlodavci. Kromé interakce rodict a jejich potomkt
vSak existuje evidence i pro interakce mezi dal§imi jedinci sdilejicimi spolecné geny. V tomto
ptipadé se jedna o inkluzivni fitness na zakladé Hamiltonova pravidla (Hamilton 1963).
Nejveétsi evidence byla dolozena v ptipadé hlodavcn, ale celkovy obrazek neni tak konzistentni

jako tomu je v pripadé interakce rodicu a jejich potomka (Zuberbiihler 2009).

Pokud jedinec vola pouze za situace, kdy jsou pritomni dalsi jedinci dileziti pro jeho
zivot, at prislusnici vlastni skupiny nebo potencialni sexualni partnefi, zatimco Vv jejich
nepiitomnosti varovné signaly nevydava, mluvime o tzv. ,,audience efektu® (viz Coppinger et
al. 2017). VySe zminované piipady pak predstavuji tento fenomén. Ten se ovSem netyka jen
samotnych alarmdq, ale i dalSich kontextt. Klasicky pfipad ukazuje Marler na ptikladu tzv. food
calls u kohouti kura domaciho, kterymi kohout vola slepice pii nalezu oblibeného zdroje
potravy. Kohouti vydavaji tyto hlasy méné v ptipadech, kdy jsou osamoceni, nez v pfitomnosti
slepic (Marler, Dufty & Pickert 1986a; Marler, Dufty & Pickert 1986b). Stejnym zptisobem se
kohouti chovaji v pfitomnosti potencialniho nebezpeci, konkrétné se jednalo o experiment, ve
kterém kohoutim byl prezentovan model vzdusného predatora. Kohouti v této situaci Castéji
produkovali alarmy v situacich, kdy byli obklopeni dalSimi jedinci, nez v pfipadé kdy byli
osamoceni (Karakashian, Gyger & Marler 1988).

Naproti tomu hypotéza pohlavniho vybéru (Darwin 1871) vysvétluje vydavani alarma
na zakladé vyhod plynoucich pro volajiciho, ktery je pak Castéji preferovan potencialnimi
sexualnimi partnery (Magrath er al. 2015). V tomto piipadé se jednd o strategii zvySujici
reprodukeni fitness volajiciho jedince. Tento fenomén byl dokumentovan u fady primati (viz
review Zuberbuhler 2009). Zajimavy piiklad predstavuje dobfe znamé varovné bekani srnce

obecného (Capreolus capreolus). Pti vyruSeni lidmi bekaji Castéji srnci nez srny. Kdyz vSak
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byl produkovan playback tohoto varovani v teritoriu srnce, spiSe nez uték, tento signal
vyprovokoval opétovani bekani nebo agresivni chovani. Starsi srnci pak reagovali Castéji nez
mladsi jedinci. Autofi této studie (Reby, Cargnelutti & Hewison 1999) predpokladaji, ze se
tento signal ptivodné vyvinul jako signal, ktery mél predatorovi signalizovat jeho odhaleni
atak ho odradit od potencialniho pronésledovani, druhotné pak ziskal funkci jako signal v ramci
kompetice samcu o samice. U severoamerického strakapouda osikového (Picoides pubescens)
bylo zji§téno, ze nikdy nevydava alarm pokud hleda potravu osamoceny nebo kdyz je v hejnu
nepfibuznych jedinci ¢i ostatnich jedinci stejného pohlavi. V pfipad€, ze jsou piitomni
pfislusnici opa¢ného pohlavi, tak varovna volani pouzivaji jak samci, tak samice (Sullivan
1985). To naznaCuje vyuzivani alarmu jako zpusobu k prilakani pozornosti potencialniho
sexuadlniho partnera. U sykory Cernohlavé (Poecile atricapillus) se sexualni partnefi drzi
pospolu i v zimnich hejnech. Tam pouzivaji i alarmy, které se tak jevi zvySovat prezivani obou

partneri v zimnich podminkach (Witkin & Ficken 1979).

Posuzovani vlivu efektu alarmové signalizace na sexualni selekci vSak muze byt
komplikovangjsi, nez by naznaCovaly vysledky korelac¢nich studii. Hlubsi vhled umoziuji
experimenty, které dovoluji manipulovat testované signaly za kontrolovanych podminek.
Modelovy ptiklad predstavuje problematika pouzivani alarma u kura domaciho (Gallus gallus).
U kohoutt se vydavani alarmti na vzdusného predatora ukazal byt nejlepsi prediktor ispésného
pareni a reprodukcni uspésnosti na rozdil od kvality ornamentt, kterymi byly velikost hiebinku
vCetné ostatnich ornamenti na hlavé a plochy Cervené zbarvené lysé kuze i reflektancniho
spektra jejich barvy (Wilson ef al. 2008). Autofi této prace se domnivali, Ze preference kohoutd
slepicemi na zakladé ornamentt hraje az druhotnou roli, zatimco primarni volba probiha na
zaklad€ signalniho chovani a dominance. V nasledujici studii vyzkumnici testovali, jak byly
slepice piitahovany alarmy kohouti (Wilson & Evans 2010). V kazdém experimentu byly
slepicim prezentovan alarm se zvySenou rychlosti a kontrolni alarm se snizenou rychlosti
(vytvorené manipulaci délky mezer mezi sekvencemi alarmi). Ve vysledku pak slepice
nevykazovali zfejmou preferenci na manipulované alarmy a tak vysledky pfedeslé korelacni
prace (Wilson et al. 2008) vysvétlujici vliv alarml na reprodukéni uspésnost nebyly potvrzeny.
Tyto vysledky byly konsistentni napfi¢ tfemi typy experimentt a ukazaly, ze alarmy v pfipadé

kura doméciho nejsou sexudlné selektovanym signalem.

Dal$i hypotéza - hypotéza individualniho vybéru - se snazi vysvétlit toto chovani
pomoci pifimych vyhod pro volajiciho (viz Magrath et al. 2015). V tomto piipad€ se nejedna o

vyse popisovany efekt audience. Do této kategorie patii nékolik specifickych kontextd. Jednim
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z nich jsou vySe zmifiované mobbing calls, které jsou nejznameji produkovany ptaky pfi
objeveni predatora (Curio 1978). Mobbing calls produkované naptiklad sykorou konadrou
(Parus major) maji odlisnou strukturu (rozdilna délka a pocet elementt vCetné intervalli mezi
nimi) v zavislosti na intenzité hrozby, kterou pfedstavovala pfitomnost krahujce obecného
(vysoka hrozba) a pustika obecného (nizka hrozba) (Kalb, Anger & Randler 2019). Mobbing
calls zpévnych ptaka predstavuje silny stimul pro ostatni sousedici ptaky riznych druht
k pfidani se v obtézovani predatora (Forsman & Monkkonen 2001). Surikaty (Suricata
suricatta) pouzivaji mobbing calls nejen k odehnani predatora, ale 1 k ziskavani informaci
o potencialni hrozbé€, vCetn€ posouzeni miry nebezpeci. Variabilita mobbing calls tak muze
vyjadiovat riznou intenzitu nebezpeci a to i konkrétnimi akustickymi parametry (Ellis 2008).
Nekteré druhy, napiiklad sykora konadra (Parus major) a pénkava obecna (Fringilla coelebs),
reaguji jak na vlastni, konspecifické, tak i na mobbing calls n¢kolika severoamerickych pévct
(Dutour, Léna & Lengagne 2017). Autofi citované prace to vysvétluji na zakladeé akustické
podobnosti téchto signalt, nicméné predpokladaji, ze se nejedna o hlavni rekognicni
mechanismus, ale pravdépodobné se vyvinulo vice odliSnych mechanismi. Mlad’ata se tak uci
odpovidajici reakce na zakladé pozorovani chovani dospélych ptakii (Graw & Manser 2007).
Jedinci sojky zlovéstné (Perisoreus infaustus), kteti zaslechli mobbing calls, mohli uniknout,
jesté nez je zahlédl predator, mlad’ata stizlikovce belobrvého (Sericornis frontalis) prestavaji
zadonit, kdyz slysi mobbing calls rodi¢ti a mlad’ata sykory konadry (Parus major), reaguji

odlisné v zavislosti na typu hnizdniho predatora (Carlson, Healy & Templeton 2018).

Hypotézu individualniho vyb&ru podporuji situace, ve kterych se snizuje riziko pro
volajiciho jedince v dusledku reakci ostatnich jedincu, ktefi také predstavuji potencialni kofist
predatora (Zuberbiihler 2009). U Spacka obecnych (Sturnus vulgaris) alarmy vyvolaji rozpad
hejna, coz snizuje pravdépodobnost volajiciho byt potenciadlnim cilem. Tato varovani jsou
Castéjsi v pripadech zhorSené viditelnosti, jako naptiklad pfi pohybu na zemi ve vysoké travé
(Devereux et al. 2008). To naznaCuje, ze toto chovani je spojeno s jistymi naklady pro

volajiciho jedince.

Vydavani varovnych hlast pfedstavuje i ur¢itou formu rodicovské péce, coz v piipadé
samcu muze tvorit vyznamny podil v mife poskytované péce vzhledem k tomu, ze v porovnani
se samicemi, je jejich pfispévek v péci o potomstvo zpravidla vyznamné nizsi. Podobné muaze

byt i soucasti pohlavniho vybéru, konkrétné v piipadé kompetice samcti o pfistup k samicim.
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Individualni selekce mize formovat i stresové hlasy neboli , distress calls®. Jedna se o
zvuky vydavané bud’ v momentu uchvaceni kofisti predatorem nebo jesté predtim, nez k tomu
dojde (viz Jurisevic & Sanderson 1998). V piipad¢ mladat, stresovy hlas (distress call, capture
call) Casto vydavaji mlad’ata savcu, ptakt a krokodylt (Lingle ef al. 2012). Ptaci stejného nebo
jiného druhu a pifipadné i dalsi predatofi, byvaji timto hlasem pfitahovani na pomérné zna¢nou
vzdalenost (Marler 2004). Vydani takového zvuku muze predatora natolik prekvapit, ze se
koristi muze podafit uniknout. Produkce téchto signalt jesté pred momentem uchvaceni kofisti
muze predatorovi indikovat marnost takovéhoto poc¢inani. V tomto pfipadé se jedna o hypotézu
,perception advertisement’’ (Bergstrom & Lachmann 2001). Takovéto signaly musi byt natolik
nakladné aby silné korelovaly se schopnosti volajiciho jedince uspé$né uniknout (Yachi 1995).
Tato hypotéza je silné podporfena fadou praci zejména na primatech, naptiklad u nartouna

celebeského (Tarsius tarsier) (Gursky 2006) ¢i malpy hnédé (Cebus apella) (Wheeler 2013).

3.3. Benefity alarmu

Alarmy mohou poskytovat jedincim schopnym je pfijimat a dekddovat urcité vyhody. Selekce
pak vybira takové vlastnosti signalt, které svym nositelim zvysuji pravdépodobnost preziti (viz
Charnov & Krebs 1975). Podle ¢asového obdobi ucinku je mizeme rozdélit na benefity
bezprostiedni a dlouhodobé. Bezprostiedni benefity se vztahuji zejména k momentu moznosti
byt uloven nebo okamziku ktery tomu predchazi (Magrath er al. 2015). Zahy po detekci
varovného signalu jedinec bud’ aktivné unikd z mista aktualniho nebezpeci nebo zvoli jinou
antipredacni strategii, jako napf. zvy$i svou ostrazitost, aktivuje kryptické chovani, nebo se
potencialné ohrozeni jedinci k predatorovi aktivné pfiblizuji ¢i jej dokonce aktivné napadaji

(mobbing) (Magrath et al. 2015).

Dlouhodobé a neptimé benefity podle Magratha et al. (2015) zahrnuji: (1) zvySenou
efektivitu pfijmu potravy a expanzi ekologické niky, (2) ziskadni prostorové informace o
nebezpeci, (3) uCeni se o predatorech. Jmenované benefity autofi popisuji pro heterospecifické
alarmy. V trochu men§i mife je 1ze ocekavat jejich platnost i pro konspecifické varovné signaly.
I kdyz v pripadé heterospecifickych signalt se jedna o vétsi variabilitu jak prfenasenych signala,
tak  poskytovanych informaci, vzhledem k riznorodosti preferovanych habitat
a komunikacnich modalit vyuzivanych odliSnymi druhy, zejména ve vztahu k pfislusnym
predatorim (Magrath et al. 2015). Autofi této prace dale uvadi, ze pfitomnost jinych jedinca

schopnych vydavat varovné signaly umoziiuje ostatnim pfitomnym snizovat ¢as vénovany
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ostrazitému chovani a tento uSetfeny Cas investovat do pfijmu potravy. Déle zminuji, ze
naslouchani riznym typtim varovnych signala také umoziuje pfizpasobit vyuzivani prostoru
a nacasovani biologickych aktivit vzhledem k aktualni mife predacniho rizika. Prostfednictvim
socialniho uceni tak dochazi k ucenim se konkrétnim predatoriim, coz umoziuje se specificky

adaptovat aktualnim podminkéam.

3.4. Heterospecifické vs. konspecifické alarmy

Heterospecificka komunikace probiha mezi ptislusniky odlisnych druht ¢i jinych kategorii. Uz
samotna piitomnost vice jedinci zvySuje pravdépodobnost detekce potencialni hrozby. Na
zakladé hypotézy mnoha oci (many eyes hypothesis), 1ze oCekavat s rostoucim poctem jedincu
ve skuping, zvySujici se pravdépodobnost, ze alespoii jeden jedinec vCas zaregistruje bliziciho
se predatora (Breed 2017). V pfipadé smiSené skupiny se nabizi moznost odposlouchavat
varovné signaly vice druha i té€ch s odlisSnou biologii a senzorickymi schopnostmi (Goodale &
Kotagama 2008; Goodale, Ratnayake & Kotagama 2014). Napftiklad ptaci, ktefi sbiraji potravu
na zemi maji mensi piehled o okolnim prostfedi nez druhy, které lovi poletujici hmyz. Druhy
sbirajici potravu na substratu potom ¢astéji reaguji na varovné signaly (Goodale & Kotagama
2008). Prislusnici smisené skupiny tak vyuzivaji odposlouchavani signala jedinct obyvajicich
odlisné ekologické niky. Rozsifuje se tak spektrum nabidky signali o signaly pochazejici
z komunikace jinych druhti. To se muZze dokonce tykat i druht, které nevydavaji zadné
akustické alarmy. Extrémnim piikladem jsou leguani moisti (Amblyrhynchus cristatus)
z Galapag, ktefi viibec nevydavaji zadné akustické signaly ale pfitom reaguji na alarmy drozdce
belokrkého (Mimus parvulus) (Vitousek et al. 2007). Jak leguan, tak drozdecj je Casto loven
kani galapazskou (Buteo galapagoensis). Podobné 1 dalSi nevokalni jestér, scink médény
(Emoia cyanura), rozliSuje varovny hlas bulbula Supinkového (Pycnonotus cafer) (Fuong et al.
2014). Vyuzivani odposlechu jinych druhi mize byt dokonce energeticky vyhodnéjsi, jelikoz
tito jedinci pfedstavuji mensi nebo dokonce zadnou konkurenci, nez je tomu v piipadé

pfislusniku stejného druhu (Seppéanen et al. 2007).
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3.5. Akusticka struktura

Struktura alarm muze byt vysoce specificka s ohledem na druh predatora nebo hrozby (Klump
& Shalter 1984). Alarmy byvaji kategorizovany mnoha zpusoby, intenzitou své hrozby,
behavioralni reakci kterou vyvolavaji, typem hrozby ¢i stavem a zamérem volajiciho jedince
nebo svou akustickou strukturou (Magrath et al. 2015). Kategorie signalti definované svou
strukturou mohou byt bud’ diskrétni nebo gradualni, tvofici urcité kontinuum bez zfetelnych
hranic mezi sousednimi kategoriemi (Keenan, Lemasson & Zuberbiihler 2013). Pro gradualni
systém je typicka pfitomnost pfechodnych, intermediatnich forem (Hammerschmidt & Fischer
1998; Tallet et al. 2013; Keenan et al. 2020). Pravé nepiitomnost téchto prechodnych forem
signal umoziiuje kategorizaci do distinktnich, jasn€ ohranicenych kategorii. V ptipadé alarmt
byly dokumentovany oba systémy, jak diskrétni, tak gradualni. Diskrétni kodovani kategorii
bylo ukazano u fady stromovych primatt, jako napfiklad u ko¢kodana obecného (Chlorocebus
aethiops) (Seyfarth & Cheney 1990), ko¢kodana Dianina (Cercopithecus diana) (Zuberbiihler,
Noé & Seyfarth 1997) ¢i kockodana bélonosého (Cercopithecus nictitans) (Arnold &
Zuberbuhler 2006), zatimco gradualni systém u guerézy Cervené (Piliocolobus badius) (Marler
1970), simpanze ucenlivého (Pan troglodytes) 1 Simpanze bonobo (Pan paniscus) (de Waal
1988). Vysledny typ kategorizace ale muze byt spiSe by-produktem lidské percepce nebo

tendenci kategorizovat (Keenan, Lemasson & Zuberbiihler 2013).

Variabilita akustické struktury vyplyva z interakce vlivii odlisnych selekCnich tlakt
alimitt ovliviujicich produkeci hlasa, jejich prenos a detekci (Garcia-Navas & Blumstein 2016).
Podle toho, jak je akusticka energie rozlozena napfi¢ frekvencnim spektrem, mizeme alarmy
kategorizovat jako tonické (tonalni), kde akusticka energie prochazi napfi¢ uzké frekvencni
spektrum, v piipadé Ze tato energie je rozlozena do né€kolika frekvenénich pikad, které tvori
nasobky nejspodnéjsi frekvence, pak hovotime o harmonické struktufe. V takovém ptipadé tato
spodni frekvence je oznaCovana jako zéakladni frekvence (FO) nebo ton a jeji nasobky jako
harmonické frekvence nebo harmonické tony. Tonické alarmy maji nejcastéji podobu raznych
typu hvizda (viz napf. Schneiderova & Policht 2012; Goncharov et al. 2021). Pozoruhodné
velkou podobnost v akustické struktufe vykazuji stresové hlasy mlad’at ve dvou behavioralnich
kontextech, kdy se projevuji jako ,,capture calls* a , isolation calls“ (Lingle ef al. 2012). Tato
autorka ve své srovnavaci studii ukazala, ze jejich tonicka a bohaté harmonicka struktura je

velmi podobna napfi¢ Sesti fady a deviti Celedi savci. Tato podobnost je dokonce takova, ze
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nékteré druhy mohou reagovat na stresové vokalizace 1 taxonomicky a ekologicky vzdalenych

druhtl (Lingle & Riede 2014).

Tonalni strukturu alarmt maji tzv. seet calls, coz jsou tonické alarmy vysSich frekvenci
vydavané drobnymi pévci v situaci nebezpeci vzdusného predatora, zpravidla dravce (Marler
1955). Takovéto vyssi frekvence jsou tézko zachytitelné pro dravce a sovy, navic vyssi
frekvence jsou nejdiive odfiltrovany vegetaci. Délka viny tohoto zvuku je fadové v cm, proto
je snadno zachycen prekazkami (Marler 1955). Struktura seet calls je velmi podobna
mezidruhové a Casto také funguje jako mezidruhovy signal. Nékteti autofi tyto seet calls uvadeji
pro evropské pévce (viz Fallow & Magrath 2010), ale byly dokumentovany 1 u
severoamerickych druha (Vanderhoff & Eason 2009).

Podobny efekt vykazuji 1 ultrazvukové alarmy (frekvence vyssi nez 20 kHz) umoziujici
vyhnout se slySitelnému spektru predatort (Wilson & Hare 2004b). Ultrazvukové signaly
v kontextu predacni hrozby jsou nejvice dokumentovany u hlodavct (Wilson & Hare 2004a;
Litvin, Blanchard & Blanchard 2007; Brudzynski & Fletcher 2009; Kozhevnikova et al. 2021).
Rizné formy ultrazvukovych signala byly v ramci hlodavet zaznamenany minimalné u 50
druht (Sales 2010). V ramci savcu pak také u primatd a letountt (Miard et al. 2019), pokud
nepocitame echolokacni signaly. Ultrazvukové signaly téchto zvifat se potom casto tykaji
1 jiného kontextu nez alarmu, ale s preda¢ni hrozbou uzce souvisejici, jelikoz komunikace ve
vyssich frekvencnich spektrech umoziuje vyhnout se slySitelnému spektru predatort a ptipadné

1 intenzivnimu hluku vyluzovaného no¢nim hmyzem (Ramsier ez al. 2012).

V porovnani s tonalnimi ¢i harmonickymi hlasy jsou Sirokospektré signaly (broadband,
wideband), ve kterych je energie rozprostiena napii¢ Siroké frekvencni spektrum. Oproti
tonalnim zvukam, které maji nejCastéji podobu hvizdd a riznych typu piskani, Sirokospektré
zvuky neobsahuji Cisté tony, ale maji podobu spiSe chrcivou, obsahuji hrubsi a nepravidelné
tony, které mohou mit az podobu strukturniho chaosu, ve kterém mohou byt zvyraznény nékteré
frekvencni pasy, které mohou byt situovany bud’ nepravidelné nebo pfipadné i harmonicky.
Tyto signély se ¢asto vyznacuji velkou variabilitou a spiSe gradualnim charakterem, nez ze by
tvofily jasné distinktni kategorie. Casto také obsahuji rtizné piechodné typy. Typickym
piikladem jsou alarmy celé fady primati nebo Stékavé bekani nékterych jelenovitych,
oznacovanych jako ,,barking”. Tyto signaly vykazuji podobnou strukturu, a dokonce do jisté
miry 1 podobné zné&ji. U jelenovitych predstavuji antipredacni signaly s funkci informovat
predatora jeho odhaleni (Reby, Cargnelutti & Hewison 1999). Takovéto signaly jsou znamy
napt. u srnce obecného (Capreolus capreolus), mundzaka sundského (Muntiacus muntjak),
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srncika Cinského (Hydropotes inermis) (Oli & Jacobson 1995; Reby, Cargnelutti & Hewison
1999; Cap et al. 2008). Je zajimavé, ze v ramci tribu Cervini tento varovny signal vydavaji
vSechny samice, zatimco samci dafika skvrnitého (Dama dama) a jelena siky (Cervus nippon)
takovy signal nevydavaji, ani zadny jeho ekvivalent (Cap er al. 2008). V ptipadé€ primati se
varovné barking vyskytuje velmi ¢asto: napt. u sifaky malého (Propithecus verreauxi) (Fichtel
& Van Schaik 2006), paviana ¢akma (Papio ursinus) (Fischer et al. 2001b) ¢i Simpanzt (Pan
troglodytes) (Crockford & Boesch 2003).

Jesté vétsi podil disharmonického chaosu v akustické struktufe maji rizné typy funéni,
syCeni Ci frknuti, tedy signalt, které nejsou produkovany Cinnosti hlasivek nebo syringu u
ptaku, ale vznikaji jakoukoli konstrikci vzduchu kdekoli na prichodu dychaciho ustroji (Caro
et al. 2004; Policht ef al. 2020). Takovéto nevokalni alarmy se vyskytuji u fady savcu a ptaka.
U nekterych pévea hnizdicich v dutinach se objevuje v pfitomnosti nebezpeci produkce
syCivych zvuka, které velmi presveédcivé pripominaji hadi syCeni a mohou i efektivné odradit
ptipadného narusitele (Marler & Slabbekoorn 2004). Syceni samice sykory modfinky
(Cyanistes caeruleus) vykazuje akustickou podobnost se syCenim tfi sympatrickych hada
vyskytujicich se v Mediteranu: uzovky iberské (Zamenis scalaris), uzovky maurské (Natrix
maura) a Sirohlavce jestércitho (Malpolon monspessulanus) (Dutour et al. 2019). Autofi této
préace ukazali, ze oba typy syCeni, jak hadi, tak sykofi, vyvolava srovnatelnou miru uzkostného
chovani u mysi zapadoevropské (Mus musculus domesticus), jako sav¢iho modelu hnizdniho
predatora. Jedna se tak o akustickou variantu Batesovskych mimiker, kdy neSkodny druh
napodobuje nebezpecny model. SyCeni je vSak i typickou soucasti antipredacniho chovani hus
a labuti, tedy druht nehnizdicich v dutinach (Policht er al. 2020). Alarmy ve formé riznych
forem frknuti se Casto vyskytuji i u kopytnikli (Caro et al. 2004), napt. u muflona (Ovis gmelini
musimon), kabara pizmového (Moschus moschiferus), soba polarniho (Rangifer tarandus),
jihoamerickych jelenci Odocoileini (Hirth & McCullough 1977; Cap et al. 2008), tady
africkych antilop (Estes 1991; Kingdon 1997), ale i hrochti (Stuart & Stuart 1997), ziraf
(Volodina et al. 2018) ale tieba 1 vyder (Leuchtenberger et al. 2016).

Vokalizace terestrickych obratlovcti zahrnuji Sirokou skalu zvuki pocinaje zvuky
vznikajicimi témeért periodickou vibraci hlasivek (¢i syringu), tedy harmonickymi zvuky, az po
kompletné atonalni turbulentni hluk, tzv. ,,noisy nebo atonal sounds* (Bradbury & Vehrencamp
2011). Mezi témito dvéma extrémy vSak existuji 1 zvuky vznikajici na zaklade€ nelinearni
dynamiky hlasového aparatu, které predstavuji rizné formy nepravidelnosti a odchylek od

pravidelnych oscilaci, kterymi jsou subharmonické tony, bifonace a deterministicky chaos

18



(Riede, Wilden & Tembrock 1997; Wilden et al. 1998; Fitch & Hauser 2002; Tokuda et al.
2002), dale také tzv. , frequency jumps™ a ,,sidebands™ (Anikin, Pisanski & Reby 2020). Takové
hlasy maji obvykle komplexni Sirokospektralni akustickou strukturu s nékterymi zesilenymi
frekvencnimi pruhy riiznych forem, pfipadné doplnénych harmonickymi komponenty (Fitch
& Hauser 2002). Byvaji pak v repertoaru Casto popisovany jako ,,screams, napt. u primati
vcetné Cloveka, ¢i prasatovitych a , barks™ taktéz u primati a psovitych Selem (Tokuda et al.
2002). Ve své sluchem vnimané podob¢ obsahujici hrubou ¢i drsnou kvalitu (Anikin, Pisanski
& Reby 2020). Nejcastéji dokumentovanym prikladem nelinearnich fenoméni je
deterministicky chaos obsahujici jak atonalni (noisy) slozku bez zfetelné periodicity,
vytvatenou turbulentnim hlukem pomoci konstrikce vokalniho traktu, tak spektralni
komponentu, generovanou nepravidelnou oscilaci hlasivek (Fitch & Hauser 2002). Nelinearni
dynamika vokalniho traktu byla dlouho pifehlizena a zacala se studovat zejména v poslednich
letech. Ukazuje se, Ze tento fenomén neni jen by-produktem vokalni mechaniky, ale spiSe ma
potencial obsahovat dulezité informace o volajicim jedinci (Anikin, Pisanski & Reby 2020).
Anikin et al. (2020) uvadi jejich korelaci s vyssi mirou vzruSeni a emoci, vCetné signalizace
agrese. Uvadi pak i snizeni vlivu habituace pfitomnych poslucha¢i. Nelinearni fenomény se
tak mohou piimo podilet na koédovani informaci nebo mohou pfispivat ke zvySovani
efektivnosti informace kodované jinymi parametry. Napiiklad alarmy piStuchy horské
(Ochotona alpina) jsou vysoce individualizované a nelinearni fenomény tyto individualni

rozdily jesté vice zvysuji (Volodin et al. 2018).

Alarmové vokalizace mohou byt produkovany jako jednotlivé signaly (single calls)
nebo produkovany v sériich elementti oddélenych mezi sebou mezerami rizné délky (viz napf.
Schneiderova & Policht 2012; Goncharov et al. 2021). Napftiklad alarmy fady palearktickych
syslt rodu Spermophilus tvoti spiSe jednotlivé alarmy, i kdyz mohou byt vydavany i v sériich,
ale ty nevytvareji vyslovené elementy (elements, notes) v ramci kontinualniho repetitivniho
signalu, zatimco alarmy severoamerickych sysli, napf. rodu Ammospermophilus a
Otospermophilus Casto mivaji repetitivni strukturu (viz napt. Bolles 1980). Konkrétné
Matrosova et al. (2012) rozpoznava u syslu Ctyfi typy alarma na zakladé€ jejich akustické
struktury: (1) jedno-elementové, slabé modulované hvizdy, (2) jedno nebo nékolik mélo
modulovanych hvizdi, (3) multi-elementové série, (4) série mnoha kratkych Sirokospektralnich

elementd (Matrosova et al. 2012).

Jednotlivé komponenty akustické struktury lze vztdhnout ke specifické funkci

studovanych signalt a korelovat s fenotypem ¢i behavioralnim kontextem. Nékteré akustické

19



parametry se vztahuji ke zdroji zvuku v zavislosti na fyziologii a dynamice hlasivek (source
related parameters), jiné parametry zase k rezonancnim charakteristikdm vokalniho traktu
(filter-related parameters), ktery je nezavisly na zdroji zvuku (viz Fitch & Hauser 2002).
Vysledna podoba zvuku, ktery opousti télo volajiciho, tak zpravidla miva jinou charakteristiku,
nez mél pfi svém vzniku v hlasivkovém aparatu, jelikoz pfi prachodu vokalnim traktem
(supralaryngeal vocal tract), ktery se nachazi nad hlasivkami, dochéazi ke zménam jeho
charakteristik (viz Fitch & Hauser 2002; Taylor & Reby 2010). Na zaklad¢ této teorie (source—
filter theory), stanovujici vibrace zdroje zvuku nasledné filtrovanych supralaryngealnim
vokalnim traktem, lze predikovat, ze informace o velikosti téla, hmotnosti pohlavi ¢i véku
mohou byt obsazeny jak ve vibraCnich charakteristikdich hlasivek (nejcastéji
charakterizovanych zakladni frekvenci FO), tak spektralni charakteristikou vydavané
vokalizace hlasivek (nejCastéji charakterizovanych rezonancemi vokalniho traktu,
formantovymi frekvencemi) (Taylor & Reby 2010). Predikce této teorie byly opakované
potvrzeny jak analyzou konkrétnich hlast, tak naslednymi playbackovymi experimenty (viz
Fitch 1997; Charlton, Reby & McComb 2007; Cartei & Reby 2013; Charlton & Reby 2016;
Baotic et al. 2018). Ackoli tato teorie byla pivodné navrzena jako model pro vokalizaci savca
a Cloveka, jeji platnost se ukazala v nékterych pripadech i u ptaka (Fitch & Kelley 2000).
V ptipadé chrastala polniho (Crex crex) vSak formanty s velikosti téla koreluji jen slabé€, na
rozdil od individualni specifity (Budka & Osiejuk 2013). V tomto ptfipadé se vsak jednalo
o teritorialni hlas a ne o alarm. Pokud jde o alarmy, tak formanty se ukazaly kodovat identitu
volajiciho pokud jde o jeho individualni identitu, pohlavi nebo pfislusnost ke skupiné

(Leuchtenberger et al. 2016).

Zajimavym pfipadem jsou alarmy slonl africkych (Loxodonta africana). Prestoze
komunikace slond je velmi intenzivné zkoumana, kdy zvlast€ po objevu jejich podprahové
infrazvukové komunikace se staly modelem pro studium fady aspekti komunikace v ramci
socialnich druhd, jejich alarmovy systém zistaval ponékud stranou zajmu detailnéjsich studii.
Sloni, oproti vétsiné ostatnich savcl maji nepomérné méné predatorti. Vyznamnéji je dokazi
ohrozit zejména lvi (Estes 1991; Kingdon 1997) a samoziejme Cloveék. Jejich alarmovy systém
odhalil nékteré unikatnosti. Playbackové experimenty ukazaly, ze sloni se davaji na utek, kdyz
slysi bzuceni vyruSenych vcel. Pfitom vydavaji alarmy, kterymi varuji pred timto nebezpecim
ostatni slony (King, Douglas-Hamilton & Vollrath 2007; King et al. 2010). Tyto alarmy maji
podobu odli§ného typu mruceni (rumble), které se lisi od mruceni v jinych kontextech, zejména

polohou svého druhého formantu (King ef al. 2010). Jina studie pak dokonce ukazala (Soltis er
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al. 2014), ze sloni vydavaji dalsi specificky typ alarmového mruceni, kdyz slysi hlasy pastevca
kmene Samburu v severni Keni, se kterymi sloni kompetuji o vodni zdroje. Tyto alarmy
(Samburu alarm rumbles) se vyznacuji posunem prvnich dvou formanti do vyssich frekvenci
a podobné zvySena je i zakladni frekvence. Tyto alarmy jsou jasné odliSitelné od diive
popsanych alarma vyvolanych bzu¢enim divokych vcel (bee alarm rumbles). Tyto vysledky tak
ukazuji, ze alarmy africkych slonti rozlisuji mezi t€émito dvéma typy hrozeb a reflektuji i jejich

urgenci (Soltis et al. 2014).

Strukturni charakteristiky akustickych signald, které reflektuji fyziku pfenosu zvuku,
mohou poskytovat fadu informaci o jejich funkcich (Marler 1955). Selekéni tlaky formuji
pouziti alarma do velké variability. Rizika volajiciho zpasobuji, ze toto chovani je nakladné
(Marler 2004). Riizné formy alarmii mohou obsahovat Sirokou skalu informaci. Alarmy Casto
obsahuji specifickou informaci o typu predatora. V tom pifipadé mluvime o referencni
komunikaci, ktera zpravidla zahrnuje odlisné typy tnikovych strategii spojenych s odliSnymi
typy predatorti (Fichtel & Kappeler 2002; Caro 2005). Klasicky ucebnicovy priklad funkéné
referencni komunikace predstavuje alarmovy systém kockodana obecného (Chlorocebus
aethiops), vydavajiciho tfi odli$né typy alarmu: v pripadé pfitomnosti hada, levharta a orla
(Seyfarth, Cheney & Marler 1980). Playback téchto tii typt alarmt vyvolal odlisné typy reakci.
V piipadé leopardiho alarmu, kockodani utekli do stromu, pfi orlim alarmu vyhlizeli vzharu
a po playbacku hadiho alarmu se vztyCili do bipedniho postoje a shlizeli doli. Obdobny
referencni systém byl popsan a nasledné experimentalné€ potvrzen u dalSich primati Celedi
Cercopithecidae a Lemuridae, ale i u surikat ale i dalSich, u nich vSak bez experimentalni
demonstrace (néktefi sciuridi rodu Callosciurus, Spermophilu a Tamasciurus) (viz review
Fichtel & Kappeler 2002). V pripad¢ ptakl byla referencni signalizace nalezena ve tfech fadech
a péti Celedich, kde vétSinu z nich tvofili pévei (Smith 2017). Zde byly nejcastéjsim typem
referen¢niho signalu vzdu$ny alarm (aerial alarm), nasledovany terestrickym alarmem a pak
také ,,food calls”. Citovany autor uvadi, ze vSechny tyto tfi typy funkéné referencnich signalti
byly doposud zaznamenany u kura domaciho a bélokura béloocasého (Lagopus leucura).

Alarmy vsak nemusi byt vzdy predator-specifické. Takové alarmy byvaji podobné
napfi¢ fadou predatord, vaci kterym jsou pouzivany, ale napf. zkracovani intervali mezi
jednotlivymi elementy, tedy zrychleni tempa téchto elementd za sebou v piipadé repetitivnich
signalti nebo zrychleni vydavani jednotlivych samostatnych alarmu za sebou mize vyjadiovat
percepci potencialniho rizika (viz napt. Blumstein & Armitage 1997). V takovém ptipadé se

jedna expresi aktualni miry nebezpeci, nebo-li urgenci hrozby (Yorzinski & Vehrencamp

21



2009). V tomto ptipadé neni specifita zalozena na identité predatora, ale na specifité vyjadiujici
miru nebezpeci, ktera je vyjadiena akustickou strukturou (Blumstein 1999; Fichtel & Kappeler
2002). Mira urgence hrozby muze byt zakoddovana riznymi zpisoby. Muze se jednat o
variabilitu akustické struktury. V pfipad€¢ surikat, nizkou urgenci vykazuji alarmy
s harmonickou strukturou, zatimco vysokou urgenci alarmy s vétsi mirou hlukové struktury
(noisy) (Manser 2001). Castym zpasobem kodovani urgence je variabilita tempa elementd
jdoucich v sérii za sebou ¢i poctu té€chto elementt v repetitivnich signalech. Tak tomu je u fady
pozemnich sciuridl, napiiklad svisté zlutobfichého (Marmota flaviventris), kde se snizuje
interval hvizda s vyssim preda¢nim rizikem. Vyssi poCet hvizda v sérii vyvolava intenzivngjsi
reakci nez u jednotlivé vydavanych hvizd( (Blumstein & Armitage 1997). Urgence hrozby
mize byt rozliSovana i mezidruhové. Stfizlikovec bélobrvy (Sericornis frontalis)
amodroplastnik nadherny (Malurus cyaneus) navzajem rozlisuji své alarmy (Fallow & Magrath
2010). Strizlikovec komunikuje urgenci hrozby po¢tem elementt svého alarmu se zkracovanim
vzdalenosti od potencionalni hrozby. Zajimavym dokladem je i rozpoznavani v ramci
heterospecifické interakce mezi severoamerickou sykorou ¢ernohlavou (Poecile atricapillus)
a brhlikem americkym (Sitta canadensis). Tato sykora ma komplexni alarmovy systém
zalozeny na ,chick-a-dee alarmu, kde tento signal vykazuje nejvétsi variabilitu v poctu
elementd, zejména pak koncovych Sirokospektrych , D* elementli (Templeton & Greene 2007).
Brhlik americky reaguje na tento typ alarmu, a dokonce mnohem silnéji reaguje svym
mobbingem vici alarmu sméfovaného viici mensimu dravei nez tomu vét§imu. Mensi dravec
nebo sova, predstavuje vétsi hrozbu pro malé pévce, nez je tomu v piipadé vétsiho dravce ci
sovy. PoCet elementi tohoto signalu opét koduje urgenci hrozby. Podobné mangusta liSci
(Cynictis penicillata) pouziva alarmovy systém zalozeny na dvou typech alarma pro vysokou a
nizkou urgenci hrozby (Le Roux, Cherry & Manser 2009).

Dalsi zpisob vnimani urgence hrozby muze byt prostiednictvim poctu volajicich
jedinca. Sysel Richardsonav (Urocitellus richardsonii) ze severnich oblasti severni Ameriky,
extrahuje informaci o aktualnosti hrozby prostfednictvim poctu jedinca, ktefi vydavaji
repetitivni alarmy, zaroven vsak ignoruji alarmy nezkusenych juvenilnich jedinct (Sloan &
Hare 2008). Dospélci reaguji del§i dobou svého ostrazitého chovani na druhou sérii volani
odlisného jedince nez stejného jedince. Dospéli jedinci tak rozliSuji individualni identitu
volajicich. Naproti tomu mladi jedinci reaguji intenzivnéji na volani souseda v porovnani
s volanim , nesouseda™ (Hare 1998). Jejich reakce se rychle snizuje pifi druhé sérii volani.
Dochézi tak k rychlé habituaci na opakovana volani stejného jedince, zatimco na volani jiného

dalsiho jedince se opét obnovi ostrazitost na uroven pred habituaci. Juvenilni jedinci tohoto

22



sysla tedy rozliSuji alarmové volani sousedu a nesousedl a reaguji na né odliSnym zptsobem
(Hare 1998). Volani souseda tak predstavuje vyssi miru potencidlniho nebezpeci indikujici
bliziciho se predatora. Numericka diskriminace volajicich byla dokumentovana i u dalSich
druhii pozemnich sciuridl (viz napf. Robinson 1981; Blumstein, Verneyre & Daniel 2004).
Riizna mira informaci je obsazena i v komunikaci matky a mlad’at. Zde se v zasad¢
jedna o rozpoznavani na dvou urovnich, na urovni druhu a na Grovni individualni identity.
Pokud matka slysi volajici mlad€, maze probihat rekognice na t€chto dvou urovnich, nebo jen
na jedné z nich, ¢i vlastni mlad’ata nerozpoznava, alesponl pokud se tyka konkrétniho signalu
pouzivaného repertoaru nebo akustickych signali viibec. V tom pfipadé muze pouzivat jiné
komunika¢ni modality, naptiklad pachové. Takovéto rozpoznavani je ¢asto dokumentovano u
zadonéni mlad’at nebo kontaktnich hlasi. Ukazalo se vSak, ze se muze vyskytovat i u méné
Casto vyuzivanych signall, vydavanych v jinych kontextech, naptiklad v pfipadé aktualniho
ohrozeni mladéte. Stresové hlasy, tzv. , distress calls” jsou produkovany v ptipadé, kdy je zvite
chyceno ¢loveékem ¢i predatorem a jsou odliSitelné od “isolation calls”, vydavanych mladétem
v situaci izolace od matky a zadonéni “begging calls” produkovanych kdyz je mladé hladové i
u kontaktnich hlasi “contact or group cohesion calls” vydavanych ve svych socialnich
skupinach (Lingle et al. 2012). Naptiklad lané jelence usatého (Odocoileus hemionus) aktivné
brani kolouchy jak vlastni, tak cizi, ale dokonce 1 kolouchy jelence béloocasého (Odocoileus
virginianus) (Lingle, Pellis & Wilson 2005). Naproti tomu lan¢ jelence b&loocasého brani jen
vlastni kolouchy (Lingle, Rendall & Pellis 2007). Kolousi obou druhi v nebezpeci vydavaji
stresové hlasy (distress calls) s bohatou harmonickou strukturou (Lingle, Rendall & Pellis
2007). Stresové hlasy kolouchti obou druhii se lisi jak mezidruhoveé, tak individualnég, proto je
otazkou tak rozdilna reakce lani obou druht. Playbackové experimenty ukazaly, ze samotna
akusticka variabilita by pravdépodobné byla dostacujici pro rychlou a spolehlivou diskriminaci
obou druht, ale nemusi byt dostacujici pro jednozna¢né rozliseni identity vlastniho koloucha
(Lingle, Rendall & Pellis 2007). Naso-nasalni kontakt matek s mlad’aty dfive, nez umoznili
kojeni vlastnimu kolouchovi a nasledné odmitnuti ciziho koloucha ukazuje nezbytnost ¢ichu

pro rozliSeni identity vlastniho mladéte (Lingle, Rendall & Pellis 2007).

3.6. Alarmy: vrozené vs. naucené

Rekognice predatort je spiSe vrozena a nepodléhajici uCeni, zejména u téch druhg, jejichz

mlad’ata jsou nezavisla jiz od svého vylihnuti (Goth 2001; Hollen & Radford 2009), zatimco u
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druht s parentalni péci, se rekognice predatori objevuje nékdy v prabéhu Casu (Griffin,
Blumstein & Evans 2000; Griffin, Evans & Blumstein 2001; Hollen & Radford 2009). Pripadné
se ale mize jednat i o kombinaci obou variant (Haff & Magrath 2012). Reakce vici alarmam
prostfednictvim vrozenych schopnosti ¢i u€eni se nutné vzajemné nevylucuji a mlad’ata ktera
pouzivaji oba mechanismy mohou byt Uspé$néjsi ve vyhybani se predaci (Haff & Magrath
2012). Exprese téchto vrozenych schopnosti mtze byt bezprostiedni, zahy po narozeni, nebo
opozdéna (Haff & Magrath 2012). Rada autord fesila otazku, jakym zpGsobem se tyto
schopnosti vytvaii. Ukazuje se, ze néktefi obratlovci jsou schopni identifikovat takovéto signaly
diky vlastni zkuSenosti, kterou ziskavaji s vékem, zatimco jini mohou reagovat na doposud
neznamé alarmy diky podobnosti jejich akustické struktury s jejich vlastnimi konspecifickymi
signaly (Fallow, Pitcher & Magrath 2013). Akusticka podobnost alarmti mezi riznymi druhy
umoziuje heterospecifické rozpoznavani bez nutnosti predchoziho uceni (Marler 1955; Randler
2012). Takova schopnost muze byt rozvinuta dokonce i mezi alopatrickymi druhy, které se
spolu nesetkavaji, coz v takovych pripadech naznacuje, ze je fylogeneticky zakonzervovana
(Randler 2012). Na druhou stranu by reakce na neznamy alarm mohla byt disledkem vrozeného
strachu z neznamych podnéti (Magrath er al. 2015). Takovato neofobie vuci samotnym
akustickym signalim zGstava oproti vizualni neofobii nedostatecné testovana (Magrath et al.
2015). Magrath et al. (2015) ptedpoklada, ze neofobie na akustické stimuly nemusi byt moc
rozsifena, jelikoz poplasna reakce vici kazdému novému zvuku by byla nakladna redukci Casu,
ktery by jinak byl k dispozici k ostatnim aktivitam. Mlad’ata mohou adekvatné reagovat na
heterospecifické alarmy pomoci vrozené schopnosti nebo ucenim, ¢i kombinaci obou (Haff &

Magrath 2011).

Flexibilitu alarmového komunikac¢niho systému dokladaji experimenty, pii nichz byl
subjektim prezentovan novy, doposud neznamy typ hrozby. Kdyz kockodanim zelenym
(Chlorocebus sabaeus), byl prezentovan letici dron, reagovali na né alarmem, ktery byl jasné
odlisitelny od vSech ostatnich alarmti tohoto primata vydavanych na rizné typy predatort, ale
velmi podobny alarmu pouzivaného vici vzdusnym predatorim jiného kockodana, kockodana
zlutozeleného (Chlorocebus pygerythrus) (Wegdell, Hammerschmidt & Fischer 2019). To
indikuje konzervativnost akustické struktury alarmi. Aby autofi zjistili, jak rychle zvifata
ptisuzovala vyznam zvuku dronu, ptehravali jeho zvuk po jedné az tfech expozicich. Zvifata
okamzité skenovala oblohu a utikala se schovat do ukrytu, coz ukazuje na schopnost rychlého

auditivniho uceni. UCeni se odposlouchavani alarmi umoznuje jedincim ziskavat ekologicky
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relevantni informace, coz ukazuje na fenotypovou plasticitu, kterda bude zvlasté cenna

v ptipadech vystaveni se novym druhtim (Magrath & Bennett 2012).

3.7. Hlasy predatoru

U nekterych savct a ptaka bylo zjiSténo, ze reaguji na hlasy predatort, piestoze tito predatofi
nevokalizuji v pribéhu samotného lovu (Blumstein et al. 2008). Vokalizace béhem lovu se
vyskytuje zcela vyjimecné, napiiklad je znama u psa hyenovitého (Lycaon pictus) (viz Schaller
1972), ale byla zaznamenana i u pumy americké (Puma concolor) (Smallwood 1993) a dokonce
i u tucnaka lovicich pod vodou (Thiebault er al. 2019). Koexistence predatori na Gzemi
sdileném se svou kofisti byva doprovazena signaly v ostatnich kontextech, naptiklad pfi
obhajob¢ teritoria, reproduk¢nich a socialnich aktivitach (Hettena, Munoz & Blumstein 2014).
Potencialni kofist tak ziskava informace o jejich pfitomnosti, aktualnim chovani ¢i distribuci v
prostoru. Kofist mize mit ontogenetickou zkusenost, evolucni zkuSenost nebo oba typy
prodlouzenou periodu uceni, schopnost modifikace behavioralnich reakci, jako prave
antipredacni chovani na zakladé individualnich zkuSenosti, mtize byt adaptivnéjsi nez fixované
behavioralni strategie (Yorzinski & Ziegler 2007). Piestoze kofist (los), ktera ztratila kontakt
s predatorem na dobu 50-130 let, byla vysoce ohrozena pii pocatecnich setkanich s navracenym
predatorem (vlk), beéhem jediné generace upravila své antipredacni chovani ke snizeni rizika
predace (Berger, Swenson & Persson 2001). V piipadé populaci, ve kterych zmizel predator,
muze dojit jak k rychlé ztraté anti-predacniho chovani, tak naopak, pfislusné antipredacni
chovani mize pretrvavat po mnoho generaci (Blumstein, Daniel & Springett 2004; Blumstein,
Ferando & Stankowich 2009; Orrock 2010; Li et al. 2011). Playbackové experimenty ukazuji,
ze hlas predatora muze setrvavat v paméti potencialni kofisti i v piipadé jeji dlouhodobé izolace
od ptirozeného habitatu (Li er al. 2011). Tak tomu bylo v pfipadé jelena milu (Elaphurus
davidianus) reagujiciho na hlas tygra (Li et al. 2011). RozliSovani predatort maze byt bud’
uceno pozorovanim konspecifickych nebo také heterospecifickych jedinct v jejich reakcich
vuéi predatorim Ci prostfednictvim vlastni pfimé interakce s predatorem (Hettena, Munoz &

Blumstein 2014).
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Hettena et al. (2014) kategorizoval ¢tyfi typy zkuSenosti kofisti se svym predatorem:

1) Ekologickd a evolu¢ni zkuSenost (eco-and-evol): kofist interagovala s danym
predatorem v pribéhu svého Zzivota a zaroveni ma koevolucni historii s timto
predatorem.

2) Pouze ekologickd zkuSenost (eco-only): kofist interagovala s danym predatorem
pouze v prubéhu svého zivota a nesdilela s nim dostate¢nou dobu, aby se ustavila
spoleCna koevoluce. Napftiklad se jedna o pfipad nedavné introdukce predatora do
oblasti vyskytu kofisti.

3) Pouze evolucni zkuSenost (evol-only): jedna se o predator-naivni kofist, jejiz predci
historicky interagovali s predatorem, ale neméla s nim zadnou interakci v pribéhu
vlastniho zivota. Znamena to, ze predator v dané oblasti vymizel.

4) Zadna zkuSenost (no-interaction): zahrnuje piipady, kdy neni pfitomna ani
ekologicka, ani evolu¢ni zkusenost s predatorem. To muze napiiklad nastat, kdyz

predator rozsifi svij areal a tim dojde k prekryvu s oblasti vyskytu kofisti.

Vyse citovana reSerSe zahrnula 183 praci, v€nujicich se playbackovym experimentim
prezentujicich hlasy predatorti. Celkem bylo studovano 76 druht, z toho 83 % se tykalo savct
a v ramci savci byly nejvice studovani primati a hlodavci. Nejvice praci testovalo kofist s
ekologickou 1 evolu¢ni zkuSenosti. Kofist v tomto pfipadé na hlas predatora reagovala a byla
jim ohrozovana. Méné Casto kofist reagovala na stimuly predatora, ktery byl v dané oblasti
vyhuben (pouze evolu¢ni zkuSenost), stejn¢ tak tomu bylo 1 v pfipadé zadné zkuSenosti
s predatorem, ani ekologické, ani evolucni interakce. Ve dvou ptfipadech ze tfi, kde kofist méla
pouze ekologickou zkuSenost s introdukovanym neptuvodnim predatorem, akusticky podnét

pusobil jako hrozba a kofist reagovala.

Pokud jde o ptaky, ve srovnani s rozpoznavanim alarmi, mnohem méné je znamo
o tom, jak ptaci rozeznavaji odlisné druhy dravct (Billings, Greene & De La Lucia Jensen
2015). Vyse uvedena reSerSe (viz Hettena, Munoz & Blumstein 2014) ukazuje, ze vétSina praci
zkoumala reakce savcu. Jako nejCastéji pouzivané stimuly pak v playbackovych experimentech
byly pouzivany hlasy dravct (55 %), kockovitych (17 %) a psovitych Selem (rovnéz 17 %).
U svisté zlutobfichého (Marmota flaviventris) bylo testovano, zda ma schopnost rozliSovat
mezi vokalizacemi riznych predatort, a pokud ano, zda pouzivany mechanismus je vysledkem
uceni nebo je nezavisly na individualni zkuSenosti (Blumstein et al. 2008). Vzhledem k tomu,
ze se jedna o komplexni studii, snazici se také osvétlit mechanismus rekogni¢nich schopnosti,
stoji za to si ji predstavit podrobnéji. Svistum byly prezentovany playbacky socialnich hlast

26



kojota (Canis latrans), vlka (Canis lupus), orla skalniho (Aquila chrysaetos) a rovnéz vlastni
konspecifické alarmy svisté zlutobiichého. Kojot a orel pfedstavoval predatory vyskytujici se
na zkoumané lokalité, zatimco vlk se zde nevyskytoval od poloviny tficatych let minulého
stoleti. Autoti také kontrolovali délku vyti vlka a kojota. Kromé toho, hlas orla byl prezentovan
jak v pfirozené formé, tak 1 pozpatku, aby se otestovalo, zda rozhoduji obecné vlastnosti
akustické struktury té€chto signalt spiSe nez specificka asociace s orlem, kdy reverzni signal
predstavoval pro svisté novinku. Svisti nejvice reagovali na vlastni alarmy a nejméné na kratké
vyti kojota. Stfedni intenzitou reagovali na orla a vlka. Kojot a orel byl pro svisté znamy
predator, zatimco vlk pfedstavoval novou hrozbu. Reakce vuci vlkovi je konsistentni
s hypotézou mechanismu nezavislého na zkuSenosti. V experimentu testujicim jak normalni,
tak reverzni prubeh hlasu orla svisti silnéji reagovali na normalni formu tohoto signalu. To
ukazuje, ze sviSti maji néjaky druh diskriminacniho/rekognicniho templatu umoziujiciho
diskriminovat predatory od ne-predatorti. Vlastni, konspecifické alarmy svistt vyvolavali
intenzivnéj§i reakce nez socialni hlasy predatort. Vlastni alarmy tak predstavovaly vyssi
predacni riziko, pravdépodobné proto, ze predatoti typicky nevokalizuji béhem lovu, zatimco

alarmy indikuji bezprostfedni hrozbu predatora.

Mezi predatory lze zatadit 1 hnizdni predatory, ktefi vétSinou nejsou schopni predovat
dospélce, pokud nejde vyslovené o prekvapeni samice sedici na hnizd€, ale zamétuji se na vejce
a nevzletna mlad’ata v hnizdech. To se tyka i nékterych savcu, vytvarejicich pro své potomky
n¢jakou formu hnizda nebo jiného typu doupéte ¢i ukrytu. Mlad’ata, kterd nemaji doposud
dostateCné vyvinutou motoriku a fyziologii, zejména pak senzoricky aparat, se mohou stat
objektem pozornosti hnizdnich predatorti, podobné jako je tomu v pfipade ptaka. Vedle vajec
a nevzletnych mladat ptaki se mohou stat kofisti naptiklad krkavcovitych i néktera mladata
savcu. Dokonce byla zaznamenana i predace mlad’at lisky polarni (Alopex lagopus) krkavcem
velkym (Corvus corax) (Chevallier, Lai & Berteaux 2016). V pfipad€ ptakt, pozornost
hnizdniho predatora navic upoutavd zadonéni mlad’at (Husby 2018). V pripadé tetfivka
obecného (Lyrurus tetrix), hnizdni predace byva ¢asto hlavni pficinou hnizdni neuspéSnosti
(Ludwig et al. 2010). Krkavcoviti ptaci tak predstavuji obvyklé predatory hnizd (Soderstrom,
Part & Ryden 1998; Santisteban, Sieving & Avery 2002; Hayward et al. 2015; Husby 2018).
Zejména vrany, krkavci a vétSina sojek patii mezi potravni generalisty, mnohdy se pfizivujici

plenénim hnizd (Winkler, Billerman & Lovette 2020).

Ackoli interakce kofist-predator v kontextu hnizdni predace byla intenzivné studovana

(viz napt. Burke et al. 2004; Strnad et al. 2012), podstatné méné pozornosti bylo vénovano
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reakcim na samotny hlas hnizdniho predatora, tj. bez jeho vizualni pfitomnosti. Playbacky hlasu
hnizdnich predatorti byly prezentovany pievazné nidikolnim ptakiim. Odezva na akusticky
indikovanou hrozbu zahrnovala naptiklad zmény v umisténi hnizda (Eggers et al. 2006;
Emmering & Schmidt 2011), redukci snusky (Eggers et al. 2006; Zanette et al. 2011) 1 snizeni

rodicovské péCe (Zanette et al. 2011).

Ptaci hnizdici na zemi jsou zvlasté citlivi na predaci savCimi a ptacimi predatory
(Sullivan & Dinsmore 1990; Fletcher et al. 2010). V ptipadé tetfivka obecného (Lyrurus tetrix)
bylo zjisténo, ze specificky reaguje na volani krkavce velkého (Corvus corax) (Policht et al.
2019). Reaguji na né dokonce i dospéli ptaci obou pohlavi, a to i v obdobi mimo vlastniho
hnizdéni, ackoli dospélci nejsou krkavcem bezprostiedné ohrozeni. Reakce dospélych samic
mimo dobu aktivniho hnizdéni, a navic i reakce dospélych kohoutti pravdépodobné ukazuje na
dalsi vliv. Autofti prace spekuluji, ze rana antipredacni reakce mlad’at by mohla setrvavat az do
dospélosti, nebo by se mohlo jednat o reakci v dusledku asociace krkavct s dalSimi predatory,
zejména liSkou obecnou (Vulpes vulpes). V takovém piipadé by volani krkavce mohlo

upozoriovat na pritomnost lisky, ktera jiz pro dospélé ptaky predstavuje realnou hrozbu.

V ramci interakce predator-kofist, lze povazovat i reakce zvifat vici clovéku.
Vyrusovani ¢lovékem tak predstavuje formu predacniho rizika (Frid & Dill 2001). Druhy, které
jsou loveny, Casto vyuzivaji podobné antipredacni strategie vici lidem, podobné jako vici svym
pfirozenym predatoram. Jeleni zintenziviiuji své ostrazité chovani v prubéhu lovecké sezony,
v porovnani s dobou mimo loveckou sezonu. Také vnimaji rekreacni aktivity jako mensi
hrozbu, nez aktivity lovecké (Jayakody et al. 2008). Podobné reaguji i srnci, navic mife hrozby
pfizpasobuji i vybér potravniho stanovisteé, kdy v priabéhu lovecké sezony preferuji bezpecnéjsi
ale potravné chudsi stanovisté (Benhaiem ef al. 2008). Lidska pfitomnost ovliviiuje ale i druhy
aktivné nelovené (viz Severcan & Yamac 2011; Wang et al. 2011; Li et al. 2016; Hume,
Brunton & Burnett 2019). Vedle samotnych lidi, 1ze zcela urcité povazovat za predatory i psy,
at’ uz jde o volné pobihajici, ¢i toulavé jedince, nebo lovecké psy, ktefi se pfimo podileji na
loveckych aktivitach &lovéka. Stdkani pst, pak mize byt signalem, piedstavujicim predaéni
hrozbu. Playbackové experimenty skutecné ukazuji zvySeni ostrazitosti vic¢i Stékani psa
(Randler 2006). Nejnovejsi studie pak ukazala, ze §tékani loveckych psi se dokonce lisi
v zavislosti na druhu zvifete, se kterym pes interaguje (Policht ef al. 2021). Tato schopnost byla
pozorovana i u naivnich psu, ktefi neméli s nékterymi druhy testovanych zvirat praktickou

zkuSenost. Tak tomu bylo v pfipadé st€kani v kontaktu s prasetem divokym (Sus scrofa).
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3.8. Individualni variabilita

Zivotichové se mohou rozhodovat na zakladé identity jedincd se kterymi interaguji (Linhart e
al. 2019). Komunikace u socialnich druht zivocichli probiha v rameci sit€ mnoha potencialnich
pfijemct a vysilateld informaci (McComb & Reby 2005). Za takovych podminek, identita
volajiciho kddovana v akustickych signalech, usnadriuje koordinaci aktivit jedincti a muze tak
zlepSovat celkovou kohezi skupiny (Fichtel & Manser 2010). Rozpoznavani individualni
identity ma také vyznamné evolu¢ni konsekvence, napiiklad selekéni vyhody plynoucimi
z vyhybani se inbredni depresi (Farrow, Barati & McDonald 2019). Rozpoznavani na trovni
jedinca byva vyuzivano v celé fadé kontextu. Jedinci mohou rozpoznavat sexualniho partnera,
potomka, prislu§nika vlastni skupiny, souseda, sptiznéného jedince-kamarada, rivala, souseda
¢i cizince. V porovnani sjinymi kontexty, volani v kontextu predacni hrozby, kdy rychla
rekognice, véetné nasledné relevantni reakce na alarm, zmirfiuje riziko predacni hrozby se zda
pfevazovat nad benefity byt individualné rozpoznatelny. Nicméné v fad€ pfipada se fixovala
schopnost rozpoznavani individualni identity volajiciho. Pfijemci alarmu mohou rozliSovat
identitu varujiciho jedince a nasledné reagovat riznym zpusobem, podle toho, jak je volajici
jedinec spolehlivy (Pollard 2011). Rada praci tento fenomén i doklada. Napiiklad mladata sysla
Richardsonova (Urocitellus richardsonii) rozliSuji mezi volajicimi a reaguji odlisné,
v zavislosti na tom, zda volani pochéazi od souseda ¢i nikoliv (Hare 1998). VyS§i miru
ostrazitosti projevuji vici signalim, znamenajici potencialn€ vétsi riziko, tedy vuci volanim
sousedd, a tedy vyssi pravdépodobnosti bliziciho se nebezpeCi. Podobné mladi jedinci
vydavajici alarmy mohou byt povazovani za méné spolehlivé, jelikoz se Castéji dopoustéji chyb,

kdy nespravné identifikuji konspecifické jedince jako predatory (Hollen & Radford 2009).

Akustické signaly, které jsou nositeli individualni specifity musi vykazovat mnozstvi
rozpoznatelnych variant (Bradbury & Vehrencamp 2011). Volajici jedinec je rozpoznan
pomoci unikatnich parametrt, které se piijemce signalu nauci rozpoznavat a pouzivat béhem
vzajemnych interakci (Tibbetts & Dale 2007). Takovéto inter-individualni rozdily ve vokalizaci
(vokalni individualita) mohou Casto hrat dulezitou roli v komunikaci ptakt i savci. Pro
signifikanci rozdila ve vokalizaci mezi jedinci nestaci pouze vyznamna mira rozdili mezi
jedinci, ale zalezi také na variabilité v ramci jedince. Inter-individualni variabilita musi byt
véEtsi, nez variabilita intra-individualni (Falls 1982; Terry, Peake & McGregor 2005). Pokud
variabilita uvnitf jedinct je vysoka, v takovém pripad€ jedince nelze rozlisit (Puglisi & Adamo

2004). Individualné specificka signalizace tak vyzaduje, aby variabilita hlasi vydavanych
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konkrétnim jedincem byla do ur€ité miry konzervativni v porovnani s variabilitou mezi
rdznymi jedinci.

Individualni rozdily mohou byt kdédovany riznymi typy parametrd, které lze v zasadé
rozdelit zejména na frekvencni, Casové a parametry méfici intenzitu, tedy hlasitost signalu.
Frekvencni parametry jako parametry kvantifikujici prabéh zakladni frekvence zdroje zvuku,
tedy hlasivek/syringu (fundamental frequency — FO), a pfipadné odpovidajicich harmonickych
tond, tak také parametrd vyjadfujicich rezonancni charakteristiky vokalniho traktu
nachazejiciho se nad vlastnim zdrojem hlasu kdekoli na prabé€hu dychaci trubice a navazujicich
dutin hlavy. Konkrétné se jedna o formanty a podobné parametry, napt. LPC koeficienty,
,formant like structures” apod. Dalsi typy parametri mohou kvantifikovat rozlozeni akustické
energie ve frekvenénim spektru, naptiklad kvartily, a jiné relativni vyjadfeni, v zavislosti na

pouzitém softwaru, viz napt. programy Avisoft, Raven, PRAAT, LMA, apod.

Frekvenéni parametry kvantifikujici rozlozeni akustické energie ve frekvenénim spektru
Casto koduji vokalni individualitu u komplexnich Sirokospektrych typt hlasi. Mezi takové
signaly patfi napiiklad smiSena vokalizace dinga, zahrnujici jak St€knuti, tak vyti tzv. bark-
howl, fungujici jako alarm (Déaux, Charrier & Clarke 2016). Individuélni rozdily v tomto
pfipadé byly nejvice kodovany frekvencnimi parametry. Po frekvencnich parametrech
prispivala jesté¢ délka ,bark“ a  howl” segmentu signalu. Podobny zptsob nachazime u
vokalizaci typu , barks®, ale velmi podobny vysledek se také ukazal u antipredac¢niho syCeni
hus, kde nejdilezit€j§imi parametry byly frekvencni kvartily nasledované délkou signalu
(Policht et al. 2020) a podobné 1 psSoukani tetfivka obecného (Lyrurus tetrix) (Hambalkova et
al. 2021), 1 kdyz zde se nejedna o predacni kontext. Formanty se ukazaly byt dulezité pro
individualni rozdily také u nevokalnich alarmi typu ,snort® vydry obrovské (Pteronura
brasiliensis) (Leuchtenberger et al. 2016). Formanty byly napfiklad dilezité pro individualni
rozdily ve stresovych hlasech novorozenych mlad’at antilopy dzejran (Gazella subgutturosa) a
sajgy tatarské (Saiga tatarica) (Volodin et al. 2017). V piipadé sajgy to byla 1 zakladni
frekvence. Frekvencni parametry a délka signalu se také ukéazaly byt vyznamné u Cisté
tonickych alarmi nékterych evropskych sysli rodu Spermophilus (viz Schneiderova & Policht
2010). Zajimavym prikladem jsou alarmy sysla dlouhoocasého (Urocitellus undulatus), ktery
je vyjimecny mezi palearktickymi sysly tim, Ze vydava dva typy alarma: tonalni hvizd, ktery je
podobny alarmim ostatnich sysli vyskytujicich se ve stejné oblasti, ale pak také

Sirokospektralni alarmy, které Casto produkuji americti sysli (Goncharov er al. 2021).
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Individualni rozdily byly v pfipadé tonalnich alarmi kodovany frekvencnimi parametry

a v pripadé Sirokospektralniho alarmu opét frekvencnimi parametry a délkou signalu.

Studium individualnich rozdili ve vokalizaci obratlovcti pokracuje intenzivné zejména
v poslednich patnacti letech. Vyzkum individualni variability ve vokalizaci ptaku a savcu je
rozlozen napfi¢ taxonomickym systémem velmi nerovhomémé. VétSina dosavadnich znalosti
o individualn€ specifické vokalizaci pochazi ze studia nekolika taxonomickych skupin.
Z celkového poctu 360 publikaci feSicich rizné aspekty vokalni individuality publikovanych
v obdobi let 1968 az 2016, plna tfetina pochazi z vyzkumu primati a pévca, 15% praci
studovala Selmy (kdy méné jak polovina praci studovala terestrické Selmy), 7% praci se
zabyvala letouny, sudokopytniky zkoumalo 6% praci, sovy 6%, hlodavce 6% a kratkoktidlé
4%. Mezi malo studované taxonomické skupiny patii napiiklad hrabavi (2%) ¢i dravci (méné

jak 1%) a dalsi.
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4 Metodika

Konkrétni metodické postupy feSici jednotlivé cile disertacni prace jsou detailné popsany
v prislusnych publikacich (v€etné pouzité techniky, popisu lokalit, testovanych subjekta, atd.).
V této Casti shrnuji zakladni pouzité postupy, zejména ty, které byly spolecné. Predlozena prace

vyuziva dva hlavni metodické pristupy: (1) playbackové experimenty a (2) akustickou analyzu.

4.1. Playbackové experimenty

Experimentalni design

Metoda playbackového experimentu byla vyuzita pro testovani reakci na hlas hnizdniho
predatora. Kazda playbackova nahravka obsahovala dva prezentované hlasy: (1) hlas hnizdniho
predatora a (2) kontrolni hlas obsahujici hlas jiného, sympatricky vyskytujiciho se druhu ptaka.
Pro playbacky hnizdniho predatora bylo pouzito pét riznych verzi stejného typu hlasu a pro
kontrolni hlas tii rizné verze péti raznych druhti sympatricky vyskytujicich se ptaka, které se
Casto ozyvali na zkoumanych lokalitach. Délka téchto hlasi byla standardizovana na
srovnatelnou délku. Stejné tak 1 jejich hlasitost, pomoci funkce root mean square v programu
Avisoft (Avisoft Bioacoustics, R. Specht, Berlin, Germany). Kazda testovaci nahravka
obsahovala kontrolni hlas a hlas hnizdniho predatora, které byly oddéleny 2 min intervalem.
Polovina nahrdvek méla jako prvni v potfadi hlas hnizdniho predatora a druha polovina
nahravek obsahovala jako prvni v poradi kontrolni hlas. Pfi vlastnim testovani v terénu byly
tyto verze liSici se poradim znahodnény. Pfed zacatkem prvniho hlasu byl vlozZen 1 min interval
(pre-playback) a za koncem druhého hlasu v poradi také nasledoval 1 min interval (post-
playback). Tento parovy design (matched pair design) udrzuje konstantni environmentalni
proménné (viz Kroodsma 1989). Pti nalezeni fokalniho jedince byl vlastni experiment zahajen

po 5-15 min period¢ habituace, kdy se jedinec vratil ke své predeslé aktivite.

Analyza videonahravek

Pro analyzu bezprostiedni reakce na playback byly zvoleny 15s useky pred za¢atkem a po konci
obou testovacich hlasti (hnizdniho predatora a kontroly). U kazdé reakce byla zmétena jeji délka
a latence (zacatek reakce po startu playbackového hlasu). Video bylo analyzovano s presnosti

jedné sekundy.

32



Reakce byly kategorizovany nasledovné:

(0) No response: zadna viditelna reakce
(1) Scanning: skenovani okolniho prostiedi (ota€eni hlavou pii pozorovani okoli)

(2) Strong vigilance: natazeni krku nasledované skenovanim nebo odletem

Pokud fokalni jedinec opustil oblast zabiranou videokamerou nebo byl jakkoli vyruSen,

experiment nebyl zahrnut do analyzy.

Statisticka analyza

Vedle univariatnich metod byla pro analyzu reakci na playback pouzita analyza hlavnich
komponent (PCA). Vysledné jednotlivé PCA skore z prvni hlavni komponenty byly pouzity do
smiSeného linearniho modelu (GLMM) pro testovani vlivu habitatu, pohlavi, poctu jedinct

a vzdalenosti.

4.2. Akustické analyzy

Akustické analyzy

Pro analyzu hlasii byly vybrany hlasy, které se neprekryvaly s jinymi hlasy nebo dalsimi zvuky
vcetné okolniho hluku. V pfipadé nahrani vétsiho poctu hlast bylo z divodu vyrovnanych
vzorkd vstupyjicich do diskriminac¢nich analyz nahodné€ vybran pfedem uréeny maximalni
pocet hlast. Nasledné byl odfiltrovan okolni hluk pod dolni a nad horni hranici frekven¢niho
rozsahu konkrétnich signalt. Nahravky byly analyzovany pouzitim programa Avisoft SASLab
Pro a Raven Pro. V zavislosti na struktufe zkoumanych hlasi byla zvolena kombinace
akustickych parametrt, které kvantifikovaly prubéh zejména zakladni frekvence, v pfipadé
tonalnich hlasi a v pripadé Sirokospektrych signald to byla kombinace parametra

kvantifikujicich rozlozeni akustické energie ve frekvencni i Casové domeéne¢.

Statistické analyzy

Vedle standartnich univariatnich testd vcetn€ univariatnich GLM modela byla pouzita krokova
diskriminaéni funk¢ni analyza (DFA) pouzitim softwaru IBM SPSS Statistics 24.0. Do DFA
vstupovala standardizovana data (napf. Z skoére, Box-Cox transformace). Vysledky DFA byly
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nasledné¢ validovany bud pomoci ,leave-one-out cross-validation a/nebo pouzitim
permutované DFA pro ,nested design® (viz Mundry & Sommer 2007). V nékterém piipade
bylo pro testovani individualni variability vyuzito vedle DFA analyz i PIC koeficient (Potential
for Individul Coding) porovnavajici variaéni koeficienty uvnitf jedince a mezi jedinci (viz

Robisson 1992).
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5 Vysledky — publikované ¢lanky

Cile prace jsou naplnény souborem sedmi recenzovanych védeckych ¢lanka publikovanych
v renomovanych impaktovanych ¢asopisech. Vysledky jsou prezentovany formou shrnujicich
anotaci a komentait vcetné separatd publikovanych clankt, které jsou pak nasledné

interpretovany vzhledem k vytyCenym cilim v diskuzi.

I. Test reakci vuci hlasu vybraného predatora a ovéreni moznosti vlivu

rtizného typu kofisti na variabilitu hlasu predatora.

Vocal recognition of a nest-predator in black grouse.
Policht, R., V. Hart, D. Goncharov, P. Surovy, V. Hanzal, J. Cerveny & H. Burda
PeerJ 7: e¢6533-e6533.

Studie testuje antipredacni reakce vici hrozbé potencialniho predatora vyjadifenou jeho
samotnym hlasem, tzn. bez pfitomnosti dal§ich komunikacnich modalit (napt. vizuélni
pritomnosti predatora). Krkavcoviti patfi mezi vyznamné predatory ptacich hnizd. Reprezentuji
vokalni zivocichy a lze oCekavat, ze ptaci ohrozeni jejich predaci, budou senzitivni na jejich
hlasy, které budou rozpoznavat. Je také otazkou, jestli hlas hnizdniho predatora je rozpoznavan
dospélymi jedinci, ackoli dospé€lci nejsou pfimo ohrozeni a navic, mimo dobu vlastniho
hnizdéni. Podle dosavadnich poznatkd, reakce ptakd na samotny hlas krkavcovitych byl
studovan hlavné€ u altricialnich ptakd. Prace tak testuje, zda vybrany model rozpoznava
a specificky reaguje na playback volani hnizdniho predatora. Otazkou také zastava, zda se
reakce na hlas hnizdniho predéatora potencialn€ lisi u modelu s extrémné polygynnim ¢i
dokonce lekovym reprodukénim systémem, ve kterém se samec nepodili zddnou formou

rodicovskeé péce.
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Hunting dogs bark differently when they encounter different animal species
Policht, R., O. Mat¢jka, K. Benediktova, J. Adamkova & V. Hart
Scientific Reports 11: 17407.

Variabilita v signalech potencialni predacni hrozby, zejména v pfipad€ alarmu, je intenzivné
studovana, ale pifipadna variabilita hlasu predatora v zavislosti na druhu potencialni kofisti
zustavala nezodpovézena. To pravdépodobné vyplyva z faktu, ze vétSina predatort béhem
samotného aktu predace nevokalizuje. Antipredacni chovani zvifat srovnatelné s reakci vici
predatorim vyvolava i samotna pfitomnost ¢lovéka. Podobny efekt mize vyvolat i long-
distance vokalizace psu, kterou byva nejcasté€ji §t€kani. Psa, jako domestikovaného zastupce
psovitych Selem lze tedy povazovat za potencidlniho predatora. V piipadé toulavych
a zdivocCelych pst tomu také skutecné je, jak dokladaji pariové ¢i australsky dingo. Kromé
toho, pes doprovazi Clovéka 1 pii aktivnim lovu, at’ uz se jedna o organizovanou nebo jinou
formu. Predeslé studie ukazuji, ze vokalizace psti mohou poskytovat informace svym lidskym
spoleCnikim. Zatimco vokalizace psu byla intenzivné studovana béhem posledni dekady,
stékani doprovazejici lovecké aktivity zistavalo doposud nepovSimnuto, ackoli lze
predpokladat, ze §t€kani u fady loveckych plemen proslo specifickou selekci v ramci §lechténi
za uCelem oznamovani interakce se zvefi. Ve vzajemné interakci Clovéka-lovce a psa, by
vokalizace psa mohla slouzit k transferu informaci souvisejicich s aktualni situaci psa, ktery
interaguje se zveéii mimo dosah svého majitele. Zachyceni a spravné dekodovani pripadnych
informaci ve S§tékani by se mohlo ve vysledku projevovat vyssi efektivitou lovu. Selekce
loveckych pst tak mohla vést ke specifickym komunika¢nim schopnostem, které nebyly
doposud studovany. Zkusenosti lovct indikuji, ze majitelé psi mohou rozeznavat druh zvifete,

na ktery psi Stékaji.
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Il. Porovnani miry individudlni variability u vokalnich signall s odliSnou

akustickou strukturou.

Individual-based acoustic variation of the alarm calls in the long-tailed ground squirrel.
Goncharov, D., Policht, R., Hambalkova, L., Salovarov, V. & V. Hart (2021)

Royal Society Open Science, 8, 200147.

Individualni rozdily ve vokalizaci savcu jsou intenzivng€ studovany dlouhou dobu, zejména pak
v posledni dekad€. Individualné specifické rozdily se ukazaly zaviset na tadé faktoru.
U daného druhu musi byt dostatecny selekéni tlak na to, aby se takova schopnost vyplatila.
V nékterych ptipadech muze byt vyhodnéjsi, jednodussi varianta rekognice, napt. pamatovat si
polohu hnizda, spiSe nez identitu kazdého obyvatele hnizda. Pokud jsou vSak hnizda ptaka ¢i
nory mensSich savct v tésné blizkosti, individualni rekognice se pak uplatriuje, zejména pokud
mlad’ata zacinaji brzy vykazovat zvySenou mobilitu v okoli. Mira individualnich rozdila
vyrazn€ zavisi na akustické struktufe konkrétniho signalu. Tonické signaly s konstantnim
prubéhem zakladni frekvence mohou kodovat individualni rozdily pomoci nékolika malo
akustickych parametr(i, zatimco komplexni Sirokospektré signaly Casto vyzaduji kombinaci
vétsiho poctu parametrd. Oblibenym modelem vyzkumu vokalni individuality jsou pozemni
sciuridi. Na zaklad¢ fylogenetické pozice jsou sysli nearktické oblasti nejblizsi pribuzni k syslu
dlouhoocasému (Urocitellus undulates), piestoze ten se vyskytuje ve vychodni
Casti palearktické oblasti. Tento druh sysla je vyjimeény tim, ze produkuje dva typy alarma
s kompletné odlisnou akustickou strukturou: tonické alarmy a Sirokospektra volani (wideband
calls). Ackoli jsou pozemni sciuridi modelovou skupinou pro vyzkum vokalni individuality,
individualné specificka vokalizace doposud nebyla studovana u druhu produkujiciho dva takto
odlisné typy alarmid. VétSina druhli pozemnich sciuridii produkuje bud hvizdavé nebo
Sirokospektré alarmy. Modelovy druh tak pfedstavuje unikatni model pro testovani miry

individualni variability v zavislosti na odliSné akustické strukture.
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Prezentované publikaci pfedchazelo pilotni mezidruhové porovnani alarmi palearktickych
a nearktickych sysld, které neni vlastni soucasti citované publikace. Cilem bylo testovat
strukturalni podobnost obou typt alarmu sysla dlouhoocasého se zastupci ostatnich
euroasijskych a nearktickych rodd pouzitim hierarchické klastrové analyzy. Spektrogramy
tonickych alarma euroasijskych sysla (Obr. 1) porovnavaji alarm studovaného Urocitellus
undulatus se Sesti druhy rodu Spermophilus. VSechny tyto alarmy jsou tonické signaly: jedno-

elementové (A, D, E), dvou-elementové (B, C) nebo multi-elementové (F, G).
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Obr. 1. Porovnani tonickych alarmt euroasijskych sysld: (A) Spermophilus suslicus,

(B) Spermophilus citellus, (C) Spermophilus taurinus, (D) Spermophilus erythrogenys, (E)

Urocitellus undulatus, (F) Spermophilus pygmaeus, G) Spermophilus fulvus.

Alarmy severoamerickych druht rodu Urocitellus predstavuji také tonické signaly (Obr. 2-4),
které mohou také byt jedno-elementové (Obr. 2: A, B, C), dvou-elementové (D) nebo multi-
elementové (Obr. 2: E, F). Podobné tomu je 1 v pfipadé rodu Otospermophilus (Obr. 3)
a Ammospermophilus (Obr. 4).
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Obr. 2. Ténické alarmy severoamerickych druha rodu Urocitellus: (A) Urocitellus undulatus,

(B) U. richardsonii, (C) U. columbianus, (D) U. armatus, (E) U. armatus, (F) U. elegans.
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Obr. 3. Tonické alarmy zastupct rodu Otospermophilus: (A) O. beecheyi, (B) O. variegatus.
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Obr. 4. Multi-elementovy alarm zastupce severoamerického rodu Ammospermophilus:

A. harrisii.

Nasledujici klastrova analyza porovnava miru podobnosti jak tonickych, tak Sirokospektrych
alarmt produkovanych palearktickymi a nearktickymi druhy. Cilem bylo zjistit miru
podobnosti obou typa alarmu sysla dlouhoocasého (Urocitellus undulatus) s alarmy ostatni
syslt. Bazalni vétev dendrogramu (Obr. 5) tvori Sirokospektry alarm Urocitellus undulatus,
ktery je odliSny od alarma v§ech ostatnich druhii. Druhy typ alarmu tohoto sysla (tonicky alarm)
je lokalizovan v klastru, ktery zahrnuje jak jedno-elementové alarmy (Otospermophilus
beecheyi, Urocitellus beldingi, Urocitellus columbianus), tak dvou- a tfi-elementové alarmy
Urocitellus armatus. Druhy klastr zahrnuje multi-elementové alarmy Urocitellus elegans a
Urocitellus beldingi. Dvou-elementové alarmy rodu Spermophilus tvoii jasné determinovany
klastr, kde S. taurinus a S. xanthoprymnus ptedstavuji sesterské druhy. Posledni klastr zahrnuje
zejména druhy produkujici jak repetitivni multi-elementové alarmy (Otospermophilus
beecheyi, Ammospermophilus harrisii, Spermophilus fulvus), tak dlouhé formy hvizdavych
alarmt  (Urocitellus richardsonii, Spermophilus suslicus). Alarm produkovany od

Otospermophilus beecheyi v tomto klastru byva oznacovan jako “chats” a je tvofeny smeésici
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struktur v rozsahu od harmonickych az po hlukové (noisy) elementy (Owings & Virginia 1978).
Kratsi forma alarmového hvizdu produkovaného Urocitellus richardsonii a také
Otospermophilus variegatus, jsou lokalizovany mezi klastrem repetitivné multi-elementovych

a dvou-elementovych alarmi rodu Spermophilus (Obr. 5).
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Obr. 5. Dendrogram podobnosti alarmti na zakladé Mahalanobisovych distanci: (UNDwb)
Urocitellus undulatus — wideband alarm, (BEE) Otospermophilus beecheyi, (ARM) Urocitellus
armatus, (BEL) Urocitellus beldingi, (UNDwh) Urocitellus undulatus — whistle, (COL)
Urocitellus columbianus, (ELE) Urocitellus elegans, (CIT) Spermophilus citellus, (TAU)
Spermophilus taurinus, (XAN) Spermophilus xanthoprymnus, (RIC) Urocitellus richardsonii,
(VAR) Otospermophilus variegatus, (SUS) Spermophilus suslicus, (FUL) Spermophilus fulvus,
(HAR) Ammospermophilus harrisii. Jednotlivé alarmy (single calls - whistles, wideband
alarms) pismo v normalnim fontu, repetitivni multi-elementové alarmy (trills, chirps, a churrs)

oznaceny kurzivou.

40



Low frequencies in the display vocalization of the Western Capercaillie
(Tetrao urogallus). Hart, V., R. Policht, V. Jandak, M. Brothanek & H. Burda
Peerj 8: 13.

Zatimco hlasy zvitat nad horni hranici slySitelnosti ¢loveka jsou dlouho intenzivné studovany,
podstatné méné toho vime o hlasech produkovanych ve frekvencich nalézajicich se pod spodni
hranici slysitelnosti. Vétsinu informaci pak pochazi od savcu. Pouze u nékolika druht ptaku je
znama produkovat nizko-frekvencni vokalizace, které pfimo nedosahuji infrazvukové hladiny,
ale v nékterych pfipadech se k ni blizi. Nejhlubsi zvuky, blizici se dolni hranici slySitelnosti
Cloveka, produkované ptaky byly zaznamenany u nelétavych kasuard, jejichz hmotnost
presahuje i 50 kg. Ostatni dokumentované nizkofrekvencni hlasy ptak dosahuji podstatné
vysSich frekvenci, nez je tomu v pfipadé uvedenych kasuari, coz odpovida dobfe
dokumentované negativni zavislosti velikosti téla a frekvencnich parametrii vokalizace nejen
ptaka ale i ostatnich terestrickych obratlovci. Nalezeni vokalizace o srovnatelné nizkych
frekvencich se proto jevi malo pravdépodobné, zejména pokud jde o ptaky. Podobng, o funkci
nizkofrekvencnich signalli ptakl je toho znamo velmi malo, proto znalost potencialu kodovat
individualni identitu u nizkofrekven¢nich signalti ptakt otevira nové perspektivy v jejich

biologii.

Measuring individual identity information in animal signals: Overview and

performance of available identity metrics

Linhart, P., T. Osiejuk, M. Budka, M. Salek, M. Spinka, R. Policht, M. Syrova
& D. T. Blumstein. Methods in Ecology and Evolution 2019 (10) 9: 1558-1570

Rozhodovani zvifat maze probihat na zaklade identity jedince se kterym interaguji nebo na
kterého reaguji. To vytvari selek¢ni tlak jak na produkci individualné distinktnich signala, tak
na schopnost diskriminace mezi t€mito signaly. Kvantifikace individualni identity vyzaduje
posouzeni variability v jednom nebo vice znacich mezi riznymi jedinci. Pro individualné
distinktni signaly je nezbytné, aby variabilita mezi jedinci pfevySovala variabilitu uvnitf
jedinct. Signaly identity jsou studovany vice nez 50 let, pozoruhodné vsak je, Ze neexistuje
shoda v tom, jakym zpisobem kvantifikovat individualitu v signalech ZivocCichii. Prestoze

existuje cela fada riznych metrik pro kvantifikaci individuality, tyto metody zUstavaji
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nevalidované a vztahy mezi nimi zistavaji nejasné. To Cini pfipadné porovnavani vysledki

mezi riznymi studiemi velmi problematické.

lll. Ovéreni moznosti kodovani individudlni identity u nevokalnich akustickych

signald.

Hissing of geese: caller identity encoded in a non-vocal acoustic signal.

Policht, R., A. Kowalczyk, E. Lukaszewicz & V. Hart (2020).
PeerJ 8: el10197.

Nevokalnim signalim bylo prekvapivé doposud vénovano velmi malo pozornosti, zvlasté
v porovnani s akustickymi signaly produkovanymi hlasovym aparatem. Neékteré zvuky
vydavané terestrickymi obratlovci nejsou produkované hlasivkami, v piipadé savci nebo
syringem, v ptipadé ptakt. U nékterych ptaki je znamo né€kolik typt takovych zvukd. Kromeé
instrumentalnich zvukd produkovanych pomoci pefi, zobaku nebo kiidel, mohou byt také
zvuky produkovany konstrikci kdekoli na své cesté z plic do zobaku nebo nozder ¢i ustni dutiny
saveu, coz ve vysledku vytvari turbulentni, aerodynamické zvuky. Takovéto zvuky Casto
pfipominaji hvizdani, funéni nebo syceni. Ackoli sy¢ivé zvuky byly studovany u savcu a plazi,
pouze né€kolik studii se zabyvalo analyzou sy¢ivych zvukt u ptakt. Doposud bylo studovano
pouze syCeni u malych pévca v hnizdech, které slouzi jako obrana proti predatorim. SyCeni
husy domaci reprezentuje model nepévce hnizdiciho na zemi, ktery Casto produkuje syCeni
1 mimo hnizdo, v porovnani s pévci, ktefi produkuji sy€eni béhem hnizdéni v dutinach (napf.
sykory). Ve srovnani s vokalné produkovanymi alarmy, témef nic neni znamo o tom, jaky
potencial kodovat informace o identité volajiciho jedince, maji tyto nevokalni syc€ivé zvuky
ptaka. Otazkou tak je, jestli nevokalni expirace mohou kédovat individualni identitu podobné,

jako zvuky produkované syringem nebo hlasivkami.
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Acoustic individuality in the hissing calls of the male black grouse (Lyrurus tetrix)

Hambalkova, L., R. Policht, J. Horak & V. Hart.
PeerJ 9: el1837.

Akusticka individualita maZze hrat velkou roli béhem reprodukéniho obdobi u mnoha ptaka.
Tettivek obecny (Lyrurus tetrix) vydava dva odlisné typy long-distance signalt béhem toku na
tokanistich: bublani a pSoukani. Prvni pfedstavuje nizko-frekven¢ni sérii bublavych zvuku
a druhy predstavuje syCivy zvuk. PSoukani predstavuje signal, ktery neni generovan syringem.
V porovnani se signaly produkovanymi hlasovym organem, nevokalni zvuky byly doposud
studovany vzacné a tento piipad, pfedstavuje teprve druhou evidenci potencialu koédovani
individualni identity u ptaciho syceni. Pfipadné individuélni rozdily u tohoto nevokalniho
signalu, ktery byva vyrazné produkovan béhem kompetice kohoutd u druhu slekovym
reprodukénim systémem, by mohly hrat vyznamnou roli v rdmci sexualni selekce. Individualita
ve vokalizaci kohoutti by mohla napomahat slepicim pii vybéru sexualniho partnera, a v ptipadé
kohoutti posuzovat a rozpoznavat kondici a bojovou pfipravenost soupefe. Individualné
distinktni pSoukani by mohlo umoziovat jeho pouZzivani pro monitorovani jedinci na
tokanistich. Takova metoda by mohla prekonat problémy spojené s tradi€énimi monitorovacimi
metodami, kdy stejny jedinec mize byt zapoc€itan vicekrat, pokud béhem monitorovaci periody

preléta na sousedni tokaniste.
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6 Separaty védeckych ¢lanki
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ABSTRACT

Corvids count among the important predators of bird nests. They are vocal animals
and one can expect that birds threatened by their predation, such as black grouse, are
sensitive to and recognize their calls. Within the framework of field studies, we noticed
that adult black grouse were alerted by raven calls during periods outside the breeding
season. Since black grouse are large, extremely precocial birds, this reaction can hardly
be explained by sensitization specifically to the threat of nest predation by ravens. This
surprising observation prompted us to study the phenomenon more systematically.
According to our knowledge, the response of birds to corvid vocalization has been
studied in altricial birds only. We tested whether the black grouse distinguishes and
responds specifically to playback calls of the common raven. Black grouse recognized
raven calls and were alerted, displaying typical neck stretching, followed by head
scanning, and eventual escape. Surprisingly, males tended to react faster and exhibited
a longer duration of vigilance behavior compared to females. Although raven calls
are recognized by adult black grouse out of the nesting period, they are not directly
endangered by the raven. We speculate that the responsiveness of adult grouse to raven
calls might be explained as a learned response in juveniles from nesting hens that is then
preserved in adults, or by a known association between the raven and the red fox. In
that case, calls of the raven would be rather interpreted as a warning signal of probable
proximity of the red fox.

Subjects Animal Behavior, Conservation Biology, Zoology

Keywords Tetrao, Warning call, Corvids, Vocal recognition, Nest predator, Playback, Acoustic,
Predation

INTRODUCTION

Fragmentation of extensive forests in Europe is assumed to be the key factor causing
population decline of tetraonid grouse (Ahlen et al., 2013; Kurki et al., 20005 Storch, 2007).
Changes in habitat structure and composition of predators are known to interact and
affect predation pressure on birds (Fletcher et al., 2010; Van der Wal & Palmer, 2008).
Widespread habitat fragmentation was accompanied by an increase in local populations
of mesopredators including foxes and nest predating corvids (Andren, 1992; Kurki et al.,
2000). Ground-nesting birds are particularly susceptible to predation both by mammalian
and avian predators, and not only on incubating females, but also eggs and chicks
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(Fletcher et al., 2010; Newton, 1993; Sullivan ¢ Dinsmore, 1990). Goshawk and red fox
were identified as two main predators of adult black grouse (Angelstam, 1984). Fox
predation plays a significant role in grouse mortality, especially during winter (Kidawa
& Kowalczyk, 2011). Nest predation was recognized as the most important direct cause
of nest loss in grouse (Ludwig et al., 2010). Indeed, after an experimental corvid removal
study, black grouse nest loss decreased (Parker, 1984). Nevertheless, compensatory nest
predation by other predators has occurred in the absence of corvids. The complexity of the
predator—prey relationships is evident in a study showing that the goshawk, representing
the main predator of adult black grouse, might in turn provide a protective advantage for
grouse, as goshawks are known to prey on corvids (Tornberg et al., 2016).

By chance, within the framework of ongoing bioacoustic field experiments, we noticed
that adult male black grouse (Tetrao tetrix), appeared to react to playback calls of the
raven during periods outside the breeding season. This was unexpected and prompted us
to perform further experiments under controlled conditions to study the phenomenon
systematically.

Black grouse nest on the ground with only hens incubating and rearing chicks. Chicks
of tetraonids are extremely precocial; they follow the mother immediately after they have
dried out and they develop rapidly, and are thus able to escape predators by flight just
days after birth (De Juana, 1994). Given that eggs and chicks of ground nesting birds are
threatened by nest predators, their parents are expected to be able to recognize and cope
with the predation risk. Indeed, mammals and birds are known to react to predator calls,
even if the respective predators do not vocalize during hunting (Blumstein et al., 2008).

We tested the hypothesis that black grouse recognize common ravens as a threat via
their calls alone. We predicted that black grouse would exhibit greater alarm, as indicated
by behavioral reactions, during playbacks of raven calls compared to playbacks of calls of
nonthreatening, sympatric species.

If black grouse have a lower probability of misidentifying potentially threatening species
when hearing calls of nonthreatening birds, grouse responsiveness should be similar
towards calls of different control birds but different towards potentially threatening calls.

MATERIALS & METHODS

Ethics statement

The research was conducted in accordance with the guidelines of the Animal Behaviour
Society for the ethical use of animals in research. The study was carried out in accordance
with the recommendations in the Guide for Care and Use of Animals of the Czech University
of Life Sciences Prague. The protocol was approved by the Animal Care and Use Committee
of the Czech Ministry of the Environment (Permit number: 15106/ENV/14-825/630/14.
We point out that every animal was provoked only once, that the disturbance did not
exceed naturally occurring stimulation, and that the studied species is considered a game
species in Finland. This project was carried out within the framework of the bilateral
cooperation of the Czech Republic (Czech University of Life Sciences Prague) and Finland
concerning game management under auspices of the Department of Natural Resources,
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Ministry of Agriculture and Forestry, Finland. According to Finnish legislation in general
and to the hunting legislation, this type of scientific project does not require any special
permits or licenses.

Field tests

We recorded and analyzed reactions to playback calls of the common raven (a potential nest
predator) and control (harmless) bird species. The study was conducted at three localities
in Finland: Hollola (61°05'51.5”"N 25°22'59.0”E), Kainuu (63°51'06.2”N 29°09'55.2"E),
and Jikalidkangas (63°59'30.4"N 26°53'26.6"E) during two lek seasons (2012 and 2013) in
April-May. Each focal individual was tested only once (for both raven and control sound).
When more individuals were present, we focused on the one individual that was most
visible throughout the entire experimental session. For each session, behavior, sex, habitat
(Open, Tree, Road edge) and distance from the speaker, time, weather conditions, and
GPS coordinates were recorded.

Each playback session consisted of calls of control bird species and the long-distance
call frequently produced during flight by the common raven (Corvus corax) (Bergman ¢
Helb, 1982). For the control sound, we used calls of five sympatric bird species commonly
heard in the study area: brambling (Fringilla montifringilla), common crane (Grus grus),
common cuckoo (Cuculus canorus), the Eurasian curlew (Numenius arquata) and mallard
(Anas platyrhynchos), (Fig. 1). These were selected because black grouse regularly heard
these calls during the observation period and their presence does not indicate increased
risk of predation, nor any threat from a possible foraging competitor. They represent
long-distance signals produced in non-alarming contexts. For bramblings, we used loud,
sharp nasal calls that are produced frequently by males during the breeding season (Clement
& Arkhipov, 2018). For common cranes, we used duet calls which are produced in sexual,
territorial, and contact context when males utter a loud trumpeting call immediately
followed by a lower-pitched female call (Archibald et al., 2018; Policht ¢ Tichdckovd, 2010).
For common cuckoo, we used a male song, the characteristic vocalization of this species
(Li et al., 2017; Payne, Christie ¢ Kirwan, 2018). For the Eurasian curlew, we used calls that
we recorded during context of meeting of both partners. For the mallard, we used one
of the most familiar vocalizations, decrescendo of quacks which are frequently elicited
from unmated females and from separated females (Abraham, 1974; Lorenz, 2011). We
prepared five versions of the common raven playback and three playback versions of each
control species. For each playback version (both for common raven and controls) calls
from different individuals were selected. Stimuli used in raven playbacks were 4.1-4.5 s in
duration and contained 10-12 calls, similarly brambling (4.2—4.4 s, 4 calls), common crane
(6.3-6.5 s, one repetitive call), common cuckoo (4.6—4.8 s, 4 calls), the Eurasian curlew
(9.8-10.0 s, one repetitive call) and mallard (4.2-4.6 s, 15-17 calls) (Fig. 1A). Instead of
aligning the exact playback length, we decided not to edit inter-call intervals but rather kept
their natural call length when creating the stimuli. Calls of these control bird species were
obtained both from a commercial CD (all the bird songs of Britain and Europe, Roché,
1993, France) and calls recorded locally in the study area. Sound levels of all playback calls
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Figure 1 Spectrograms of calls used in playbacks. (A) Two playback versions of the Common raven:
two series of calls (six and five calls) and one series containing ten calls. (B) Common cuckoo and Bram-
bling. (C) Common crane. (D) Mallard. (E) The Eurasian curlew.

Full-size & DOI: 10.7717/peerj.6533/fig-1

were standardized using root mean square in Avisoft software (Avisoft Bioacoustics, R.
Specht, Berlin, Germany).

The session included one min pre-playback monitoring and one min post-playback
observation which started by broadcasting the playback. The order of playbacks was
randomized and the second playback followed approximately 2 min after the first playback
and/or when the focal animal switched to a relaxed behavior. Such a matched pair design
holds the environmental variables constant (Kroodsma, 1989). Tested sounds were played
through a MIPRO MA-202 sound loudspeaker linked to Olympus PCM-11. Playbacks were
played at peak sound pressure levels of about 93 dB at 1 m (measured by sound level-meter
Voltcraft SL-200). Playback experiments were videotaped using a Canon digital camera
(LEGRIA FS306) and the researcher remained hidden behind trees from a distance from
45 4+ 16 m (mean £ SD). When we met the birds near the road, we stopped and conducted
an experiment directly from the car not to prevent any disturbance. We started the playback
after a 5-15 min habituation period waiting until they returned to their previous activity.

We travelled through the area in order to find groups of grouse on leks or solitary birds.
To minimize the possibility of repeated testing of the same individuals, trials were separated
by at least 3 km within and between test days. Although the black grouse were not marked,
high population numbers and our experimental design minimized the probability of
recording the same individuals (Carrasco ¢ Blumstein, 2012; Martinez & Zenil, 2012). We
consider such design to be sufficient because this grouse is considered to be largely sedentary
with limited daily movements (De Juana, 1994) and males show limited interactions with
males from other leks. They are recruited on the lek locally with a high probability to
remain on the same lek until the following year (Borecha, Willebrand & Nielsen, 2017).

Data analysis
We measured duration and latency of the response using frame by frame analysis of the
video records 15 s before and after the onset of corvid and control sounds. Latency of
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the response was measured from the beginning of playback. We categorized behavioral
reactions as follows: (1) Scanning (scanning their surroundings), (2) Strong vigilance
(initiated with neck stretching, followed by scanning or escaping). Only completed
experiments were used in the analyses. We did not include playbacks when the focal
bird disappeared from sight or when any disturbance occurred during the experiment.
We used Principal Component Analysis (PCA) to express the overall response, where
the individual PC factors were used as response scores of the black grouse’ response to
playbacks.

We used non-parametric tests: Wilcoxon Matched Pairs Tests for paired comparisons
of responses to particular species-specific sounds, Mann—Whitney U Tests and Kruskal-
Wallis Tests for comparing independent samples. These tests were performed with software
Statistica 12.0 (StatSoft Inc., Tulsa, OK, USA). The three variables: duration, latency and
intensity each describes a component of the reaction to the playback stimuli. Descriptive
statistics include mean =+ SE. The Generalized Linear Mixed Model (GLMM) in IBM SPSS
23 was used for evaluation of a potential effect of habitat, sex, number of birds and distance
on overall response (PC1).

RESULTS

We found that black grouse frequently exhibited vigilance shortly after hearing playback
of the common raven. During the 63 trials with playback of raven calls, the majority of
subjects (71%) showed an intense response, with stretched neck, scanning, or escape,
Wilcoxon Matched Pairs Test: p < 0.001. Such a response was recorded neither during
the pre-playback period nor after control calls. Black grouse were able to recognize calls
of the common raven from those of control bird species. Focal birds responded to calls
of the common raven faster (with shorter latency) in comparison to calls of non-corvid
birds (Wilcoxon Matched Pairs Test: p =0.001). Latency of the response to control stimuli
lasted 7.37 &+ 0.78 s (mean =+ SE), while to call of common raven 4.81 = 0.73 s. Duration
of the response to nonthreating control stimuli was 6.83 &£ 0.74 s and to the raven call was
8.98 + 0.74 s (Fig. 2) and differed significantly (Wilcoxon Matched Pairs Test: p =0.001).

Black grouse responded with increased vigilance and/or escape more frequently to raven
calls in comparison to vocalization of non-predatory birds, suggesting increased vigilance
to perceived predation risk. Responses of males were more intensive than those of females
(p = 0.039; Chi-Square), were longer (p = 0.002, Mann—Whitney U Test) and had a shorter
latency (p = 0.024, Mann—Whitney U Test).

To express the overall response, the individual PC factors (response scores) were used
as a component measure of the black grouse’ response to playbacks. The PCA revealed two
principal components with an eigenvalue > 1 explaining 63% of the variation. Because both
duration and latency of the response (both were Z transformed) mostly correlated with PC1
(duration: r = —0.94, latency: r = 0.93), individual PC1 factors were used for the following
testing. Principal component analysis revealed highly significant response differences to
the playback of raven calls compared to the calls from control species (Wilcoxon Matched
Pairs Test: p < 0.001). Responses to different versions of control stimuli did not differ:
Kruskal-Wallis Test: H (5, n=63) =9,3; p=10.097.
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Figure 2 Duration and latency of the response. Black grouse responded to calls of the common raven
in shorter latency and their reactions lasted a longer time in comparison to calls of non-corvid birds. Bars
show mean with SE.
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Evaluation of following variables on overall response (PC1) included habitat, sex,
number of birds and distance. Normal distribution of errors with Identity link function
of GLMM (F =6.54; df 1 =5, df2 =56, p < 0.001) revealed only sex to have significant
influence on overall responses (F =13.6; df 1 =1, df2 =56, p=0.001), while the other
variables including interactions were not significant.

DISCUSSION

Our study demonstrates that black grouse are able to distinguish calls of the common raven,
a potential nest predator, from calls of non-predatory birds. Since the common raven is
a vocal bird, timely reactions of black grouse to these signals, coupled with adaptive
behavioral responses, such as freezing or hiding, could minimize the predation risk of the
nest with eggs or chicks.

The manner and intensity with which a potential prey responds to predators depends on
the ability to assess the level of predation risk and to distinguish between nonthreatening
and threatening signals (Adams et al., 2006). We showed that the raven is recognized
by adult grouse which are actually not directly threatened by corvids. Moreover, we
recorded alert responses during periods outside the breeding season, and surprisingly
males, who do not provide any parental care to chicks on the nest, reacted more strongly
than females. Although the females also responded outside the breeding season, the mating
period represents the period immediately preceding the nesting period. Therefore, females
could be theoretically motivated to the behavior that will follow soon after mating. More
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robust male responses compared to that of females could reflect sexually dimorphic
anti-predatory strategies. Less robust female responses could mirror the more frequent
motionless camouflage response, a typical female behavioral phenotype, especially during
nesting.

Potential sensitivity and specific reactivity to raven calls may be innate (analogous
to responses of chicks belonging to diverse fowl species to silhouettes of raptors, cf.
(Tinbergen, 1951), and the responses may be preserved throughout life. The alternative (or
complementary) explanation of the responses of adult black grouse to calls of ravens could
be seen in the possibility that the black grouse perceive the raven call as a non-specific signal
informing about danger, e.g., presence of other predators such as the red fox or humans.
Particularly, the association between the common raven and the red fox is well known
and a fox could follow calls of ravens to pilot to carcasses while ravens provide alarm calls
after sighting a fox (Killengreen et al., 20125 Selva et al., 2003). Thus, calling ravens linked
with increased probability of the presence of predators may evoke adaptive anti-predator
responses in adult grouse of both sexes. Similarly, ravens are scavengers, closely associated
with large carnivores (Marzluff, 2018), and have been shown to be attracted by wolf howling
(Harrington, 1978). Although, the impact of corvids on breeding failure has been intensively
studied in many bird species, the response of birds to corvid vocalization has been a subject
of relatively few studies, and focused only on altricial birds (cf. Eggers, Griesser ¢ Ekman,
2005; Eggers et al., 2006).

Predation represents a major cause of breeding failure in many bird species (Ricklefs,
1969). Corvids are generalist predators and exploit areas inhabited by grouse and altered
by humans (Manzer ¢ Hannon, 2005), particularly in fragmented landscapes (Haeger,
Schroeder & DeGraaf, 2002). In the black grouse, predation has been recognized as a
principal proximate cause of mortality and breeding failure, where the red fox, mustelids,
and corvids represent the main predators of eggs and chicks (Angelstam, 1984; Caizergues
& Ellison, 1997; Parker, 1984; Willebrand ¢» Marcstrom, 1988), whereas raptors, especially
the goshawk, predate adult grouse (Caizergues ¢ Ellison, 2000; Tornberg, 2001). To our
knowledge, this study is the first to show that a precocial bird species responds to calls of
a nest predator. Such ability could represent an additional behavioral adaptation against
nest predation. Another known strategy used by grouse species includes camouflage hen
color including inactive behavior during incubation, escape by flight, grouping in flocks
(Angelstam, 1984), selection of nest and brood-rearing sites with lower predator densities
(Dinkins et al., 2012), and similarly, switching nest sites after nest predation (Marjakangas,
Valkeajirvi & Ijds, 1997). One possibility is that hens evaluate the potential safety of nest
sites based on the acoustic landscape on the local area. Expression of this ability and
recognition of calling ravens could be learned by chicks resulting in anti-predator reactions
in mature adults of both sexes. To resolve these possibilities, further studies are needed on
precocial birds.

CONCLUSIONS

Although predation by avian predators, such as corvids, on nests ranks among the major
causes of breeding failure in birds, recognition of predator vocalizations remains poorly
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studied, especially in precocial species. We tested whether the black grouse (Tetrao tetrix)
are able to distinguish calls of the common raven, a potential nest predator, from those
of sympatric and harmless bird species, representing a control group: Eurasian curlew,
brambling, common crane, mallard and common cuckoo.

We show that black grouse can distinguish between calls of the common raven, a
potential nest predator, and the nonthreatening birds tested. Responses of males were
more pronounced compared to females. Since corvid nest predation is more likely to occur
on eggs rather than precocial chicks, the study was done prior to the nesting period. Because
males are not involved in brood care and adults are not directly threatened by corvids, the
question raised is what is the adaptive significant of specific alert responses exhibited my
male black grouse to raven calls?

Such an ability might be learned by chicks from the female, and if so, a learned reaction
would then continue to mature in both sexes. We also speculate that calling signals from
the common raven could inform grouse about the presence and proximity of larger
predators, particularly red foxes. Such hypotheses need to be directly tested. According to
our knowledge, this is the first evidence for the ability of a precocial bird species to respond
to vocalizations from a nest-predator.
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Hunting dogs bark differently
when they encounter different
animal species

Richard Policht™, Ondfej Matéjka, Katefina Benediktova, Jana Adamkova & Vlastimil Hart

Previous studies have shown that vocalizations of dogs can provide information to human
companions. While acoustic signals of dogs have been intensively studied during the last decade,
barking during hunting activities remains unstudied. The experiences of hunters indicate that owners
can recognize what animal species has been found based on the bark of their dog. Such a phenomenon
has never been tested before. We tested such an ability by comparing barks that were produced when
dogs encountered four different animal species: wild boar, red fox, rabbit and fowl. Classification
results of a discrimination analysis showed, that based on barks of dachshunds and terriers, it is
possible to categorize towards which animal species barks were produced. The most distinctive barks
were produced during encounters with the most dangerous of these animals, the wild boar. On the
contrary, barks evoked by red fox encounters were classified similarly as those towards other smaller
and non-dangerous animals like rabbits and fowl. Although the red fox represents a potentially
dangerous species, the barking provoked was not classified with a much higher result than barking at
animals that pose no threat. This might indicate that the key parameter could be the body size of the
animal the dog meets. We further tested whether the degree of threat from the species of animal the
dog encounters is reflected in the structure of the acoustic parameters based on the valence-arousal
model. We found that barks produced in contact with a wild boar showed significantly lower frequency
parameters and longest duration compared to other barks. According to these results, it seems that
the variability of barking depending on the species of animal a dog encounters is an expression of the
dog’s inner state rather than functionally reference information.

Relationships between people and dogs, which represent the earliest domesticated animals, attract the attention
of researchers in many ways'~. The genetic history of dogs extends into the Palaeolithic, when at least five major
ancestral lineages had diversified*. The exact timing of the emergence of the dog lineage remains unknown’.
Current genetic studies estimate a time of dog-wolf divergence between 25,000 and 40,000 years ago*®. Domes-
tication of dogs caused differences from wolves in several ways. Adaptations included alterations in sequences of
ritualized behaviour, and changes in motivational context for certain behaviours including changes in response
thresholds”®. Dogs are better at cooperating with humans than wolves are. They are more able to recognize our
facial expressions and our communication signals; therefore, they work better with humans than wolves do®.
Dog puppies display more communicative signals to facilitate social interactions, in contrast to wolf pups®*.
Thus, dogs show a unique complex of skills acquired for communication with humans'!. Dogs bark frequently
and use them in a wider range of contexts than their close relatives the wolf'>'* and coyote'?, and the barks
seem to have evolved from the low-frequency barks of wolves, which are mainly produced during agonistic
interactions'*. Barks changed quantitatively and qualitatively during the domestication process'®. The complex-
ity of the dog’s vocal repertoire has been extended by using mixed sounds in barking context. Various barking
forms are generated via a mix of transitions and gradations of harmonics, intermediates and noisy subunits”.
Some authors suggest that the original function of barks is mobbing (alerting other pack members and calling
them in to defend the territory together)'®. From this, hunting barks may have also be derived, as their function
is to alert humans and lead them to the prey that the dog has found. Hunting-dog breeds were originally bred
to fulfill some kind of hunting work. Humans artificially selected some breeds to bark frequently'*'”!8. These
facts indicate a strong selection force on barking performance in hunting dogs, which are also mentioned for
several dog breed standards'. Additionally, sport-hunting breeds have been adapted to specific hunting work
via an improved physiology, e.g. cardiac function, blood flow, and cognitive performance'®. Some breeds have
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been bred for specific kinds of hunt, e.g. pointing breeds (pointers) were bred from dogs that were able to stand
quietly and maintain its position in the face of the animal’s scent until the human counterpart reaches the place
where the animal is hiding. In contrast, other breeds were developed for multiple purposes or to be versatile and
able to perform a number of tasks (e.g. hounds, retrievers, spaniels). Spaniels and retrievers will find and bring
a shot animal to a hunter?**!. The dachshund is considered according to Fédération Cynologique Internationale
one of the most versatile hunting breeds and not just for hunting below ground. Cooperative hunting dogs keep
close contact with the hunter during the hunt (e.g. retrievers) whilst non-cooperative hunting dogs perform
independent work, either chasing (e.g. beagles) or attacking (e.g. terriers) the animal®”. Small terriers locate
and hunt smaller mammals, while larger terriers are able hunt larger animals. Selected hunting breeds were
bred to follow prey while barking, and some are even capable of specialised barking; on the other hand, other
breeds have to stand silently and motionless near the found animal until the arrival of the hunter*>*. Specific
forms of barking produced by some hunting dogs are even requested in the dog breed standards of international
cynological organizations'*. Recent studies have also shown that barks contain meaningful information based
on context'”**%, individual identity?***?’, inner states?, and emotionality*>*°.

We aimed to test whether hunting dogs produce barks differentially during encounters with different animal
species. In order to test the barking of dogs at animals of different sizes, we needed to choose a universal dog
breed. The choice of breeds for such a purpose was determined by the legislation of the Czech Republic. The
Hunting Act distinguishes and defines four types of work performance. Dachshunds and terriers are the only
groups of hunting dogs that can pass all four tests and be used for all types of hunting work in the Czech Republic.
Although hounds are better suited to hunting wild boar, our law prohibits the use of dogs of a height of 55 cm
or more for hunting ungulates. Dachshunds and terriers are no longer bred for earth-hunt work only, but are
used for their independence and ability to adapt to surface work. For these reasons, dachshunds and terriers
belong among the most common breeds for hunting all kinds of game in the Czech Republic. These breeds are
considered to be independently working breeds that are able to work without visual contact with the hunter.

We used two different dog-breed groups: (A) dachshunds and (B) terriers. The hunting style of both breeds
is as follows: looking for an animal, starting to bark, following in the footsteps of the animal, continuing to bark
and chasing the animal to the hunter. In order to test potential bark differentiation, we recorded barks elicited by
encounters with four different animal species. We selected animal models that would represent both (1) poten-
tially dangerous animals (red fox, wild boar) and (2) non-dangerous animals (fowl, rabbit). Encounters with wild
boars represent, for the small-bodied dog breeds used in our study, a real life-threatening situation accompanied
by increased levels of emotion. Emotions with high-arousal are associated with a high sympathetic tone and a
low parasympathetic tone*’. Emotional arousal changes the muscular actions required for vocal production (e.g.
diaphragm, vocal and intercostal muscles) which affect the way air flows through the vocal system and thus alter
the quality of the sounds produced®. Expression of emotions informs other group members about the probable
behavior intentions®?. Vocal responses of dogs to these animal models could show us if acoustic structure of barks
allow us to make predictions about how such signals change according to emotional arousal. Review on vocal
correlates of emotions revealed that vocal signals of mammals become longer with increased arousal, louder and
harsher, with higher and more variable frequencies and produced at faster rates™. Expression of emotions and
perception of emotional states during hunting could play an important role in dogs as social species. Expression
of emotions thus should benefit dogs by regulating social interactions within groups during hunting, whether it
is a group of more dogs or dogs and hunters.

We have postulated the following hypotheses:

(1) Barks produced during encounters with different animal species will have different acoustic structures.
We can predict this based on previous robust literature showing that dog barks can be categorized based
on various types of context'”**. Barks during hunting should vary with the demands of the situation, e.g.
based on urgency or a common species-specific animal response, such as running away in hares, flight in
pheasants, active defence in wild boar, etc.

(2) Barks will show a different acoustic structure depending on the arousal of the caller. We predict that barks
produced during the presence of non-dangerous species might differ from those produced in the presence
of potentially dangerous species. We tested whether the degree of threat from the species of animal the dog
encounters (e.g. wild boar versus rabbit) is reflected in the structure of the acoustic parameters based on
the valence-arousal model™®.

Results

Animal species context. We analyzed 1888 barks of 19 individual dogs belonging to two breeds—(1)
dachsund and (2) terrier—which were produced in response to four different animal species (Fig. 1): wild boar,
red fox, rabbit and fowl (Table 1). Figure 1 shows the bark spectrograms of the four types of barks (audio files:
Additional Files 1-4).

To investigate whether acoustic parameters of barks differ in response to encountered animal species, we
performed three separate stepwise discriminant function analyses (DFA) for three datasets (1) dachshunds only,
(2) terriers only and (3) pooled data of both breeds.

The resulting models show a similar pattern for all three datasets independently (Table 2), including clas-
sification results (Table 3-4): the dachshund model (N =9, n=2810, Wilks’ lambda = 0. 495, p < 0.001) included 8
acoustic parameters, the terrier model (N =10, n=1078, Wilks lambda =0. 528, p < 0.001) included 10 param-
eters, and the pooled model (N =19, n =1888, Wilks’ lambda = 0. 549, p < 0.001) included 12 variables (Table 5).
DFA for all three datasets showed that barks of dachshunds and terriers are recognizable based on the animal
encountered with a higher probability than would be classified by chance (Table 2). The randomization procedure
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Figure 1. Spectrograms showing barking responses to wild boar, red fox, rabbit and fowl. Barks in each panel
were produced by the same individual: Dachshunds Pecka (a) and Vendula (b). Fox Terriers Hard (c) and Gam

(d).
Breed Subject Sex | Weight | Age | Wildboar | Redfox | Rabbit | Fowl
Dachshund Hurvinek M 7 6 30 30% 30% 30%
Dachshund Amalka F 5 4 0 30 30% 30%
Dachshund Terezka F 6 2 30 0 0* 0*
Dachshund Nikolka F 4 11 0* 30% 30% 30%
Dachshund Venda-Benda |F 5 1 0 0 30% 30%
Dachshund Vendula F 7 10 30 30% 30% 30%
Dachshund Kacka F 5 4 30 30 30% 30%
Dachshund Pecka F 4 1 30 0 30% 30%
Dachshund Punta M 5 2 30 30 0* 30%
Fox Terrier Gof F 7 2 0* 30* 30* 30*
Fox Terrier Hard M 10 1 30* 30* 30* 30*
Fox Terrier Gam M 9 2 30 30* 30* 30*
Fox Terrier Cita F 8 11 30* 30* 30* 0*
Fox Terrier Bessy F 8 7 30* 28* 30* 30*
Fox Terrier Cerbis M 10 3 30 30* 30* 30*
Fox Terrier Nerys M 9 9 0 30* 30* 30*
Fox Terrier Ypsa F 8 5 0* 30* 30* 30*
Welsh Terrier | Cit M 7 3 30* 30* 30* 30*
Jagdterrier Ar M 10 2 30* 30* 30* 30*

Table 1. Tested dogs and number of analyzed barks per context. *Previous experience with tested animal
model. Dachshund Nikolka was castrated, everyone else was fertile.

Result model Classif Orig/Valid /a priori (%) DF1 (correlation) DF?2 (correlation)
Dachshund 53.2 51.9 22.2-29.6 Duration (r=-0.49) Q3T Rel (r=-0.43)
Terrier 52.8 51.1 19.5-27.9 Duration (r=0.78) Time 5% Rel (r=0.57)
Pooled 50.9 49.6 20.7-27.0 Duration (r=-0.69) QIF Rel (r=0.58)

Table 2. The resulting discrimination function models. (Classif Orig/Valid /a priori) percentage of correct
classification based on stepwise DFA, cross-validated DFA and a priori probability (classification by chance);
(DF1, DF2) variable mostly correlated with the first and second discrimination function.

confirmed that these results were significant (pDFA, p < 0.001) for all three DFA models. Barks evoked by wild
boar were classified better than those evoked by other animals (dachshund model: 60.6%; terrier model: 80.5%;
pooled model: 73.3%), which is much higher than classification by chance (22.2%; 19.5% and 20.7% respec-
tively) (Table 3). The percentages of correctly classified barks evoked by the other three animals were similar
in all three models: dachshund model (43.3-52.1%), terrier model (27.8-56.2%), pooled model (35.7-49.8%).
Classification outputs were significantly higher in comparison to classification by chance (dachshund model:
Chi-Square=128.7, df =3, p <0.001; terrier model: Chi-Square=232.9, df=3, p < 0.001; pooled model: Chi-
Square=170.9, df=3, p < 0.001).

According to the arousal hypothesis it is expected that frequency parameters and call duration will differ
between species which differ in their life-threatening level to hunting dog. We selected four frequency-related
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Result model | Rabbit Fowl Red fox Wild boar Prior probability
Dachshund

Rabbit 51.4 329 29 129 259
Fowl 21.3 52.1 14.6 12.1 29.6
Red fox 10.6 339 43.3 122 222
Wild boar 13.9 239 1.7 60.6 222
Terrier

Rabbit 46.3 19.3 27.3 7.0 279
Fowl 31.9 27.8 34.8 5.6 25.1
Red fox 23.6 14.8 56.2 5.4 27.6
Wild boar 10.5 1.4 7.6 80.5 19.5
Pooled

Rabbit 49.8 249 16.3 9.0 27.0
Fowl 339 35.7 19.2 11.2 27.0
Red fox 21.0 239 44.9 10.3 253
Wild boar 9.0 11.0 6.7 73.3 20.7

Table 3. Confusion matrix for the animal species categorization task. Percentage of correct classification
represents cross-validated results. A priori probability shows classification by chance (weighted by the number
of analyzed barks). Bold numbers represent the percentage of correct classifications. Other values in rows
show the percentages of incorrect classifications—that is, the percentage of barks wrongly classified as barks at
another animal species.

Categ No categ | Breed N Dogs | Method Classif | Chance |Differ | Reference
Animal 4 Dachshund |9 DFA valid 51.9 25.0 28.2 This study
Animal 4 Terriers 10 DFA valid 51.1 25.0 26.9 This study
Context |7 Mudi 8 k-nearest 55.5 14.3 41.2 »
Context |6 Mudi Humans listening | 65-70 | 50 17.5 »
Context |6 Mudi 14 machine learning | 43 18 25 7

Table 4. Classification results of bark subcategories in other studies. (Categ) classified categories, (No categ)
number of classified categories, (Classif) correct classification percentage, (Chance) classification by chance,
(Differ) difference between correct classification and classification by chance.

parameters (F5, Q1E F95, Q3F) and call duration to test whether differences in the arousal state are encoded
in barks.

Barks in response to a wild boar showed significantly lower F5 than in response to other animals: F5 (GLM: F
3.18= 8.3, multiple comparisons: wild boar vs. all animals: p <0.001). Differences between other animals (rabbit,
fowl and red fox) were not significant (p 20.52), (Fig. 2). The lowest frequencies in the wild boar in comparison
to other animals were also shown by the other three frequency parameters (Fig. 2).

Parameter F 95 showed significant differences between all animal pairs (GLM: F; 3 =12.8, wild boar vs. all
animals: p <0.001, rabbit vs. red fox: p <0.001, rabbit vs. fowl: p =0.002, red fox vs. fowl: p=0.010).

Parameter Q3F also showed the biggest differences between wild boar and all other animals (GLM: F; 3=6.99,
p<0.001). The significant difference also showed comparison of the rabbit vs. fowl (p=0.001) and rabbit vs.
red fox (p<0.001). Pair comparison of the red fox with rabbit and wild boar showed a significant difference
(p<0.001), while comparison with fowl was not significant (p =0.073). Model of parameter QIF did not show a
significant effect of animal species (GLM: F; ,=1.52, p =0.222).

Temporal parameter Duration has been the longest in barks in response to a wild boar in comparison with all
other animals (GLM: F ; j3=32.4, p<0.001). The comparison showed a significant difference for all other pairs
(p<0.001), only red fox and fowl did not differ (p=1.0).

Discussion

We aimed to test for potential differences in the barking of dogs when they encounter four different animal spe-
cies—wild boar, red fox, rabbit and fowl—which represent models of various size and danger level for dogs. We
used two groups of dogs—dachshunds and terriers. Classification results of a discrimination analysis showed
that barks of dachshunds and terriers can be categorized based on the animal species they encountered with a
higher probability than would be expected if classification was random. It was revealed that the most distinctive
barks were made during encounters with the most dangerous animal, the wild boar. The same pattern was shown
when we pooled both datasets together. On the contrary, barks evoked by red fox encounters were classified with
a similar result to the other smaller and non-dangerous animals—here, the rabbit and fowl. Although the red
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Abbreviation | Name Description Units | DFA model
Duration Duration Signal duration (s) LILIII
Time 5 Rel Time 5% relative The point in time that divides the signal into two time intervals containing 5% and 95% of the energy | (Rel) LILIII
Time 95 Rel Time 95% relative The point in time that divides the signal into two time intervals containing 95% and 5% of the energy | (Rel)
QIT Rel First quartile time relative The point in time that divides the signal into two time intervals containing 25% and 75% of the energy | (Rel) | II
Q3T Rel Third quartile time relative The point in time that divides the signal into two time intervals containing 75% and 25% of the energy | (s) LII
1vi 1 i i ini 0 0
F5 Rel Frequency 5% relative The frequenf:y that divides the signal into two frequency intervals containing 5% and 95% of the Rel) | LI
energy relative to frequency range
1vi 1 i i ini 0 0
5 Frequency 5% geerfgryequency that divides the signal into two frequency intervals containing 5% and 95% of the (Hz) |1
1vi 1 i i ini 0 0
F 95 Rel Frequency 95% relative The frequenf:y that.d1v1des th§ signal into two frequency intervals containing 95% and 5% of the ®Rel) |11
energy relative to signal duration
F95 Frequency 95% The frequency dividing the signal into two frequency intervals containing 95% and 5% of the energy (Hz) |I
QIF Rel First quartile frequency relative The frequenf:y that divides the signal into two frequency intervals containing 25% and 75% of the (Rel) | LILTIT
energy relative to frequency range
QIF First quartile frequency geerfgryequency that divides the signal into two frequency intervals containing 25% and 75% of the (Hz)
Vi 1 i i ini 0 0
Q3F Third quartile frequency ;l'rll'leerfgryequency that divides the signal into two frequency intervals containing 75% and 25% of the (Hz) |1
CF Center frequency The frequency that divides the signal into two frequency intervals of equal energy (Hz) |ILII
CT Rel Center time relative The point in time that divides a signal into two time intervals of equal energy (Rel)
IQRBW Inter-quartile Range The difference between the 1st and 3rd Quartile Frequencies (Hz) 11
BW90 Bandwidth 90% The difference between the 5% and 95% frequencies (Hz) 111
The aggregate entropy measures the disorder (Bits) in a sound by analyzing the energy. Higher values
correspond to greater disorder in the signal whereas a pure tone have zero entropy. It corresponds
Agg Entropy Aggregate Entropy to the overall disorder in the sound.in a sound by analyzing the energy. Higher values correspond (Bits) | LIII
to greater disorder in the signal whereas a pure tone have zero entropy. It corresponds to the overall
disorder in the sound
The average entropy measures the average disorder in a sound. Describes the amount of disorder for a .
Avg Entropy Average Entropy typical spectrum within the signal (Bits) | ILIL
Max Entropy Maximum Entropy Thls.entropy is calculated by finding the entropy for each frame in the signal and then taking the (Bits) | ILII
maximum values
Min Entropy Minimum Entropy This entropy is calculated by finding the entropy for each frame and taking the minimum values (Bits) |1

Table 5. Measured acousticparameters. Measurements based on the Raven Pro manual. DFA model: (I) for
dachshunds, (II) for terriers, and (IIT) pooled data of both breeds. The point in time that divides the signal into
two specific time intervals is related to signal duration.

fox represents a potentially dangerous species for small dog breeds, the provoked barks were not classified with
amuch higher success rate than barks at animals that pose no threat. This would indicate that the key parameter
might be the body size of the animal the dog meets. When we compare the average success in the classification
of barks at different animals with the classification results of different bark-classifying methods from different
contexts we can see comparable results (see Table 4); however, different classification methods with different
numbers of individuals and chance levels were used in these studies. When we take into account the resulting
classification by chance level using weighting classification outputs by chance level, such a comparison may give
us a general overview of the classification success generated by different classification methods.

The question is why hunting dogs bark differently at different animal species; is it because of a different
inner state or it is a signal directed at their human companions? The barks investigated in previous studies were
collected in different distinct social scenarios such as disturbance, isolation, play, presence of a stranger, fight
training, begging, walk preparation, etc.'**, and the acoustic structure of barks presumably reflects the inner
states of dogs®* associated with these social contexts, which can be also recognized by humans®*?**. Across these
different contexts the emotional state of a dog may likely differ. We tested therefore whether the degree of threat
from the species of animal the dog encounters (wild boar versus rabbit, red fox and fowl) can be reflected by the
acoustic parameter structure according to the valence-arousal model®.

Barks produced during contact with a wild boar showed significantly lower frequency parameters. Frequency
parameters seems to be not such a strong reliable indicator of emotions as they may both increase and decrease
with an increase in arousal®, e.g. a shift in energy distribution towards higher frequencies was found in Wed-
del seal’, silver fox”, house cats*, red-fronted lemur?®®, squirrel monkey***, while towards lower frequencies
in sheep*? and baboon*’. Temporal parameters seem to be more consistent predictors of arousal. Vocalizations
of mammals become longer with increase in arousal more frequently™. It is consistent with our result of the
longest duration of barks produced during encounters with the most dangerous of tested animals, the wild boar.

In our case, it seems that the variability of barking, which depends on the species of animal the dog encoun-
ters, is an expression of a dog’s inner state rather than functionally reference information. In addition, the expres-
sion of the inner state in barking appears to depend on the size of the potential threat. Barking in the case of a
great threat (wild boar) is more specific than barking in the case of a smaller threat (red fox) or no threat (rabbit,
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Figure 2. Univariate GLM comparison of acoustic parameters for arousal testing. Frequency parameters F5 and
QIF show the proportion of the acoustic energy in low frequencies (a-b), and F 95 and Q3F (c-d) show signal
components in higher frequencies and temporal parameter Duration shows bark duration (e).

fowl). This phenomenon could then indicate an innate ability, as it has been reported in the case of naive dogs,
without previous experience with wild boar.

Both dog owners and non-owners, including adults and young children, are able to categorize a dog’s emo-
tional state and barking context above the level of chance!”?#*>2%, Domestic dogs bark frequently in comparison
to feral dogs, which produce barks relatively rarely*%. This fact could indicate that barking is at least in some way
used for communication with humans?. Some authors have considered barks to be an exaggerated by-product
of the domestication process that has no specific function'. Previous studies have shown that dog barks are able
to express a wider range of emotions compared to those of wolves. Such a change in the acoustic communica-
tion of dogs has resulted from their association with humans*. Recognizing dog barks may be advantageous
in inter-specific interactions since dog domestication occurred at least 30,000 years ago**-*%. This process was
initiated by European hunter-gatherers®. Mutualism between dog and hunter probably took place early after
domestication*” when dogs assisted in the hunting of prey®. The ability to draw attention to different animal
species complements hitherto known communicative skills like human-dog communication via eye contact™,
changes in facial expressions of dogs affected by human attentional state®!, the ability of dogs to understand the
communicative cues of humans® or communication using eye gaze®>*, and the widely known ability of dogs to
understand human pointing gestures®*>.

Hunting dogs were bred to follow the trail of an animal. Some of these breeds were probably selected for a
specific type of barking'*. Such specialization could lead to the forming of an additional ability in comparison
to other breeds not selected for hunting abilities. The hearing system of canids has primarily evolved to optimize
predation, especially to localize sounds produced by potential prey*®. Recognition of animal species could be
favoured in reciprocal cooperation during hunting, e.g. recognition of potentially dangerous vs. non-dangerous
animals could be especially favoured. Understanding the regulation mechanisms of mutual communication
between humans and animals is especially important for animals such as dogs living in close contact with their
human partners, depending on them for food, care and health®”. The hunting activity of dogs with humans is
considered to be derived from the cooperative behavior of wolves®?. In hunting dogs, we might suppose that
animal-encounter-specific barking may significantly increase the effectiveness of hunting events.
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Methods

Ethics statement. This is a statement to confirm that all experimental protocols were approved by a named
institutional or licensing committee. The authors declare that the present study complies with the current laws
of the Czech Republic. The research was carried out in accordance with recommendations in the Guide for Care
and Use of Animals of the Czech University of Life Sciences, Prague. This study focused on the recording of
sounds, which was not considered an invasive experimental technique by The Professional Ethics Commission
of the Czech University of Life Sciences Prague (project no 14/19) and did not require a special permit.

Subjects. We recorded barks from 19 dogs (nine dachshunds—two males and seven females, eight fox terri-
ers—four males and four females, one male Welsh terrier and one male jagdterrier) (Table 1) during December
2016 and March 2017. The age of both dachshunds and fox terriers ranged 1 to 11 years, the Welsh terrier was
three years old and the jagdterrier two years old. Some dogs had previous experience with tested animal species
and others were naive, with no previous experience (Table 1). The dog owners were coauthors of this study (KB
and JA) and their colleagues.

Experimental procedure. Recordings were conducted under semi-controlled conditions during outdoor
experiments, not during huntig events. The experimental site was chosen in isolation from other objects and
potential noise. No vegetation other than low grass was present during the winter and early spring. The experi-
ments were performed in sunny weather without rainfall and almost no wind. Each dog was tested only once
per day. The interval between experimental days was longer than fourteen days. Each of 19 dogs was randomly
assigned to one of the four treatments (wild boar, red fox, rabbit and fowl). Recorded barks were elicited by
encounters with live four different animal species through the fence mesh. There was no direct contact between
the tested animals. Only one individual dog was tested during the experiment. Each tested dog was brought to
the fence, released and left alone for 5-15 min depending on the frequency of barking required. The recording
microphone was placed at a distance of two metres from the fence. We used an Olympus Linear PCM LS-5
audio-recorder with a Sennheiser ME 67 microphone (frequency response 20 Hz-20 kHz) with a K6 powering
module.

Acoustic analyses. We randomly selected a maximum of 30 barks per individual. These were chosen from
a sample of barks of the best quality: non-overlapping barks with low background noise and a good signal-to-
noise ratio. We did not obtain a full matrix as some dogs gave fewer than 30 barks. A total of 1888 barks were
analyzed: 390 barks from the wild boar experiment, 508 barks from the red fox experiment, 510 barks from the
rabbit experiment and 480 barks collected during the fowl experiment. We analyzed recordings using Raven Pro
Sound Analysis Software (Cornell Lab of Ornithology, New York, USA) from which spectrograms were gener-
ated using the following parameters: Hann window type with a 1050 point window size, an overlap of 50%, a hop
size of 11.9 ms, and grid spacing of 21 Hz. We measured 20 acoustical parameters (Table 5).

Statisticalanalyses. From the measured parameters we excluded those that were highly correlated (r > 0.90:
F95 Rel and Avg Entropy), and the remaining variables were entered into the discriminant function analysis
(DFA) (Table 3). We performed three types of analyses: (1) for dachshunds, (2) for terriers and (3) for both
breeds together (pooled model). We performed a stepwise DFA in order to test whether dog barks can be classi-
fied based on the animal species that they were produced in response to. The procedure selected predictors using
the Wilks’ lambda criterion. We used F values as a criterion for entering or removing an acoustic parameter from
a classification model (F to enter =3.84; F to remove = 2.71). For external validation of this model we used leave-
one-out cross-validation using IBM SPSS 20 (IBM Corp., Armonk, USA). Animal species were used as a group
identifier and the acoustic variables were used as discriminant variables. We normalized measured variables
using Z score transformation (by subtracting the mean and dividing by the variable’s standard deviation), which
avoids the false attribution of weights in relation to variables measured in different units (IBM Corp., Armonk,
USA). We then performed a permuted DFA (pDFA) for nested designs, which serves as a randomization proce-
dure for non-independent data®. We calculated pDFAs using a script written in software “R” (provided by Roger
Mundry) using 100 random selections and 10,000 permutations. This procedure gave a p-value which was used
to determine the significance of the correct classification rate of barks to the test factor (animal species), while
controlling for a single nested factor (individual). N refers to number of individuals (dogs), n refers to number of
calls (barks).We used univariate general linear models (GLM) for the motivational-structural test to see if barks
differ between the animal species they were produced in response to. Acoustic variables were used as dependent
variables, animal species as a fixed factor, and individual dogs as a random factor. We used Bonferroni corrected
post hoc multiple comparison. It was also used Chi-Square test based on the observed versus expected values to
test classification outputs of DFA models.

Data availability
The datasets generated during and analyzed during the current study are available from the corresponding
author on request.
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Based on their phylogenetic position, Nearctic ground squirrels
are closest relatives to the long-tailed ground squirrel Urocitellus
undulates even though it has Palaearctic distribution. We aimed
to investigate the variability of alarm calls of the long-tailed
ground squirrel to test the individual variation in alarm calls.
This species is known to produce two types of alarm calls:
whistle alarms and wideband calls. Although ground squirrels
are a model group for the study of vocal individuality, this
phenomenon has not yet been studied in a species producing
two such completely different types of alarms. Most of ground
squirrel species produce either whistle or wideband alarms and
this species represents a unique model for testing the degree
of individual variability depending on completely different
acoustic structures. We analysed 269 whistle alarms produced
by 13 individuals and 591 wideband alarms from 25
individuals at the western part of Lake Baikal. A discriminant
function analysis (DFA) assigned 93.5% (88.9%, cross-validated
result) of whistle alarms to the correct individual and 91.4%
(84%) of wideband alarms. This is the first evidence of
individual variation in wideband alarms compared with
whistle alarms and occurrence of vocal individuality in two
warning signals of a completely different acoustic structure
produced by a ground squirrel.

1. Introduction

Electronic supplementary material is available
online at https://doi.org/10.6084/m9.figshare.c.
5309820.

Vocalization in both Eurasian [1-7] and North American
ground squirrels [8-12] has been intensively studied, especially

© 2021 The Authors. Published by the Royal Society under the terms of the Creative
Commons Attribution License http:/creativecommons.org/licenses/by/4.0/, which permits
unrestricted use, provided the original author and source are credited.
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during the last decade. Even though the long-tailed ground squirrel Urocitellus undulatus is a n
species with a Palaearctic distribution, its phylogenetic position (based on mitochondrial cytochrome
b sequences) has been found within the Nearctic clade, and thus Nearctic ground squirrels are
this species’ closest relatives in comparison with other ground squirrels from the Palaearctic
region [13]. The species range includes eastern Kazakhstan, southern Siberia, Transbaikalia, Yakutia
(Russia), northern Mongolia and two provinces in China (Xinjiang and Heilungjiang) [14]. The
long-tailed ground squirrel (U. undulatus) prefers short-grass steppes close to water with a thin
chernozem layer and tolerates only low-density bush cover [15]. Two species (U. undulatus and
U. parryi) are considered to have resulted from the more recent east-west crossings of the Bering
land bridge [16]. Generic revision of the genus Spermophilus revealed eight morphologically distinctive
genera, of which only Spermophilus sensu stricto is restricted to Eurasia and others have a
North American distribution [14]. Of the two species of the genus Urocitellus, U. parryi has a mostly
North American distribution extending to Alaska and Siberia, while U. undulatus inhabits the eastern
Palaearctic only [14].

Variation in alarm calls of Eurasian ground squirrels has been studied in the speckled ground squirrel
Spermophilus suslicus [6,17-20], yellow ground squirrel S. fulvus [6,17,19,21,22], European ground
squirrel S. citellus [1-3,5,19,23,24], Taurus ground squirrel S. taurensis [1-3,23], Anatolian ground squirrel
S. xanthoprymnus [3,23,25], red-cheeked ground squirrel S. erythrogenys [5], russet ground squirrel S. major
[26,27], Caucasian mountain S. musicus [25], little ground squirrel S. pygmaeus [25,28], S. alaschanicus [25],
Arctic ground squirrel Urocitellus parryii [25], grey marmot Marmota baibacina [29,30] and Steppe marmot
Marmota bobak [31]. The basic description of the alarm calls produced by ground squirrels inhabiting the
Russian and Asian area included comparative study containing the following species: Urocitellus
undulatus, U. parryii, Spermophilus xanthopyrmnus, S. musicus, S. pygmaeus, S. alaschanicus, S. suslicus,
S. relictus, S. citellus, S. erythrogenys, S. major, S. fulvus and S. rally [30,32]. Results from studies up to now
present various levels of distinction in alarm calls of these studied species. There is significant variation in
alarm calls shown depending on species [1,2,19,23], sex [6], age [6] and between individuals
[2,6,18,20,22,24]. The most striking feature in alarm vocalization of these ground squirrels is that even
though their calls constitute a tonal call of very simple structure, they exhibit a high degree of individual
variation, which means that each alarm call can be assigned to a specific individual with a high degree of
certainty, often within the range 90-100%. The ability to recognize the calling of different individuals may
increase the individual fitness of a signal recipient by adjusting its response based on the reliability of the
signal. Such a recipient can save potential energetic costs by reducing its response towards unreliable
signallers [33,34].

We aimed to investigate the variability of alarm calls of the long-tailed ground squirrel to test the
individual variation in alarm calls. This species is known to produce two types of alarm calls: whistle
alarms and wideband calls. Although ground squirrels are a model group for the study of vocal
individuality, this phenomenon has not yet been studied in a species producing two such completely
different types of alarms. The vast majority of ground squirrel species produce either whistle alarms
or wideband alarms and this species represents a unique model for testing the degree of individual
variability depending on completely different acoustic structures.
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2. Methods

2.1. Study sites and animals

Alarm calls of the long-tailed ground squirrel were recorded in July 2016. In total, 14 natural colonies
were found in the area of the Sarma River delta, west of Olkhon Island in the western part of Lake
Baikal near to the villages of Sarma (53.1022294°N, 106.8334850°E) and Kurma (53.1799978°N,
106.9654067° E). These locations are at the foot of the Baikal Mountains in Baikal National Park in the
Russian Federation. The terrain at both sites is stone and sandy. The elevation ranges from 450 to
500 m above sea level. The delta of the river creates a mosaic of water-filled meadows and dry
steppes. The tree cover comprises mainly willow (Salix spp.), and also larch (Larix decidua) or pine
(Pinus spp.). The herbaceous vegetation is dominated by grasses, accompanied by meadow blossom.
Sparse settlements and free cattle grazing characterize the Sarma village; ground squirrels are not
exposed to humans so often here. Kurma village is a growing tourist resort and ground squirrel
encounters with humans occur on a daily basis.
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Figure 1. Spectrograms and oscilograms of (a) whistles from 13 different individuals and of (b) wideband alarms of 11 different
individuals. Number of individual corresponds to the number assigned to each individual in the scatterplot. The spectrogram (a) was
created with the following parameters: sampling rate 22.05 kHz, FFT 512, frame 100%, overlap 57.5%. The spectrogram (b) was
created with the following parameters: sampling rate 24 kHz, FFT 1024, frame 50% and overlap 96.87%.

2.2. Recording

During pilot sampling, we tried to record alarm calls of live-trapped individuals according to methods used on
other ground squirrel species [1,2] but they did not vocalize at all. Similar results were seen in attempts with
live-trapped animals that were placed individually in wire-mesh hutches of 80 x 80 x 80 cm [22]. We therefore
decided to record free-running ground squirrels only. Each individual was recorded only once, and when we
wanted to record more individuals at the same locality, each researcher selected a focal individual from within
the colony and followed them closely to be sure of their identity. These focal individuals were selected from
different parts of the colony to be sure with their identity. We categorized two age categories based on the
body size: adults and subadults. Subadults were clearly smaller in size, an estimated half the size of adults.
The vocalizations were recorded at distances from 3 to 12 m. Duration of each recording ranged from 3 to
10 min, depending on the duration of the calling behaviour of the subject. When we met an individual or a
group where at least one group member was calling, we stopped and started recording in a sitting position.
Each recorded individual used only one type of call, either an alarm whistle or a wideband signal. The use
of the alarm type does not appear to be affected by a context that was approximately constant. We included
in the final analysis only calls of those individuals in whom it was possible to observe communication
behaviour when the opening of the mouth during the calling could be seen.

Alarm calls were recorded with Olympus Linear PCM LS-5 and ZOOM H5 digital audio recorders in
combination with a Sennheiser ME 66 directional microphone (frequency response 20 Hz-20 kHz +
2.5dB) equipped with a K6 powering module. Recordings were saved in .wav format (48 kHz
sampling rate and 16-bit sample size). Long-tailed ground squirrels produce two types of alarm calls:
whistle alarms (figure 1a) and wideband alarms (figure 1b).

2.3. Whistle alarms

We analysed 269 whistle alarms of the highest quality produced by 13 individuals (20.7 +7.4 calls,
mean +s.d.). We included only calls with a high signal-to-noise ratio, not disturbed with wind
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Figure 2. Measured points on the spectrograms for calculation of acoustical parameters quantifying the fundamental frequency.

and not overlapping with calls of other individuals or background noises. From these calls, we
selected up to 32 calls per individual. In the case of a larger number of calls, we selected them
randomly across all recorded series. The recordings were analysed using Avisoft SASLab Pro software
(Avisoft Bioacoustics e.K., SchonfliefSer Str. 83, 16548 Glienicke/Nordbahn, Germany). Sampling
frequency was converted to 22050 Hz and selected calls were manually labelled. We used
spectrograms with the following parameters: Hamming window, FFT-length 1024, frame size 50% and
overlap 96.87%. When background noise was present, it was filtered out using both high-pass (1.3-
29 kHz) and low-pass filters (5.2-7.7 kHz). These filters show the range both for the lower- and
upper-frequency limits. When surrounding noise was present, we filtered that noise which was out of
the signal, e.g. when fundamental frequency reached up to 6.65 kHz, we filtered out the frequency
higher than 7 kHz.

We measured 11 acoustic variables quantifying a fundamental frequency of single whistle call:
duration, five frequency parameters (figure 2) using automatic measurements at five regular intervals
of fundamental frequency duration of one whistle call (start frequency, second frequency, central
frequency, fourth frequency, end frequency) that divided each whistle into four sections in which we
measured frequency modulation as follows: first frequency modulation (start frequency minus second
frequency), second frequency modulation (second frequency minus central frequency), third frequency
modulation (central frequency minus fourth frequency) and fourth frequency modulation (fourth
frequency minus end frequency), and frequency range (start frequency minus end frequency).

2.4. Wideband alarms

We selected 591 wideband alarms (23.7 + 6.0 calls) of the highest quality from 25 individuals. Similarly to
whistle alarms, we included only calls with a high signal-to-noise ratio, not overlapped with other calls
or sounds. Signals where there was no clear lower frequency limit of the signal due to overlap with low-
frequency noise were not selected. From selected calls, we randomly selected up to 34 calls per individual
across all recorded series.

Sampling frequency was converted to 24 kHz and the recordings were filtered using a high-pass
filter (1.6 kHz) to remove the background noise, when it was present, to increase the signal-to-noise
ratio. The recordings were analysed using Raven Pro 1.5 software. Wideband alarms were manually
labelled on the spectrograms set with the following parameters: Hamming window, FFT-length 512,
frame size 50% and overlap 94%. Spectrogram measurements provided frequency parameters and the
amplitude curve provided temporal parameters. We automatically measured 22 parameters
quantifying how the acoustic energy is spread across the frequency spectrum and duration of the
signal (table 1).

2.5. Statistical analyses

Individuals with a lower number of whistle alarms or wideband alarms (1 < 9) were not included in the
discriminant analysis even though they were included for descriptive statistics. Highly correlated
variables were omitted (r >0.9). The remaining 16 variables were entered into discrimination function
analysis (DFA) using IBM SPSS Statistics 24.0 software (IBM Corp., Armonk, USA). In the case of
whistles, all six parameters were entered into DFA. We used a leave-one-out cross-validation
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Table 1. Descriptions of acoustic parameters measured in Raven Pro 1.5.

acoustic parameter name description
all duration duration of the ll.
[duration(s)]
first quartile frequeney the frequency that divides the selection into two frequency intervals containing 25% and
[Q1F(Hz)] 75% of the energy in the signal.
relative first quartile the frequency that divides the selection into two frequency Intervals containing 25% and
frequency 75% of the energy in the signal relative to the frequency range of the signal.
[QT1FRel]
third quartile frequeny the frequency that divides the selection into two frequency intervals containing 75% and
[Q3F(Hz)] 25% of the energy in the signal.
relative third quartie the frequency that divides the selection into two frequency intervals containing 75% and
frequency 25% of the energy in the signal relative to the frequency range of the signal.
[Q3FRel]
aggregate entropy the aggregate entropy measures the disorder in a sound by analysing the energy
[AggEnt bits)] distribution. Higher entropy values correspond to greater disorder in the sound whereas

a pure tone with energy in only one frequency bin would have zero entropy. It
corresponds to the overall disorder in the sound.

average entropy this entropy is calculated by finding the entropy for each frame in the signal and then

[AvgEntr(bits)] taking the average of these values.

maxentropy ................................ Lo entropycal s
[MaxEntr(bits)]

e O d95%freque L
[BW90%(Hz)]

centre frequeny the frequency that divides the selection into two frequency intervals of equal energy.
[CentreF(Hz)]

Ccntre time the point in time at which the selection is divided into two time intervals of equal energy.
[CentreT(s)]

relative centre time the point in time at which the selection s divided into two time intervals of equal energy
[CentreTRel] relative to the signal duration.

fequengy 5% the frequency that divides the selection into two frequency intervals containing 5%
[F5%(H2)] and 95%.

relative flequency 5% the frequency that divides the selection into two frequency intervals containing 5% and
[F5%Rel] 95% relative to frequency range.

flequeny 95% the frequency that divides the selection into two frequency intenvals containing 95%
[F95%(Hz)] and 5%.

relative frequengy 95% the frequency that divides the selection into two frequency intervals containing 95% and
[F95%Rel] 5% relative to frequency range.

inter-quartile range the difference between the first and third quartie frequences.
[IQRBW(Hz)]

peak freque ncy ............................ thefreq . encyatwh|chthemax|mumpoweroccurs ....................................................................
[MaxF(Hz2)]

Ctmes% the time that divides the signal into two time intervals containing 5% and 95%.
[T5%(s)]

(Continued.)
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Table 1. (Continued.)

acoustic parameter name description
relative time 5% the time that divides the signal into two time intervals containing 5% and 95% relative to
[T5%Rel] signal duration.
Ctme 9% the time that divides the signal into two time intervals containing 95% and 5%.
[T95%(s)]
relative time 95% the time that divides the signal into two time intervals containing 95% and 5% relative to
[T95%Rel] signal duration.

procedure (IBM SPSS Statistics 20) to validate the results of DFA. N refers to the number of individuals; 1
refers to the number of calls.

To avoid a potential bias in DFA results due to an unbalanced dataset, we randomly selected
nine calls per each individual and such balanced datasets entered into each DFA (whistles alarms:
n =108 calls, N=12 individuals; wideband alarms: n =207 calls, N =23 individuals). The descriptive
statistics were calculated from the average values per each individual. All means were indicated as
mean + s.d.

3. Results

3.1. Alarm call description

Whistle alarms represent one-syllable calls with a visible modulated fundamental frequency (figure 1a).
Duration of whistle alarms ranged from 0.03 to 0.21 s (0.10 + 0.03, mean +s.d.). The frequency rapidly
decreases and peak frequency always coincides with the fundamental frequency (f0), sometimes with
visible harmonics, and if so, these visible harmonics are always at a weaker intensity.

Only one individual showed a short, slight increase in the frequency of the initial segment followed
by a rapid decrease (see individual 9; figure 14). Fundamental frequency started at 4811 + 641 Hz and
rapidly decreased to 3439 + 339 Hz (table 2).

In comparison with whistle alarms, the second alarm call type is a monosyllabic call with a wideband
structure, in which acoustic energy is spread across the frequency spectrum and throughout the signal
duration. Signals do not show a fundamental frequency or harmonic components but instead have
several emphasized frequency bands (figure 1b). These alarm signals are significantly shorter than
whistle alarms (duration: 0.028 +0.007 s, Mann-Whitney U test: p <0.001). The frequency of the first
quartile frequency was 2317 + 632 Hz and the third quartile frequency 3375 + 1119 Hz. Peak frequency
was found at 2456 + 650 Hz. Other descriptive statistics are shown in table 2.

3.2. Individual variation
3.2.1. Whistle alarms

The discrimination analyses considered 108 whistle alarms from 12 individuals. The model included
five variables (fourth and second frequency, first, fourth and third frequency modulation). A
discriminant function analysis assigned 93.5% (88.9% cross-validated result) of whistle alarms to the
correct individual (N =12, n=108, Wilks’ lambda=0.001). The first four significant discriminant
functions (p<0.001) had eigenvalues greater than 1 and explained 97.4% of the variation. The first
two functions had eigenvalues greater than 5 and explained 86.5% of the variation. The first
discrimination function correlated well with the fourth frequency (r=0.65), while the second
discrimination function correlated with the third frequency modulation (r=0.48). Five individuals
reached the highest possible classification accuracy (100%), four squirrels were classified with an 80-
90% result, two animals showed 78% and one individual 56% classification result. Such classification
results were much higher in comparison with classification by chance (8.3%). Location of whistle
alarms in the space of the first two discriminant functions is shown in figure 3a.
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Figure 3. Scatterplot on the basis of two first discriminant functions of DFA for (a) whistle alarms from 13 individuals and for
(b) wideband alarms from 25 individuals. Black circles show group centroids.

Table 2. Basic descriptive statistics.

acoustic parameter

whistle alarms

duration (s) 0.10 0.03 0.03 0.21
starcfreq - ncy(Hz) ..................................... e R e s
secondfrequency(Hz) .................................. pon g g g s
centrefrequency( Hz) ................................... 4245 3 ............................. o8 2 ........................... 3380 O 557 00 .......
...... fourchfrequency(Hz)3904841782900049500
o ndfreq . ency(Hz) ...................................... i g ey wine
T
durat|on(s) ........................................................ s Goy o voi
...... ﬁrstqua ||efrequency(Hz)231686315281236094
...... th|rdquamlefrequency(Hz)3375311188421973594
- andW|dth90%(Hz) ................................... T R e P T
centrefrequency( Hz) ................................... 2678 8 ............................. 7516 ............................. 375 0 ........................... 496 88 .......
...... frequencyS%(Hz)21054650446930000
...... frequency95%(Hz)5090317565562597969
p eakfrequency( Hz) ..................................... e T ey wiss

3.2.2. Wideband alarms

We entered 207 wideband alarms from 23 individuals into the following analysis. The model contained
nine acoustic variables. The model assigned 91.4% (84%, cross-validated result) of wideband alarms
to the correct individual (N=23, n =207, Wilks’ lambda less than 0.001). The first five significant
discriminant functions (p<0.001) had eigenvalues greater than 1 and explained 96.6% of the
variation. The first two functions had eigenvalues greater than 7 and explained 82.8% of the variation.
Frequency 5% Rel. mostly correlated with the first discrimination function (r=0.88), and duration
with the second discrimination function (r=0.63). Wideband alarms were assigned to the correct
caller with a 55.6-100% result. Most individuals (N =8) showed the highest classification accuracy
(100%) and five animals were classified with a 60-89% result. Three individuals were classified with
56% success. These results were much higher than a classification by chance (5.6%). Location of
wideband alarms in the space of the first two discriminant functions is shown in figure 3b.
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3.2.3. Age effect

Additionally, we tested a potential distinctness between age and did not find a significant difference in
any of the acoustic parameters (0.11 <p <0.61; Mann—-Whitney U test) in both call types.

4. Discussion

The split of Eurasian ground squirrels into two genera—Spermophilus and Urocitellus [13]—has been shown
to be mirrored by vocalization pattern as well. We have described two different types of alarm calls in the
long-tailed ground squirrel Urocitellus undulatus: (i) a whistle alarm call corresponding with whistle
alarms of other ground squirrels inhabiting the Palaearctic area, but also (ii) a wideband alarm call
representing a different design of alarm signal (produced both by long-tailed ground squirrel and arctic
ground squirrel) has no analogue in any other Eurasian ground squirrel species. The Eurasian species of
ground squirrels have wideband calls similar in structure in their vocal repertoire, but they are not used
as alarm calls. In contrast with Eurasian species, which are known to produce whistle alarms only, some
North American ground squirrels are known to produce both whistle and wideband alarms [19]. In our
study, both call types did not differ between adults and subadults. Although young individuals differ
significantly in size from adults, the fundamental frequency of alarm whistles does not differ in other
studied Palearctic ground squirrels [17,35,36]. According to our results, such phenomenon seems to be
valid also for wideband alarm signal. Age information could be concealed in alarm calls of Palearctic
ground squirrels [36]. The two different types of alarm calls in North American species are considered as
responses to aerial (whistle alarms) and terrestrial predators (wideband alarms) [37,38], but in our study,
both alarm types were produced in response to terrestrial subjects as well.

Both whistle and wideband alarm calls were specific at the individual level. Based on our
discrimination models, we were able to assign each whistle to the correct individual with 93.5%
average success (88.9% based on cross-validated result) and wideband alarms with 91.4% average
success (84%, cross-validated results). Such results are consistent with classification outputs of whistle
alarms in other ground squirrels: 92% (Spermophilus suslicus) [181, 94% (S. fulvus) [211, 97% (S. citellus)
and 95% (S. taurensis) [2]. This study is the first to examine individual variation in wideband alarms
compared with whistle alarms and occurrence of vocal individuality in two warning signals of a
completely different acoustic structure.

5. Condlusion

In comparison with other Eurasian species, the long-tailed ground squirrel produces two types of alarms:
(i) a whistle alarm, representing a simple signal comparable with whistles of other Eurasian species, even
though it showed close similarity to simple whistles of North American species and (ii) a wideband
alarm. We found that both signals are individually specific. This is the first evidence of an
individually distinct structure in the wideband alarms of any ground squirrel and occurrence of vocal
individuality in two warning signals of a completely different acoustic structure. We may speculate
that the previous split of Eurasian ground squirrels into the two genera Spermophilus and Urocitellus
based on genetics is supported by vocalization as well.
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ABSTRACT

Only a few bird species are known to produce low-frequency vocalizations. We analyzed
the display vocalizations of Western Capercaillie males kept in breeding centers and
identified harmonically structured signals with a fundamental frequency of 28.7 £+
1.2 Hz (25.6-31.6 Hz). These low-frequency components temporally overlap with the
Whetting phase (96% of its duration) and they significantly contribute to the distinct
vocal expression between individuals. The resulting model of discrimination analysis
classified 67.6% vocalizations (63%, cross-validated result) correctly to the specific
individual in comparison to the probability by chance of 12.5%. We discuss a possible
function of low-frequency components that remains unclear. The occurrence of such
low frequencies is surprising as this grouse is substantially smaller than cassowaries
(Southern cassowary Casuarius casuarius and Dwarf cassowary Casuarius bennetti)

, the species that produces similarly low frequencies. Because these low frequency
components temporarily overlap with the Whetting phase, they are hardly audible from
a distance larger than several meters.
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(Baldo ¢ Mennill, 2011), booms of the Houbara bustard (Chlamydotis undulata) with
fundamental frequency ranging between 40 Hz and 54 Hz (Cornec, Hingrat ¢ Rybak,
2014), those of the Eurasian bittern (Botaurus stellaris) ranging from 86.6 Hz to 248.5 Hz
(Puglisi et al., 2001). Corncrakes are known to produce low-frequency soft calls which
largely overlap with the frequency spectrum of the background noise (Rek, 2013; Rek ¢
Osiejuk, 2011). Various versions of low-frequency signals also are produced by doves,
e.g., the song of the tambourine dove reaches a minimum frequency of 280 Hz (Osiejuk
et al., 2019) or in the spotted dove 524 + 36 Hz (mean =+ SD) (Guo, Bonebrake ¢ Dingle,
2016). All these calls are low-frequency calls, yet they do not fall into the real infrasound
range (with frequencies below 20 Hz). The appearance of these low-frequency signals was
especially observed in non-passerines of larger body size. As a matter of general bio-acoustic
principle, larger animals including birds tend to produce calls of lower frequencies than
smaller ones (Fletcher, 2005; Wallschliger, 1980). The validity of this rule has been found
not only in songs (Azar ¢ Bell, 2016; Brenowitz, 1982; Ryan & Brenowitz, 1985) but in calls
as well (Azar & Bell, 2016; Billings, 2018; Martin et al., 2011). In addition to the influence
of body size on the vocalization of grouse, other morphological adaptations can affect the
resulting design of produced signals. Grouse (Tetraonidae) have an enlarged oesophagus
which inflates like a balloon during mating vocalizations (Moss ¢» Lockie, 1979) and
functions as resonating chamber to amplify their signals (Ziswiler ¢ Farner, 1972).

Previous work by Lieser, Berthold ¢» Manley (2005) did not succeed in finding any of the
low-frequency components described by Moss ¢ Lockie (1979) based on the vocalizations
of only one male. Moss & Lockie (1979) recorded signal components below 40 Hz but Lieser,
Berthold & Manley (2005) did not notice any signal below 100 Hz in the vocalization of both
wild and captive birds. In such fact, the existence of low-frequency components remains
controversial. We therefore tested whether the Western Capercaillie with an average weight
of 4-6 kg can really produce any low-frequency signals. If so, we could expect that some
frequency parameters could serve as an honest signal of male body mass and/or condition,
especially a negative relationship between acoustic parameters and body mass explained
by correlation with the length of the trachea, size of the syrinx and vocal track resonance
(Lambrechts, 1996; Wallschliger, 1980).

In that case, we could expect individual differences in vocalization among different
males. We analysed recordings of vocalization of birds kept in breeding centres in the
Czech Republic, Poland and Bavaria in order (1) to describe the acoustical features of
potential low-frequency components, and (2) to test the hypothesis that such components
have the possibility to encode individual identity.

MATERIALS & METHODS

Ethics statement

The research was conducted in accordance with the guidelines of the Animal Behaviour
Society for the ethical use of animals in research. The study (recording of acoustic signals
of semi-tame male capercaillies held in breeding stations) was not invasive and the animals
were not handled, disturbed, or manipulated; thus it was not considered an experiment
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according to the Guide for Care and Use of Animals of the Czech University of Life Sciences
Prague and the laws of the Czech Republic. The breeding centre staff was responsible for
all bird husbandry and care (permission nu. S/04177/BE/14).

Study objects and locations

We analysed recordings of vocalization of altogether eight adult males of the Western
Capercaillie ( Tetrao urogallus) kept in breeding centres in the Czech Republic (Sumava),
Poland (Wista Forestry District in Jaworzynka), and Germany (Bayerwald-Tierpark
Lohberg). All the subjects were kept in captivity and were housed either in pairs or with
several females. Their vocalizations were recorded from March 3 to May 5, 2016. This
period coincided with the courting season and all these captive birds displayed courtship
behaviour.

Recording and acoustic analyses

For recording, we used Olympus Linear PCM LS-5 and ZOOM HS5 recorders with
Sennheiser ME 62 omnidirectional microphone (frequency response 20 Hz—20 kHz)
with K6 powering module and QTC50 microphone (Earthworks Inc. Milford, NH, USA)
(frequency response 3 Hz—50 kHz) using sampling rate 44.1 kHz and 16 bit sample size.
We were using two equipment sets because we needed to record neighbouring males
synchronously in order to be sure which songs belonged to the correct individual. When
we were recording successively, we were not sure of identity of the caller when neighbouring
males were calling at the same time. Therefore we gave a microphone to each neighbouring
male and recorded simultaneously.

Prior to analysis, we down-sampled a sampling rate at 22.05 kHz. The distance between
the subjects and the microphone ranged between 0.5 and 3 m. We selected vocalizations
which were clear and not overlapped by any disturbing noise including vocalizations
of other males. Altogether, we analysed 108 display vocalizations (62 vocalizations of
four males from the Czech Republic, 32 vocalizations of three males from Poland, and
14 vocalizations of one male from Germany). In the selected display vocalizations, we
manually labelled vocal phases (Clicks, Trill, Cork and Whetting, see Fig. 1) and saved into
spectrograms using Avisoft-SASLab Pro version 5.2. (Specht, 2016). We created two types
of spectrograms: (1) spectrograms with high temporal resolution (FFT length 1024, frame
size 100%, overlap 87.5%, Hamming window, time resolution 5.8 ms, frequency resolution
22 Hz, sampling rate 22.05 kHz); and (2) spectrograms with high-frequency resolution
in which we decreased the sampling rate to 4 kHz in order to increase the frequency
resolution to 4 Hz (FFT length 1024, frame size 100%, overlap 93.75%, Hamming window,
time resolution 32 ms) allowing better inspection of very low-frequency signal components
(Policht et al., 2008). Frequency resolution increases with decreased sampling frequency
(Avisoft Bioacoustics, R. Specht, Berlin, Germany). In spectrograms with high temporal
resolution, we measured temporal parameters of the whole main phases, the Whetting and
the Trill, while in spectrograms with high-frequency resolution we measured parameters of
the low-frequency components. Frequency parameters were measured from the amplitude
spectrum (linear). We labelled these signals on spectrograms for calculation of their
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Figure 1 A spectrogram of the Western Capercaillie display vocalization showing the four typical
phases.
Full-size & DOI: 10.7717/peer;j.9189/fig-1

duration and identified the fundamental frequency and upper harmonics. We measured
the following acoustic parameters: song duration (Dur), fundamental frequency (F0),
frequency of the highest intensity (Peak F), duration of the low-frequency component
(LowF dur), duration of the Trill phase (Trill dur) and Whetting duration (Whetting dur).
Additionally we computed temporal overlaps of LowF dur and Trill dur (LowF to Trill
overlap) and Whetting dur (LowF to Whetting overlap).

Calibration of recording equipment

The recording sets were tested for sensitivity to low-frequency signals. We tested the
following equipment combinations: Set 1 (ZOOM H5 recorder and QTC50 microphone),
and Set 2 (Olympus Linear PCM LS-5 recorder and Sennheiser ME 62 omnidirectional
microphone). The tests were conducted in the anechoic room at the Faculty of Electrical
Engineering, Czech Technical University in Prague. The room provides an acoustic free
field and sufficient signal-to-noise ratio across the whole frequency range of interest (15
Hz-20 kHz). The measurement system Briiel & Kjaer Pulse type 3109 was used for the
measurement and analyses of signals recorded by the equipment under tests. Pure tones
were used as measurement signals. In the frequency range from 15 Hz up to 45 Hz, the
fine frequency step of 2 Hz was used. In the frequency range from 45 Hz to 20 kHz,
center frequencies of octave bands were used. Pure tones were played successively. For the
calibration we used a high precession microphone Briiel & Kjeer type 4190 as the reference
one. All microphones were placed at a Im distance from the sound source (12-inch active
subwoofer with 2 way satellite loudspeaker box) producing the test signals generated by
the Briiel & Kjar Pulse system. All signals were recorded and then post processed by the
Briiel & Kjeer Pulse system using one-twelfth octave band analyse. In general, the frequency
range of equipment is defined by decrease of the frequency response of 10 dB. As the result,
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it was found that the frequency response of Set 1 is flat in the frequency range of interest
(decrease of 3 dB at 15 Hz), which fully corresponds to the nominal values declared by the
manufacturers. The frequency range of Set 2 was determined from 20 Hz up to 20 kHz. The
same frequency range is declared by the manufacturers. Both recording sets are suitable
for recording the described low-frequency components of vocalizations of the Western
Capercaillie males.

Statistical analysis

We used stepwise discriminant-function analysis (DFA) giving a set of discriminant
functions combining the parameters of the low-frequency components per individual
birds in a way that the signals are assigned to the individuals and thus give a percentage
of correctly classified low-frequency signals (Cornec, Hingrat ¢ Rybak, 2014). We excluded
highly inter-correlated parameters with r > 0.77 (McGarigal, Cushman & Stafford, 2000).
Data entered into the DFA were Z —standardized (mean subtracted from each value and
divided by standard deviation).

A priori probabilities of classification were weighted by the number of the calls per
individual. We used the leave-one-out cross-validation procedure to validate the results of
DFA, where each call was classified by the function derived from all cases but that particular
case (see IBM SPSS Statistics 20). Descriptive statistics presents the means & SD.

RESULTS

The typical display vocalization of the Western Capercaillie contains four phases: Clicks,
Trill, Cork and Whetting (Fig. 1). A series of Clicks represent the most frequent sound
produced during courting. These vocalizations are frequently produced both alone (without
other remaining phase) and as an introductory part of the full display vocalization. In the
latter case, the series of Clicks culminates into the Trill which is formed by a quicker
repetition of Clicks. The Trill is immediately followed by the Cork, sounding like pulling
the cork up of the bottle. The last phase, Whetting, is formed by syllables sounding like a
scraping noise. This harsh, repetitive noisy sound is a long phase with a mean duration of
2.85 £ 0.15s (2.37-3.28).

We found low-frequency harmonically structured signals with a fundamental frequency
0f28.7 = 1.2 Hz (Table 1) and two to five apparent harmonics (Fig. 2). The most intensive
frequency was found on each of the first four harmonic tones, but most frequently on
the second harmonics, as the peak frequency reached 63.5 & 21.9 Hz and the duration
of these signals was 3.13 & 0.16 s. These low-frequency components mostly overlapped
with the Whetting phase in 96% of its duration. Whetting represents the loudest phase
of the display vocalization, thus masking the low frequency. Therefore it was necessary
to increase frequency resolution of the lowest frequency band, i.e., the frequency range
of 0-200 Hz (see Fig. 3) to reveal these components. A smaller part of low-frequency
harmonics overlapped with the Trill phase (10.2%), and the Cork was always included. The
Bonferroni-corrected Kruskal-Wallis test showed significant differences in all measured
acoustic parameters: 16.76 >H (7, N = 108) <64.89; p < 0.002 (Table 1).
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Table1 Descriptive statistics and Kruskal Anova Test (SD) standard error of the mean. (Kruskal-Wallis test) Test of differences among individ-
uals. (Bonferroni correction) P value adjusted acording Bonferroni correction.

Variable correction Mean Min Max SD Kruskal-Wallis p Bonferroni
test H
(7, N =108)
FO (Hz) 28.69 27.0 32.0 1.23 56.47 p<0.001 p<0.001
Peak F (Hz) 63.46 27.0 94.0 21.87 56.00 p<0.001 p<0.001
Low F duration (s) 3.13 2.07 3.52 0.16 47.74 p<0.001 p <0.001
Song duration (s) 6.19 3.98 18.85 2.36 38.27 p<0.001 p <0.001
Trill duration (s) 1.25 0.48 2.33 0.39 32.96 p<0.001 p<0.001
Whetting duration (s) 2.85 2.37 3.28 0.15 64.89 p<0.001 p <0.001
LowE-Trill overlap (%) 28.44 9.04 77.4 11.91 43.88 p<0.001 p<0.001
LowF-Wheet overlap (%) 96.03 87.09 116.56 3.71 16.77 p<0.019 p <0.002

Cork

Cork Cork Tril

Clicks Trill Whetting Clicks Trill  Whetting * Click Whetting

Frequency (kHz)

CO0O0 ===
NBROX®ONM

Figure 2 A spectrogram of the low-frequency part (as delimitated by horizontal yellow lines) of three
subsequent display vocalizations of the Western Capercaillie.
Full-size & DOI: 10.7717/peer;j.9189/fig-2

The resulting DFA model (Wilks’s Lambda = 0.091) included four significant
discriminating variables (p < 0.001): PeakF, Whetting dur, LowF to Trill overlap, LowF to
Whetting overlap. This discrimination model assigns 67.6% display vocalizations (63%,
cross-validated result) correctly to the correct individual in comparison to a probability
of 12.5% according to assignment by chance. The first discrimination function mostly
correlated with PeakF (r = —0.56) and Whetting dur (r = 0.56). With the second
discrimination function, LowF correlated to Trill overlap (r = —0.72). The first two
discrimination functions described 87.1% of variation. The amplitude spectrum of the
low-frequency components shows the individually distinct pattern (Fig. 4).

DISCUSSION

The frequency at 32 Hz in the southern cassowary (Casuarius casuarius) and 23 Hz in the
dwarf cassowary (Casuarius bennetti) (Mack ¢ Jones, 2003) were reported as the lowest
frequency of vocal signals in birds. The occurrence of such low frequencies in the Western
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Figure 3 Amplitude spectrum of the low-frequency component. Increased frequency resolution (red
rectangle) reveals a fundamental frequency of 27 Hz. This fundamental frequency also represents the most
intensive frequency with three harmonic frequencies.
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Figure 4 (A-F) The amplitude spectrum of the low-frequency components shows an individually dis-
tinct pattern in six males. The most intensive frequency may be found in each of the first four harmonic
frequencies.
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Capercaillie (minimum fundamental frequency 26 Hz) is therefore surprising because this
grouse is substantially smaller (up to 6.5 kg) than cassowaries weighting up to 29 kg (Dwarf
Cassowary) or even up to 58 kg (Southern Cassowary).

The conspicuous vocal display of the Western Capercaillie males indicates its significant
function during sexual courtship, probably attracting females. Low frequencies are
favourable for long-distance signalization as longer waves better propagate through
vegetation (Heimann, 2003).
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Another function of low-frequency components in the display vocalizations of
mating males would be signalization of their size, which can indicate fighting ability
(Clutton-Brock & Albon, 1979; Clutton-Brock, Hiraiwa-Hasegawa ¢ Robertson, 1989). Low
frequencies could thus not only be heard by hens over a long distance but also used for
evaluating the male’s quality during mate choice. Individually distinct pattern of these low
frequency components could indicate their influence for sexual selection. It is known that
most females of the Western Capercaillie select the same dominant male (Wiley, 1974). On
the other hand, we recorded birds from a short distance and thus we do not know what is
happening to the signal during propagation over longer distances, when it actually reaches
the female ear from a distance of dozens meters. It has been shown that individually distinct
information can change during signal propagation to a receiver (Budka & Osiejuk, 2014).
By contrast, interactions between males and females on the lek can take at short distance.
Females could be attracted to lek by well heard frequencies of males’ mating calls or another
long-distance signal (e.g., hissing call) from a longer distance. They move toward calling
males on a lek so they usually can hear more than one male during searching mating. After
approaching to calling males at close distance, females could make the choice decisions on
the base of the ques reflecting the quality of male based on low-frequency components. It
has been found that females in captivity preferred to mate with males with a longer calling
activity (Rosenberger et al., 2020). The final female choice at a closer distance could reflect
the tradeoff between finding a high-quality mate and predation risk including energetic
costs from evaluation of several males on lek.

Although hearing in the Western Capercaillie has not been studied, the ability to
hear these low frequencies is probable. Hearing of infrasound has been documented
for homing pigeons (Heffner et al., 2013; Kreithen ¢» Quine, 1979), the domestic chicken
(Hill et al., 2014), and the guinea fowl (Theurich, Langner & Scheich, 1984). While a low
frequency vocalization might be advantageous and increase the fitness of the male Western
Capercaillie, it is apparent that the low-frequency phase correlates with the period of
temporary deafness which is known only during the Whetting phase, which is used by
hunters of this otherwise very shy bird (Bray ¢ Thurlow, 1942). One of the mechanisms
responsible for auditory self-masking is the contraction of the middle ear muscles (Borg ¢
Counter, 1989; Borg & Zakrisson, 1973). We suggest that while it may be advantageous for
communication and making an impression to vocalize in a very low frequency range, the
Western Capercaillie pays with temporary deafness while singing - a deafness which made
it also so popular (not only) among hunters.

Because these low-frequency components temporarily overlap with the Whetting phase,
they are consequently hardly audible. It is possible to hear a growling resonating sound
accompanying the whetting at a closer distance up to three meters. This fact is likely to
cause a long time to escape attention, though the vocalization of the Capercaillie was
studied.

Low frequencies could enable better information transfer and thus may be advantageous
for long-distance signalization as longer waves propagate better through vegetation and
thus enable improved information transfer.
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CONCLUSIONS

This experiment is the first time that such low frequencies were unambiguously proven
in vocalization of birds smaller than cassowaries. We found low-frequency harmonically
structured signals with a fundamental frequency and two to five apparent harmonics.
Although hearing in the Western Capercaillie has not been studied, the ability to hear these
low frequencies is probable. The conspicuous vocal display of males indicates a significant
function during courtship interactions. Low frequencies may be advantageous for long-
distance signalization as longer waves better propagate through vegetation and thus enable
better information transfer. Information gained from the fundamental frequency contour
could be the key parameter used for potential information about male identity during
both male—female and male-male interactions. Indeed, we found a significant distinction
of low-frequency signals among males.
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1 | INTRODUCTION

The fact that individuals differ in consistent ways is a both a cen-
tral attribute of life and one that underlies a number of theoretically
important questions such as explaining cooperative behaviour or
understanding the evolution of sociality (Bradbury & Vehrencamp,
1998; Crowley et al., 1996; Tibbetts, 2004). Such individuality can
also be important in wildlife conservation as well when it is used
to help census or monitor individuals based on individually distinc-
tive traits (Blumstein et al., 2011; Terry & McGregor, 2002). And,
because, animals may base their decisions on the identity of the
individual with whom they interact or respond to (Godard, 1991;
Wilkinson, 1984), there may be selection to both produce individ-
ually distinctive signals, and selection to discriminate among them
(Tibbetts & Dale, 2007; Wiley, 2013).

Quantification of individual identity (individuality) requires
the assessment of variation in one or more traits between at least
two individuals. For identity signals to function properly, they
should maximize the between-individual variation and minimize
the within-individual variation (Beecher, 1982, 1989). A variety of
identity metrics have proliferated because of recognized biases (e.g.
it is more likely to find similar individuals in larger populations and,
hence, it will be more difficult to discriminate individuals in large
populations or studies involving more individuals). These biases
make the comparison of results among studies unreliable (Beecher,
1989; Mathevon, Koralek, Weldele, Glickman, & Theunissen, 2010).
Additionally, some existing metrics were considered unsuitable for
a particular signal type (Searby & Jouventin, 2004). Nevertheless,
new alternatives were not always thoroughly tested and were not
shown to be superior to the metrics they attempted to replace.
Furthermore, there are methodological problems that result from
the calculation of particular identity metrics, and some studies have
used different equations to calculate the same identity metric. Thus,
somewhat remarkably given its importance, there is no consensus
about how to properly measure identity. As a result, researchers
have generally avoided quantitative comparisons between studies
(Insley, Phillips, & Charrier, 2003). In a few cases, researchers tried
to overcome problems with identity metrics in comparative analyses
by using exactly the same methods across involved species (Beecher,
Medvin, Stoddard, & Loesche, 1986; Lengagne, Lauga, & Jouventin,
1997; Pollard & Blumstein, 2011). Thus, hundreds of isolated stud-
ies have been published on individuality in animal signals but be-
cause they used different metrics there is limited prospect that we
can benefit from the cumulative evidence of these studies. The lack
of a commonly used identity metric is a major impediment towards
understanding the evolution of identity signalling and indeed, the
evolution of individuality.

Here, we review previously developed univariate (quantifying
individuality within a single trait) and multivariate metrics (quan-
tifying individuality across multiple traits) that have been used to
quantify individual identity information in signals and we test their
performance on simulated and empirical datasets. In particular, we

examine the following metrics: F-value, Potential of individual cod-
ing PIC, Beecher's information statistic H, Information capacity Hy,,
and Mutual information MI. We further evaluate the different com-
putational variants found in the literature in case of PIC and H, (see
Table 1 and Supplement 1 for a detailed overview of metrics and
their variants).

We compare the performance of metrics to hypothetical ideal
identity information metric. The main principle of measuring individ-
ual identity in continuous traits is to quantify the ratio of between-
and within-individual variation (Beecher, 1982, 1989; Robisson,
Aubin, & Bremond, 1993; Searby & Jouventin, 2004). Thus, an ideal
individual identity metric should be expressed on a ratio scale with
a meaningful zero value, equivalent to the situation when there is
no between-individual variation. Further, there is no expected upper
limit for individuality. High between- to within-individual variation
ratio indicates easy discrimination of individuals.

The datasets for the assessment of individual identity in dif-
ferent species vary in properties such as the number of individu-
als, the number of samples per individual, the number of variables
measured (i.e. number of individualistic traits) and the covariance
between the multiple variables measured. Hence, we further pro-
pose that an ideal identity metric should be robust or respond
predictably to these dataset parameters to allow meaningful com-
parisons between studies. Therefore, an ideal identity metric: (a)
should not be systematically biased by the sampling effort, that is
there should be no systematic effects of number of individuals and
number of observations per individual in a study on individuality
estimate, and the sampling should ideally only impact on precision
of individuality estimate; and (b) in the multivariate case, it should
well capture the intrinsic multidimensionality of identity signals. In
particular, it should rise with number of meaningful variables be-
cause each of the uncorrelated variables can encode another level
of individual variation. In addition, it should also decrease with
covariance between the variables because increasing covariance
between the variables essentially decreases the number of inde-
pendent variables. For our comparison, we gave the same weight
to all criteria because these are very basic requirements and an
ideal metric should fulfil all of them. In addition, we will list other
potential pros and cons of each metric to provide a comprehensive
evaluation of existing metrics.

We also wished to see if each of two commonly used metrics
(Beecher's information statistic Hy and discrimination score DS)
could be converted to the other metric. We focused only on Hg
and DS metrics. DS has been used in the vast majority of past
studies and DS has been found to correlate well with potentially
unbiased Hg in a previous study (Beecher, 1989). However, the
previous study only tested the relationship between Hg and DS
on datasets with equal number of individuals and observations per
individual, thus, ignoring the known biases associated with DS.
Reliable conversion of DS into potentially unbiased H, could facil-
itate comparative analyses of results reported in past and future
studies.



TABLE 1 Overview of the identity metrics and their variants

Metric

Univariate Metrics

ANOVA F-value (F);

Potential of individual
coding (PIC);

Beecher's information
statistic (H)

Multivariate Metrics

Beecher's information
statistic (H)

Information capacity
(Hp)

Discrimination score
(DS)

Mutual information
(M)

Metric variant and equation

F= MS,
MS,,
CV,
PI C = beetweentot
beetweentot cv,,
_ CVieer
Plcbeetweenmeans - ecu\l/eenmans
w
_ F+ny—1
HSntot - |0g2 nt:t
F+n -1
_ 'groups
HSngroups - |0g2 Neroups
F+n -1
_ pergroup
HSnpergroup - |0g2 Moergroun

= o
HSvarcomp - |0g2 ow

HSnpergroup = |0g2 I
pergroup

_ Fy+n-1
HM—|082\/d—

F _n-1 M isttrlg*distw
M= " 7 dist,

_c
DS=¢

_ pli)
Mi= ,z} 1982 200

F+ Npergroup—1

Description

F from one-way ANOVA where the individual is treated
as independent variable and trait as dependent variable;
MS, = between group mean squares; MS, = within group
mean squares

CVetweentot = PetWeen-individual coefficient of variation calcu-
lated from all data points; CV,, = within-individual coefficient
of variation

CV, etweenmeans = Petween-individual coefficient of variation
calculated with means from each individual; CV,, = within-in-
dividual coefficient of variation

F = ANOVA F-value; n,, = total sample size

F = ANOVA F-value; n = number of groups (individuals)

groups

F = ANOVA F-value; Npergroup = number of samples in each
group (observations per individual)

o7 = total variance in mixed model; o,y = residual variance as-
sociated with random factor in mixed model

F = ANOVA F-value; M © number of samples in each
group (observations per individual); original variables are
subjected to PCA to get uncorrelated components and Hg is
calculated and summed over each independent component

dist, = sum of distances of all samples from their centroid;
dist,, = sum of distances of samples within individual to its
centroid; n = number of observations; g§ = number of groups;

C = samples correctly classified by Discriminant analysis;
N = total number of samples

p(i) = probability of predicted individual; p(j) = probability of
actual individual; p(i,j) = probability of match between pre-
dicted and actual individual

Reference

e.g. Miller (1978)

e.g. Robisson et al. (1993)

e.g. Lein (2008)

Possible variant from Beecher (1989)
possible variant from Beecher (1989);
e.g. Pollard, Blumstein, & Griffin (2010)

possible variant from Beecher (1989)

Beecher (1989); Carter, et al. (2012)

Beecher (1989)

Searby and Jouventin (2004)

e.g. Hafner et al. (1979)

Mathevon et al. (2010)

IDmeasurer function

calcF

calcPICbetweentot

calcPICbetweenmeans

calcHSntot

calcHSngroups

calcHSnpergroup

calcHSvarcomp

calcHSnpergroup

calcHM

calcDS

calcMI
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2 | MATERIALS AND METHODS

We used Rr for simulations and statistical analysis (R Core Team,
2012). Functions to calculate identity metrics, associated functions
and datasets are available within an IDMEAsURER package. This pack-
age is available on CRAN (https://cran.r-project.org/web/packages/
IDmeasurer/index.html) and GitHub (https://github.com/pygmy83/
IDmeasurer).

2.1 | Datasets

2.1.1 | Simulated datasets

Datasets were constructed to mimic typical data on individuality
(Figure 1). Parameters of datasets vary among studies. In particular,
there are different numbers of individuals, observations (samples)
per individual, variables and different covariances among variables.
Effect of these parameters was simulated along with individuality
within datasets. The level of individual identity in data was modified
by changing the ratio of between- and within-individual variance
in accordance with theoretical assumptions of individual identity
signals and previous studies (Beecher, 1989; Searby & Jouventin,
2004). We developed r scripts involving “rnorm” and mass package
(Venables & Ripley, 2002) “mvrnorm” function to generate the data-
sets. These functions generate random values with a given standard
deviation around pre-specified mean and, in “mvrnorm”, with pre-
specified covariance.

We constructed datasets with univariate and multivariate nor-
mal distributions with parameters covering a wide range of values,
specifically, five values for individuality (id = 0.01, 1, 2.5, 5 and
10), five values for number of observations per individual (o = 4,
8, 12, 16 and 20), eight values for number of individuals (i = 5, 10,
15, 20, 25, 30, 35 and 40). Additionally, for multivariate datasets,
five values for covariance among variables (cov = 0, 0.25, 0.5, 0.75
and 1) and five values for number of variables (p = 2, 4, 6, 8 and
10). Thus, 200 and 5,000 unique parameter combinations were
possible in case of univariate and multivariate datasets respec-
tively. Individuality (id) represents the ratio of standard deviations

Individuality (id) = 0.01; Hg = —0.05

Individuality (id) = 3.00; Hg = 3.46

/5D
was calculated from means for each individual and SD
to be SD
used in the variance-covariance matrix to define covariances be-

between and within individuals (id = SD SD, ciween

was set

between within®
within
between/ 1d) (Figure 1). A single covariance (cov) value was
tween all pairs of variables. For univariate datasets, we first gen-
erated individual means for a pre-defined number of individuals
between 1)
and then we generated a pre-defined number of random obser-

(normal distribution, “rnorm” function, M = 1,000, SD

vations “0” around each individual mean (normal distribution,
=SD

dividuality “id"”). In the multivariate case, we first created a matrix

« » . o -
rnorm” function, mean = individual mean, SD between/ N

within
representing mean individual values of variables for each of the
individuals (multivariate normal distribution, “mvrnorm” function,
mean for each variable = O, variance-covariance matrix). Variances
on the diagonal of the covariance matrix were set equal to 1 (hence

SDbetween
equal to the pre-defined covariance “cov”. Then, we generated a

= 1) and all covariances between variable pairs were set
pre-defined number of random observations “0” around each in-
dividual and a variable mean (“rnorm” function, mean = individual
=SD /individuality “id").

We asked how dataset parameters (i, o, p, cov, id) influenced the

mean, sD between

within
value of each identity metric. To explore this, 20 randomization cy-
cles were run for each unique combination of parameter values. For
example, in the multivariate case, 20 * 5,000 = 100,000 independent
datasets were generated (datasets 1-20:i=5,0=4,p =2, cov =0,
id = 0.01; datasets 21-40:i=10,0=4,p =2, cov =0, id = 0.01; ..;
datasets 99,981-100,000: i = 40, o = 20, p = 10, cov = 1, id = 10).
Identity metrics were calculated for each dataset.

2.1.2 | Empirical datasets

While the general performance of identity metrics was evaluated
on simulated datasets, empirical datasets were used to evaluate the
consistency of DS and Hg metrics and reliability of Hg and DS conver-
sion on real data. We used six empirical datasets from four different
species: little owls Athene noctua (ANmodulation, ANspec) (Linhart
& Salek, 2017), corncrake Crex crex (CCformants, CCspec) (Budka
& Osiejuk, 2013), yellow-breasted boubous Laniarius atroflavus

Individuality (id) = 10.00; Hg = 6.63

o
N + + +
o
21 LA L N k1
S o %® 4 of o +% a4 4aa ~ %
] x 4, % X o 2 850w
8 oA + X ® oJ x X 5 ° %
o + A+ + + x = © X (] 4
(>° [ °4p An © o ¥x x = o
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FIGURE 1 |lllustration of three artificial multivariate datasets that differ only in the individuality used to generate datasets. Settings for

the function generating these datasets:i=5,0=10,p =2,cov =0, id =0.01, 3and 10
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ANmodulation; Hg = 3.39

ANspec; Hg = 4.61
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FIGURE 2 lllustration of empirical datasets. Five individuals were randomly sampled from each dataset of 33 individuals and all 10 calls

per individual were selected. H, for a full dataset is shown. Data were centred and scaled and subjected to PCA. The first two Principal

Components are plotted

(LAhighweewoo) (Osiejuk et al. unpubl. data) and domestic pigs Sus
scrofa (SSgrunts) (Syrova, Policht, Linhart, & Spinka, 2017) (Figure 2).
In two species - corncrakes and little owls - calls were described
by two different sets of variables. In little owls, we described calls
by frequency modulation by measuring fundamental frequency at
10 measuring points evenly spread through the duration of the call
(ANmodulation) or parameters describing the distribution of the fre-
quency spectrum such as peak frequency, minimum and maximum
frequencies and frequencies dividing spectrum by energy content
(ANspec). In corncrakes, we used formants (CCformants) and pa-
rameters describing the distribution of the frequency spectrum
(CCspec) (see the Supplement 2 for detail description of empirical
datasets). Because datasets varied with respect to the number of in-
dividuals (33-100) and the number of calls per individual available
(10-20), we scaled all datasets down to lowest common denomina-
tor by randomly selecting individuals and calls from bigger datasets.
Eventually, each dataset had 33 individuals and 10 calls per indi-
vidual. Each dataset also used different numbers of variables to de-
scribe the calls’ acoustic structure (ANmodulation = 11, ANspec = 7,
CCformants =4, CCspec = 7, LAhighweewoo = 7, SSgrunts = 10). In all
these empirical datasets, assumptions of multivariate normality were
tested (Korkmaz, Goksuluk, & Zararsiz, 2014), but not met. We found
various issues on the level of univariate variables and the whole data-
set. For instance, there were issues with outliers, skewness, kurtosis
and multimodal distributions (see Supplement 2 for univariate histo-
grams and multivariate Chi-square Q-Q plots). Normality issues are
common for research studies on acoustic individual identity. Authors

deal with normality issues by eliminating problematic variables (e.g.
Couchoux & Dabelsteen, 2015), using nonparametric classification
methods (e.g. Mielke & Zuberbuehler, 2013), or by relying on robust-
ness of cross-validated DFA and Principle Component Analysis (PCA)
towards relaxed assumptions (e.g. Mathevon et al., 2010). We used
the last approach. If the assumptions of discriminant analysis that
are not met the results should be less stable when using different
sampling and hence our results should be viewed as conservative.

2.2 | Statistical analysis

The relationship between a given identity metric and each of the
parameters was assessed graphically by plotting the mean value
and the 95% confidence intervals of an identity metric against
all of the modelled data parameters separately. We then used
a one-way ANOVA to test whether an identity metric was con-
stant across all levels of a parameter. One-way ANOVA along with
graphical evaluation of relationships between metrics and model
parameters was preferred over multivariate regression because it
simply, but adequately, addresses our main question (i.e. does the
metric change in response to model parameter?) without the need
to specify and compare many different multivariate regression
models. If we found significant differences, we followed up these
with post-hoc Tukey tests to identify which parameter levels dif-
fered. Due to the large number of comparisons, we only reported
comparisons of neighbouring parameter levels. We used linear and
nonparametric loess regression to convert H, to DS and vice versa.
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Loess regression identifies a function that best describes complex
data by fitting simple models to sequential subsets of data. Its
main advantage is that it does not require specifications of the
function and, hence, it is suitable for modelling of complex rela-
tionships. Loess regression included the number of individuals and
the number of observations per individual as additional predictors.
We used Spearman correlation coefficients to quantify between-
metric consistency of ranking individuality in datasets. Pearson
correlations were used to assess consistency within identity met-
rics in full and partial datasets. We then used Friedman tests, fol-
lowed by a series of Wilcoxon tests (for post-hoc comparison of
differences between levels), to compare correlation coefficients
obtained for each pair of the metrics.

3 | RESULTS

The comparison of available univariate and multivariate metrics to
an ideal metric is shown in Table 2.

3.1 | Univariate metrics

All explored univariate metrics increased with increasing individual-
PIC
estimates were independent of the number of obser-

ity in the data. However, only PIC
and H
vations and the number of individuals used to calculate the metric

betweentot’ betweenmeans’ HSnpergroup

Svarcomp

(Figure 3). These general patterns were qualitatively identical when
all simulated data were pooled or if only one of the parameters
(number of observations, number of individuals, individuality) was
changed at a time and the others were kept constant at the middle
value (see Supplement 3 for detailed results including ANOVA tests).

All  four sampling-independent  metrics  (PIC,, centorr
PICbetweenmeans' HSnpergroup and HSvarcomp) were hlghly correlated
(Spearman correlation, all r > 0.99). HSnpergroup and HSVMOmp correctly

converged to O in the case when individuality was set to be negligible
(id = 0.01), while PIC, ;. centot 2Nd PIC, .t veenmeans
values (1.01 and 0.32 respectively). PIC, ;. centot
of potential individual signatures within a population in same way as
2Hs does (Beecher, 1989), and, both, PIC
the ratio of between- to within-individual variation. Hence, conver-

converged to higher
reflects the number

H
betweentot and 2" swerzowe reflect

gence of PIC to 1 could be also seen as desirable quality

betweentot

and meaningful value for a signal with no individuality. H was

Svarcomp

equalto 2 * H (see Supplement 4 for details). We further

Snpergroup

considered only the H variant in multivariate analyses.

Snpergroup

3.2 | Multivariate metrics

The performance of multivariate identity metrics is illustrated in
Figure 4. All metrics increased with increasing individuality. DS, Hg
and Ml increased with increasing number of variables available and
decreased with increasing covariance between variables. Only H,,
did not change in response to increasing the number of individuals.

Hg and H,, did not change in response to increasing the number of
observations per individual. These general patterns were qualita-
tively identical when all simulated data were pooled or if only one
dataset parameter was changed at a time and others were kept con-
stant at the middle value (see Supplement 5 for detailed results in-
cluding ANOVA tests).

Despite the different response of metrics to some of the simu-
lated parameters, there was still moderate to high agreement among
metrics about identity content in the data (Spearman correlations,
mean r £ SD = 0.82 + 0.07; minimum r = 0.71 for correlation be-
tween DS and MI; maximum r = 0.95 for correlation between DS
and Hy). Hq had the greatest correlations with other metrics (average
R = 0.88). We found no advantage to using H,, over Hq as previously
suggested. Instead, H,, was equal to H per variable (H,, = Hs/p) in
data with zero covariance between variables. (Supplement 6).

Thus, our simulations show that Hg matched the characteristics
of the ideal metric in 6/7 cases, followed by H,, (5/7), DS (4/7) and
Ml (both 3/7) (Table 1).

3.3 | Potential for removing bias in H

We observed no significant association between H and the number
of individuals in the univariate case, so we investigated the origin of
the sampling bias in the multivariate case. This bias was only present
when data were subjected to PCA. However, PCA is required to cre-
ate uncorrelated components for H calculation.

It is possible that the more variables measured, the more individ-
uals need to be sampled in order to reduce this bias. We therefore
fixed the number of variables to 5, 10 and 20 (p = 5, 10, 20) and var-
ied the ratio of the number of individuals to the number of variables
“i to p ratio” from 0.5 to 5 (“i to p ratio” = 0.5, 1, 1.5, 2, 3, 5) by using
different numbers of individuals in our simulations (i = 3, 5, 8, 10, 15,
20, 25, 30, 40, 50, 60, 100 depending on number of variables and “i
to p ratio”). The number of observations per individual was set to 10.
Individuality and covariance were both chosen randomly in each it-
eration from pre-defined intervals used in the earlier simulations (co-
variance range = [0, 0.25, 0.5, 0.75, 1]; individuality range = [0.01, 1,
2.5, 5, 10]). We used 100 iterations for each “i to p ratio”. Hg did not
rise significantly after the number of individuals reached at least the
number of parameters (One-way ANOVA F5,1794 =7.68, p < 0.001;
no significant differences between levels if “i to p” 2 1, all p > 0.132)
(Figure 5).

3.4 | Converting DS to H and vice versa

We used simple linear regression and non-parametric loess regres-
sion to estimate Hg based on DS and vice versa. There was a previ-
ously suggested linear relationship that had a limit of H; = 8 where
the DS values were 100% correct discrimination (Beecher, 1989).
Because the H; values in our original simulated datasets far ex-
ceeded 8, we generated a new set of simulated datasets with indi-
viduality ranging between 0.1 and 2 (id = 0.1, 0.25, 0.5,0.75, 1, 1.33,



TABLE 2 The comparison of available univariate and multivariate metrics to a hypothetical ideal metric and summary of their pros and cons. We summed the number of matches (points) to

compare different metrics to the ideal metric

Zero Limit id
Univariate metrics
Ideal y n +
F y n +
PICbetweentot Y n v
PICbetweenmeans n n +
HSntot Y n i
HSnpergroup \ n +
HSngroups Y n i
HSvarcomp \ n +
Multivariate metrics
Ideal y n +
DS n y +
Hg y n +
Hy y n +
Mi n y +

Abbreviations: zero, metric has a meaningful zero; limit, metric is limited from the top by an asymptote; id, change in response to increasing identity information in data; cov, response to increasing covari-

cov

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

ns

Points

5/5

4/5

5/5

4/5

4/5
5/5
3/5
5/5

7/7
3/7

6/7

5/7

3/7

Pros

Intuitive and straightforward calculation; allows
separate assessment of within- and between-in-
dividual variation

Standard variant of HS; univariate and multivariate

Allows including various covariates in mixed
models

Population and individual metric; the most com-
monly used metric

Univariate and multivariate; partial sample
dependance is introduced by PCA but can be to
large extent eliminated; biologically meaningful -
provides number of unique individual signatures
within population; good theoretical framework
for both discrete and continuous individuality
traits

Sample independent; various types of similar-
ity metrics can be potentially used (euclidean
distances, Jaccard similarity, string edit distance,
dynamic time warping, etc.)

Could be applied with various classification
methods

Cons

Sample dependent

Not meaningful for variables with positive and
negative values; cannot be summed or aver-
aged over different variables = univariate only

Converges to non-meaningful value for no
individuality in data

Sample dependent; incorrect HS variant

Sample dependent; incorrect HS variant

Values twice as big as in case of standard
HSnpergroup

Sample dependent; not suitable for high indi-
viduality signals because values are limited
from the top

Partially sample dependent

Number of independent variables needs to be
known to calculate total identity information

Sample dependent; not suitable for high indi-
viduality signals because values are limited
from the top

ance between variables; p, response to increasing number of variables; o, response to increasing number of observations per individual; I, response to increasing number of individuals; y, yes; n, no; +,

increase; —, decrease; ns, not significant, does not change with a parameter.
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FIGURE 3 Variation in univariate
identity metrics in response to simulated
dataset parameters: individuality, number
of observations per individual and number
of individuals. Means and 95% confidence
intervals are shown. Graphs were plotted
using all simulated univariate data pooled
together. For the graphs with only a

single parameter changing at a time see
Supplement 3
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see Supplement 4

1.66, 2), covariance set to zero (cov = 0), number of iterations was
reduced to 10 (it = 10), and other parameters were set as in previous
models (p = 2,4, 6, 8,10;i=5, 10, 15, 20, 25, 30, 35,40;0=4, 8,12,
16, 20). These settings led to H, values up to about 13 for data used
for model building, and H values up to about 14 in the case of data
used for model testing. These values are much closer to 8 and also
much closer to H values reported from nature.

Loess models took into account the number of observations per
individual and the number of individuals. We compared the loess
conversion and linear conversion models of DS and H.. In general,
loess estimates were closer to the ideal prediction (intercept = 0O,
beta = 1) and the loess model reduced the error of both DS and Hg
estimates to about a half compared to linear estimates (Figure 6).
Both Hg estimates were underestimated for high values of H,. The
ceiling value is clearly apparent for linear estimates of Hg. It is still
visible in the case of loess estimates but loess predictions remain
reasonably good up to about H, = 10.

3.5 | Correlations between calculated and
estimated metrics

We were further interested in how H, and DS

H, and DS of a particular sample of individuals or Hg , and DS, of

st Might represent
the whole population. For this purpose, we first generated 50 full
datasets with different identity levels representing 50 hypothetical
populations of different species. Each dataset comprised 40 indi-
viduals, 20 calls per individual and 10 parameters. For these data-
sets, individuality was set randomly ranging between 0.2 and 2 (0.1
increments), and the covariance was set randomly ranging between
0.2 and 0.8 (0.1 increments). These settings generated datasets with
Hgp, values that ranged from 0.22 to 9.89 (M £ SD: 4.72 + 2.95).
Then, we repeatedly subsampled full datasets to get partial datasets
which simulated different sampling of the population. We subsam-
pled 5-40 individuals and 4-20 calls per individual per dataset in
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FIGURE 5 Hgand “ito p ratio” (number of individuals/ number
of variables). H was understimated if there were fewer individuals
than variables. Means and 95% confidence intervals are shown

each of total 20 iterations. We also repeatedly subsampled our em-
pirical datasets. We subsampled 5-33 individuals and 4-10 calls per
individual per dataset in each of total 20 iterations. The number of
parameters was not randomized - we always kept the original num-
ber of variables.

In simulated datasets, H; and H_,, were correlated almost per-

Sest
fectly with each other and with H , (all average Pearson r > 0.97).
There was no difference among the correlation coefficients from

correlations between H . Hg and Hg,, (Friedman Chi Square = 3.6,

p = 0.165). In empirical datasets, H; calculated on partial datasets
still reflected the Hg,, almost perfectly (average Pearson r = 0.99).
While Hg,,
and H , (average Pearson r = 0.88) slightly worse, it remained a rea-

reflected H, of partial dataset (average Pearson r = 0.90)

sonable fit. However, Hg, did not reflect H, , as precisely as it did
H, (Friedman Chi Square = 33.6, p < 0.001, post-hoc test: H¢ - Heg
sest - Hsguyp P < 0.001).

DS in simulated datasets was almost perfectly correlated
with DS__, (average Pearson r = 0.99). Although the relationship
between DS in full datasets (DS;,,) and DS and DS,
cantly worse (Friedman Chi Square = 40.0, p < 0.001; both post-
hoc tests: p < 0.005), these associations remained strong (DS,

and DS: average Pearsonr=0.95; DS, and DS_,: average Pearson

vs. H

was signifi-

r = 0.96). In empirical datasets, the correlation between DS and
DS, was lower than in case of artificial datasets (average Pearson
r=0.91). DS and DS,
tions to DS, (DS, and DS: average Pearson r = 0.88; DS, and
DS,,: average Pearson r = 0.86). Thus, the performance of DS and
DS, to reflect each other or DS, did not differ (Friedman Chi
Square = 0.9, p = 0.638).

of partial datasets had comparable correla-

4 | DISCUSSION

We provided an overview of the metrics used to quantify indi-
vidual identity in animal signals in order to identify the best
method for reporting individuality in animal signals. Biases as-
sociated with some of the commonly used metrics, and the use
of different metrics across studies, make it difficult to compare
results and integrate the accumulated knowledge from the nu-
merous published studies on individual identity in animal signals.

FIGURE 6 Estimation of H; and DS
based on linear and loess transformation
of DS and H, respectively for datasets
with Hg up to 14.4. Linear DS estimation:

DS (linear estimate)
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DS (loess estimate)
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Intercept = 0.07, Beta = 0.83, R = 0.83, | ,

Standard Error of Estimate (SEE) = 0.12, 00 02 04

95% Prediction interval = predicted
value £ 0.23; DS loess estimation:

06 08 1.0

5

Intercept = 0.01, Beta = 0.98, R? = 0.97, 2
Standard Error of Estimate (SEE) = 0.05,
95% Prediction interval = predicted
value + 0.10. Linear H estimation:
Intercept = 0.51, Beta = 0.83, R? = 0.83,
Standard Error of Estimate (SEE) = 1.14,
95% Prediction interval = predicted
value £ 2.24; HS loess estimation:
Intercept = 0.11, Beta = 0.98, R? = 0.95,
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|
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5
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Standard Error of Estimate (SEE) = 0.64,
95% Prediction interval = predicted 0
value £1.26
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We show that the assessment of individual identity is relatively
straightforward when considering a single trait (univariate case).
Both, PIC (PIC and Hg (H
expectations. Multivariate identity metrics based on direct quan-

performed according to

hetweentot) Snpergroup)

tification of between- to within-individual variation ratios (Hg, H,,)
performed better than the metrics derived from discrimination
of individuals (DS, MI). We confirmed sampling-associated biases
where they were reported previously (DS), but we found them
even in metrics that had been developed to overcome these biases
(Hs, MI). We also described yet unrecognized issues (the need to
assess dimensionality for H, to quantify the total individuality of
a signal). We further found that some metrics created values that
were so close that they could be viewed as redundant (PIC and
Hg; Hy, and H,) and using them simultaneously brings unnecessary
confusion to the field.

Based on our review and systematic analysis, we suggest Hg
should be routinely reported as the standard individual identity met-
ric because it performed closest to an ideal identity metric in the
univariate, as well as in the multivariate case. The partial bias in Hg
caused by the number of individuals in a study could be removed
by having at least the same number of individuals as the number of
variables. Hg was the most consistent metric and correlated the best
with DS and other identity metrics. Further, Hg could be converted
reliably into DS if needed.

The robustness of H,, towards sampling bias (number of indi-
viduals, number of observations, as well as the number of variables
and covariance) is an attractive feature. However, as we show, H,,
quantifies identity information per variable and not the identity in-
formation of the entire signal. It is necessary to know the effective
number of variables to calculate the total identity information of a
signal (i.e. if there is perfect covariance between the variables, the
effective number of variables is 1 no matter how many variables are
used), which may be difficult to assess. On the other hand, H,, uses
distances (similarity scores) of samples to calculate individuality and,
hence, it could be potentially used not just with Euclidean distances
(Searby & Jouventin, 2004, this study) but also together with other
various methods assessing similarity (e.g. cross-correlation, dynamic
time warping or string edit distances).

Mutual information (M) is derived from a confusion matrix of dis-
crimination analysis and we show it has similar shortcomings as dis-
crimination scores. Our results that found systematic biases in Ml are
in line with previous studies that investigated measures of clustering
for various machine learning purposes where potentially unbiased
variants of Ml are constantly searched for (e.g. Amelio & Pizzuti, 2017).

4.1 | ldentity metrics in comparative analyses

We show that biases associated with DS (the most often used met-
ric) and Hg (the best metric) are not necessarily fatal for compari-
sons of different published studies because Hg and DS values that
are based on an entire population or subsamples from a popula-
tion were well correlated in both simulated and empirical datasets.

Additionally, the conversion of sample-biased DS values into less-
biased H; values could allow better comparisons between studies.
Both H, and H,, values were previously found to correlate well with
DS (Beecher, 1989; Searby & Jouventin, 2004). We extend previous
findings for H, (Beecher, 1989) to situations with unequal sampling
and we show it is possible to convert between Hg and DS with an
acceptable amount of error even when datasets differ in the num-
ber of individuals and observations per individual, and have impor-
tant issues associated with multivariate normality (Supplement 2).
Discriminant analysis (DA) and Principal component analysis (PCA)
used for DS and H, calculations both assume multivariate normality
for optimal results. While using these methods with non-normal data
cannot be, in general, recommended, relatively high correlations be-
tween our metrics in empirical datasets suggest that DA and PCA
scores were quite robust to these normality issues. Discrimination
and dimensionality reduction analytical techniques that are able to
handle normal and non-normal data definitely need to be considered
in future individual identity studies.

4.2 | Future individual identity metrics

We hope that our study will stimulate further discussions about how
individual identity should be properly measured. Although we sug-
gest that H should be generally used to quantify individuality, dif-
ferent metrics or more complex approaches might be required for
particular interesting questions. For example, H¢ can only provide
a population estimate of individual identity. Researchers might be
interested in whether distinctiveness of individuals increases dur-
ing ontogeny (Syrova et al., 2017). In this case, discrimination scores
can be reported for each individual, thus making statistical evalu-
ation possible. Furthermore, separate assessments of within- and
between-individual variations when calculating PIC might be use-
ful to test hypotheses about which of the two has been selected
for. Within-individual variation could be reduced by, for example,
ritualized behaviour while between-individual variation could be in-
creased through, for example, morphological variation in structures
producing or carrying the signal (e.g. Sheehan & Nachman, 2014).
The dimensionality of identity signals might be an important factor
for recognition processes (Trunk, 1979) and evolution could favour
low dimensional signals. Paralleling the distribution of individuals in
space (territoriality, living in colonies), individual signatures within
a population, too, could have random, clumped, or regular distribu-
tions depending on the mechanisms behind individual distinctive-
ness and the degree of plasticity of identity signals.

We evaluated the efficacy of all metrics within the acoustic mo-
dality only. It is increasingly recognized that signals employ multiple
modalities (Partan, 2013; Partan & Marler, 1999). All of the identity
metrics discussed here could be, in principal, used in visual or chem-
ical domains as well. Hg has an advantage that it could be used both
for discrete traits, such as colour variants, presence of particular al-
leles or chemicals, and for continuous traits such as size of visual pat-
terns, duration of calls, etc. (Beecher, 1982, 1989). However, identity
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information outside the acoustic domain has been rarely quantified
and meaningful comparison of individual identity across modalities
remains a challenge for the future.

It is likely that automatic data collection and analysis techniques
will be increasingly applied for various recognition tasks, including
individual recognition (Elie & Theunissen, 2018; Stowell, Petruskova,
Salek, & Linhart, 2019). While these methods will allow studying
individual identity signalling on unprecedented scales and sample
sizes, the resulting classification accuracy scores will be analogous
to the discrimination score, with similar positives and drawbacks.
However, many different feature sets, pre-defined or automatically
derived from data, as well as many different classification methods
could be combined to test for the robustness of identity signals and/
or to mimic and test for different alternatives of possible real recog-
nition processes (Elie & Theunissen, 2018).

5 | CONCLUSION

We suggest that, at the current state of knowledge and methodol-
ogy development, H should be generally reported as the “golden
standard” individual identity metric to allow the best comparison
of individuality in signals across different studies. Given that Hg
may not be sufficient in all cases, we encourage further research
to develop new metrics to quantify identity information in signals.
However, new metrics should always be appropriately assessed and
their performance directly compared to the best existing metrics.
We provide datasets and scripts that should help to assess individ-
ual identity information in animal signals and benchmark the future
metrics.
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ABSTRACT

Non-vocal, or unvoiced, signals surprisingly have received very little attention until
recently especially when compared to other acoustic signals. Some sounds made by
terrestrial vertebrates are produced not only by the larynx but also by the syrinx.
Furthermore, some birds are known to produce several types of non-syrinx sounds.
Besides mechanical sounds produced by feathers, bills and/or wings, sounds can be
also produced by constriction, anywhere along the pathway from the lungs to the lips
or nostrils (in mammals), or to the bill (in birds), resulting in turbulent, aerodynamic
sounds. These noises often emulate whispering, snorting or hissing. Even though
hissing sounds have been studied in mammals and reptiles, only a few studies have
analyzed hissing sounds in birds. Presently, only the hissing of small, nesting passerines
as a defense against their respective predators have been studied. We studied hissing
in domestic goose. This bird represents a ground nesting non-passerine bird which
frequently produces hissing out of the nest in comparison to passerines producing
hissing during nesting in holes e.g., parids. Compared to vocally produced alarm calls,
almost nothing is known about how non-vocal hissing sounds potentially encode
information about a caller’s identity. Therefore, we aimed to test whether non-vocal
air expirations can encode an individual’s identity similar to those sounds generated
by the syrinx or the larynx. We analyzed 217 hissing sounds from 22 individual geese.
We calculated the Potential for Individual Coding (PIC) comparing the coefficient of
variation both within and among individuals. In addition, we conducted a series of 15 a
Submitted 16 September 2019 stepwise discriminant function analysis (DFA) models. All 16 acoustic variables showed
Accepted 26 September 2020 . . .. N
Published 24 November 2020 a higher coefficient of variation among individuals. Twelve DFA models revealed 51.2—
54.4% classification result (cross-validated output) and all 15 models showed 60.8—
68.2% classification output based on conventional DFA in comparison to a 4.5%
success rate when classification by chance. This indicates the stability of the DFA results
even when using different combinations of variables. Our findings showed that an
individual’s identity could be encoded with respect to the energy distribution at the
beginning of a signal and the lowest frequencies. Body weight did not influence an
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INTRODUCTION

Vocalizations in terrestrial tetrapods are usually generated by vibrations in a specialized
vocal organ, the syrinx or the larynx. Sublaryngeal/subsyringeal pressure from the lungs
activates laryngeal vocal folds to generate a fundamental sound, which is then filtered
by the upper vocal tract (Squire, 2009). The latter comprises the trachea, the pharynx
and associated nasal and buccal cavities, with the adjunction of air sacs in some species
(Favaro et al., 2015; Fitch ¢ Hauser, 2002; Fletcher, 1993). This represents most studied
systems, but sounds of terrestrial vertebrates are not only produced in the larynx or syrinx.
Several avian species are known to produce non-syrinx sounds, which can be produced by
instrumental feathers (Murray, Zeil & Magrath, 2017), beak drumming (Budka et al., 2018;
Dodenhoff, Stark ¢ Johnson, 2001), wings beating (Garcia et al., 2012; O’Neil, Charrier ¢
Iwaniuk, 2018), the rattling of mandibles (Eda-Fujiwara et al., 2004), step dances (Ota,
Gahr & Soma, 2017) or else, by using tools (Heinsohn et al., 2017).

Besides these emissions, sounds can be produced by constriction, anywhere along the
pathway from the lungs to the lips or nostrils (in mammals), or to the bill (in birds),
resulting in turbulent, aerodynamic sounds (Fitch & Hauser, 2002). As of late, non-vocal,
or unvoiced, signals have surprisingly received very little attention in comparison to other
acoustic signals (Budka et al., 2018; Stomp et al., 2018a). The production mechanism of
hissing has been studied in the domestic goose (Brackenbury, 1978). The sound is produced
during a long expiration, lasts for many seconds and is preceded by a deep inspiration.
Air sac pressure and flow rate reach an intermediate level, somewhere between normal
breathing and vocalization. By comparing maximum pressure and flow excursions during
an inspiration and expiration, it has been shown that hissing is caused by a stream of
expiratory air escaping from the constricted glottis (Brackenbury, 1978). In terrestrial
animals such signals are used by reptiles and mammals: snakes (Aubret & Mangin, 2014),
lizards (Labra et al., 2007), crocodiles (Vergne, Pritz ¢ Mathevon, 2009), turtles (Fitch ¢
Hauser, 2002), rhinos (Policht et al., 2008), horses (Stomp et al., 2018a; Stomp et al., 2018b),
giraffes (Volodina et al., 2018), llamas (Fitch & Hauser, 2002), both house and feral cats
(Yeon et al., 2011), tigers (Rose et al., 2018), cheetahs (Smirnova et al., 2016), sloths (Fitch
& Hauser, 2002), dasyurids (Dorph & McDonald, 2017) and number of invertebrates
as well, e.g., cockroaches (Hunsinger et al., 2018), beetles (Lewis & Cane, 1990), sphinx
caterpillars (Dookie et al., 2017), Bombycoidea caterpillars (Bura, Kawahara & Yack, 2016),
honeybees (Sarma et al., 2002), mantids (Hill, 2007). Even though hissing has been studied
in mammals and reptiles, only few studies have been conducted in birds, mostly in the
context of parental behavior in avian species nesting in cavities or burrows. Although
hissing outside the nest is common in some ground-dwelling, non-passerines, like geese
and swans, we are unaware of studies that tested hissing produced by adult birds that do
not nest in cavities.

Geese and swans often protect their territories and have been known to violently chase
away all intruders, birds or other animals alike, including approaching humans. Both
offspring and adults can easily be caught by a predator on the ground. After producing a
warning hiss, they usually attack with flapping wings and biting (Lorenz, 1963; Rosiriski,
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1986). The production of a sudden, intense sound during such an event can deter or surprise
a potential predator, but there could be other functions, e.g., to attract conspecifics for
pair or collective defense, or to warn other conspecifics. In any such case, hissing sounds
may contain information about social structures (e.g., group or pair membership) or an
individual’s identity.

Previous studies have shown the following functions of animal hissing: fear expression
(Kinstler, 2009), to deter a predator (Broughton, 2005; Krams et al., 2014; Labra et al., 2007;
Morley, 1953; Zub et al., 2017), acoustic mimicry (Aubret & Mangin, 2014), aggressive
interactions between conspecifics (Policht et al., 2008; Rose et al., 2018; Smirnova et al.,
2016) or during vigilance (Volodina et al., 2018). These sounds occur predominantly in
dangerous situations, although it was also found to be a positive exhibition in horses (Stormp
et al., 2018a; Stomp et al., 2018D).

Recognition of individuals during dangerous situations can be adaptive when signals
provide additional important information e.g., relevancy of a threat or its urgency. For
example, the calling of younger, inexperienced individuals can be less relevant than
those from more experienced adults (Nakano et al., 2013; Sloan ¢ Hare, 2008). Similarly,
recognition of hissing mates in dangerous situations could increase the probability of their
surviving via a more efficient anti-predator response. In comparison to vocally produced
alarm calls, almost nothing is known whether non-vocal hissing sounds potentially encode
information about the caller’s identity. Even though individual expressions within the
vocalizations of birds have been intensively studied, the majority of studies have been
devoted to the sounds produced by the syrinx. Such studies of non-syrinx vocalizations
remain scarce, with little being known about their sound production mechanisms or
their biological functions, including within and between-individual variation (Budka et al.,
2018). The extent to which an individual’s variation occurs in turbulent sound like hissing
has not, however, been tested. In this study, we tested the potential information contained
in the hissing sounds of domestic geese, a non-passerine bird. We aimed to test the level of
individual distinctiveness and the influence, if any, of sex and body weight.

MATERIALS & METHODS

Ethics statement

All applicable institutional, national and international guidelines for the care and use of
animals were followed. The study has been conducted in accordance with the current laws
in Poland. The university farm was responsible for goose husbandry, care and research
manipulation in accordance with the regulation of Ministry of Agriculture and Rural
Development (Dz. U. 2010 nr 116 poz. 778).

Birds, recording and acoustic analysis

Observations were made on a parent flock of Bilgoraj geese kept in a deep litter, under
controlled environmental conditions with free access to limited catwalks. Food and water
were provided ad libitum to naturally mated birds. Geese were kept in one-parent flocks
consisting of 230 individuals. Males formed harem flocks with approximately four females
to each group. We did not record which males mated with which females. During testing,
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the specimens being tested were separated from their respective flock and were transferred
to a separate room. Geese were recorded while a human approached the focal bird up to
a distance of one meter. Hissing displays were defined as the action of a neck extending
towards a person, stretched directly to the opponent with an opened bill, either moving or
standing. We analyzed calls produced only at a close vicinity.

For recording we used a QTC50 microphone (Earthworks Inc. Milford, NH, USA,
frequency response 3 Hz—50 kHz) and a ZOOM H5 digital audio recorder set to 44.1 kHz
sampling rate and 16-bit sample size. After recording, each bird was weighed on an
electronic balance (RADWAG WPT/R/6/15¢2) with an accuracy up to 2.5 g and identified
individually based on wing marks with a unique number code. After the procedure, tested
individuals were returned to their flock.

We analyzed 217 hissing sounds (Fig. 1) from 22 individual geese (16 females and 6
males), produced within 5-15 min of separation from members of their respective flock.
Recordings were analyzed using the Raven Pro Sound Analysis Software (Cornell Lab
of Ornithology, New York, USA) from which spectrograms were generated using the
following parameters: Hann window type with a 1,050 point window size, 50% overlap,
11.9 ms hop size, and 21 Hz grid spacing.

For the analysis, we visually inspected the quality of each spectrogram and selected calls
with high signal-to-noise ratios that did not overlap with background noise. For the analysis
we retained calls that did not differ in their root mean square amplitude (RMS). Prior to
sound analysis, recordings were normalized (scaled from 0 to 1) to standardize loudness.
Birds, recording and acoustic analysis Then we randomly selected the 10 best calls, or those
with the highest quality, from each individual using a randomization function in IBM SPSS
20 (IBM Corp., Armonk, USA). One specimen produced only 7 calls, but was also included
in the analysis.

We filtered out all background noise that was not overlapping with the frequency
range of the hissing using a high pass filter on frequencies <130 Hz in Avisoft-SASLab
Pro, version 5.2.13 software. We measured the following parameters (Table 1): Low
frequency (LowF), Center frequency (CF), First quartile frequency (Q1F), Third quartile
frequency (Q3F), First quartile time (Q1Time), Third quartile time (Q3Time), Time
95% (Time95), Time 5% (Time5), Call duration (Sample Length), Frequency 5% (F5),
Frequency 95% (F95), Bandwidth 90% (BW90), Inter quartile range (IQR), Peak frequency
(PF), Aggregate entropy (Agg Entropy) and Minimum entropy (Min entropy). For a more
detailed description of these parameters, see Charif, Waack ¢ Strickman (2010).

Statistical analysis
For each of the 16 sound features (Table 1), we performed Kruskal-Wallis tests with
Bonferroni corrections on the non-transformed data to determine whether individual birds
differed from one another. For each parameter, the Kruskal-Wallis test with Bonferroni
correction showed significant differences among individuals (p < 0.001; Table 2).

As an index of inter-individual variation we calculated the Potential for Individual
Coding (PIC), which compares the coefficient of variation both within and among
individuals. The PIC ratio was computed for each acoustic parameter by dividing the
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Figure 1 Examples of hissing calls recorded from six subjects. Each panel displays the spectrogram
(top) and the amplitude modulation of the signal (below). Individual identity labeled according to the
identity label used in DFA: (A) Female 4. (B) Female 5. (C) Female 13. (D) Male 18. (E) Male 19. (F) Male
20. The slice of sound energy representing the power spectrum is indicated by a symbol on top of each
spectrogram.

Full-size Ga DOI: 10.7717/peerj.10197/fig-1

CVbetween by the mean of the CVintra values obtained from each individual (Robisson et
al. 1993).

In order to determine whether each hissing sound could be correctly classified, we
performed a stepwise procedure of discriminant function analysis (DFA). The analysis
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Table 1 Measured acoustical variables. Measurements based on the Raven Pro manual (Charif, Waack ¢ Strickman, 2010).

(LowF) Low frequency. Minimum frequency of the signal. (Hz)

(CF) Center frequency. The frequency that divides a signal into two frequency intervals of equal energy.
(Hz)

(Q1IF) First quartile frequency. The frequency that divides the signal into two frequency intervals con-
taining 25% and 75% of the energy. (Seconds)

(Q3F) Third quartile frequency. The frequency that divides the selection into two frequency intervals
containing 75% and 25% of the energy. (Hz)

(QIT) First quartile time. The point in time that divides the selection into two time intervals contain-
ing 25% and 75% of the energy. (Seconds)

(Q3T) Third quartile time. The point in time that divides the selection into two time intervals contain-
ing 75% and 25% of the energy. (Seconds)

(T95) Time 95%. The point in time that divides the signal into two time intervals containing 95% and
5% of the energy. (Seconds)

(T5) Time 5%. The point in time that divides the signal into two time intervals containing 5% and 95%
of the energy. (Seconds)

(Call duration) Sample length. Signal duration based on sample length. (Samples)

(F5) Frequency 5%. The frequency that divides the signal into two frequency intervals containing 5%
and 95% of the energy. (Hz)

(F95) Frequency 95%. The frequency that divides the selection into two frequency intervals containing
95% and 5% of the energy in the selection. (Hz)

(BW90) Bandwidth 90%. The difference between the 5% and 95% frequencies. (Hz)

(IQR) Inter-quartile range. The difference between the 1st and 3rd quartile frequencies. (Hz).

(PeakF) Peak frequency. Frequency of the maximum amplitude. (Hz)

(AggE) Aggregate Entropy. The aggregate entropy measures the disorder in a sound by analyzing the
energy. Higher values correspond to greater disorder in the signal whereas a pure tone have zero en-
tropy. It corresponds to the overall disorder in the sound.

(MinE) Minimum Entropy. This entropy is calculated by finding the entropy for each frame in the sig-
nal and then taking the minimum values.

The entropy formula: S= PSD(f , t) /sum_over_f (PSD(f ,t)) % log2(PSD(f , t) /sum_over_f (PSD(f ,t)))
The units are “bits” because we use the log base 2. Since the selection may consist of multiple spectro-
gram slices, Raven iterates over slices and to find the minimum and maximum entropy value with the
frequency bounds of the selection. Note that most signal processing applications sum over frequency
and time, where Raven sums over frequency instead.

selected predictors using the Wilks’ lambda criterion. F values were used as a criterion
for entering or removing a parameter from a discrimination model (F-to enter = 3.84;
F-to-remove = 2.71). We also used a leave-one-out cross-validation procedure for external
validation using an IBM SPSS 20 (IBM Corp., Armonk, USA). The identity of the calling
bird was used as a group identifier and the 16 acoustic parameters were used as discriminant
variables. Normal distribution was tested (Kolmogorov—Smirnov test) and the data were
transformed into the Box—Cox when necessary. Measured variables were normalized using
Z score transformations (by subtracting the mean and dividing by the variable’s standard
deviation) which avoided the false attribution of weights in relation to acoustic parameters
measured in different units (IBM Corp., Armonk, USA).
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Table 2 Descriptive statistics and Potential for individual coding. (DFA) variable included in DFA model. (SE) standard error of the mean.
(Krusk—Wallis) Kruskal-Wallis test after Bonferroni correction. (**) p < 0.001. Mean CVw (within individual comparison, n = 22). CVa (between
individual comparison, n=217).

Variable DFA Mean Min Max SE Krusk-Wallis Mean CVw CVa PIC
Frequency 5% (Hz) X 821.1 280.0 3359.0 29.77 > 27.14 53.41 1.97
Time 5% (ms) 263.3 41.0 687.0 8.93 > 28.87 49.98 1.73
Min Entropy X 5.9 4.0 8.0 0.06 > 12.05 15.17 1.26
Agg Entropy 8.4 6.0 9.0 0.04 o 5.98 7.80 1.30
Low frequency (Hz) 248.0 158.0 784.0 6.82 > 19.46 40.48 2.08
First quartile frequency (Hz) X 1920.7 560.0 7795.0 91.13 *x 40.01 69.89 1.75
First quartile time (ms) X 263.6 41.0 687.0 8.93 ot 28.83 49.92 1.73
Third quartile frequency (Hz) X 6452.9 1378.0 9281.0 130.74 e 20.88 29.85 1.43
Third quartile time (ms) 264.1 42.0 687.0 8.93 > 28.76 49.83 1.73
Bandwidth 90% (Hz) X 8702.4 3295.0 11908.0 76.45 > 9.74 12.94 1.33
Center frequency (Hz) 3900.4 775.0 8549.0 137.37 > 38.18 51.88 1.36
Call duration (samples) X 64124.0 29892.0 133643.0 1212.51 > 15.87 27.85 1.75
Peak frequency (Hz) 2344.2 302.0 9044.0 164.37 > 65.11 103.29 1.59
Inter-quartile range (Hz) 4532.3 302.0 7235.0 108.98 > 26.88 35.42 1.32
Time 95% (ms) 264.3 42.0 687.0 8.93 > 28.74 49.79 1.73
Frequency 95% (Hz) 9223.4 4005.0 13286.0 83.85 > 9.22 12.97 1.41
RESULTS

The hiss is a broadband and sustained sound combining a complex structure of stacked
harmonics and overtones with a frequency modulation exhibiting one or more time-varying
spectral peaks of energy. In some individuals, the hiss displays a sharp attack and ending
(Figs. 2A, 2B, 2C) while in others, it begins or ends with a soft acoustic component
(Figs. 2D, 2E, 2F). The pronounced spectral bands embedded in the call (e.g., Fig. 2B) may
be formants resulting from the conformation of the vocal tract during expiration but we
did not have anatomic data to support this.

Hissing calls reached a duration 0f 0.68-3.03 s (1.45 £ 0.03 s; mean =+ SE). Peak frequency
showed 302.0-9,044.0 Hz (2,344.2 £ 164.4), Inter-quartile ranged from 302.0-7,235.0 Hz
(4,532.3 £ 109.0) and Low frequency at 158.0-784.0 Hz (248.0 & 6.8), (Table 2). After
Bonferroni correction, the Kruskal-Wallis test for each independent acoustic variable
showed significant differences among individuals (p < 0.001) (Table 2). The DFA model
contained seven significant discriminant functions: Q1T, Call duration, F5, Q3F, BW 90,
MinE and QIF (p < 0.001; Table 3). The PIC value was >1.26 for all 16 acoustic variables.
This model (Wilks’ Lambda = 0.004; P < 0.001) included the first two discriminant
functions, with Eigenvalues > 2 representing 59.7% of variation (Fig. 3). The first four
functions had Eigenvalues > 1 and explained 87.8% of the variation (Table 3). The first
discrimination function correlated with Q1T (r =0.736), and the second discrimination
function correlated with F5 and Q1F (r = 0.846 and 0.590, respectively). Classification
results revealed that any random hissing sound could be assigned to the correct individual
with an accuracy rate of 67.7%. A cross- validated result showed a success rate of 54.4% in
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Figure 2 Powerspectrum of the hissing calls produced by six individuals showing individually distinct
pattern. Individual identity labeled according to the identity label used in DFA: (A) Female 4. (B) Female
5. (C) Female 13. (D) Male 18. (E) Male 19. (F) Male 20. Power spectrum was taken from the 0.05 s inter-
val of the first quartile time. This parameter mostly contributed to individual distinctiveness.
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Table 3 Discrimination functions of the DFA model. (Funct) DFA function. (Eigenval) eigenvalue,
(Cum var, %) explained cumulative variance). (Wilks’ Lam) Wilks’ Lambda. (Sig) Significance. (**) p <

0.001.

Funct Eigenval Cum Wilks’ Lam Sig. Mostly correlated variable

var (%)

1 3.801 36.8 0.271 b First quartile time (0.736)

2 2.364 59.7 0.091 > Frequency 5% (0.846)

3 1.618 75.4 0.031 i Call duration (0.693)

4 1.286 87.8 0.015 ot Third quartile frequency (0.798)
5 0.572 93.4 0.009 i Bandwidth 90% (0.885)

6 0.449 97.7 0.006 ** Minimum Entropy (0.848)

7 0.234 100.0 0.004 *x First quartile frequency (0.442)

comparison to a 4.5% success rate when classification by chance. Nine individuals reached
the high classification accuracy (80-100%) (Table 4). The eigenvalues of individual sounds
with their respective centroid are plotted against the first two discriminant functions (Figs.
3—4).In order to see the stability of this DFA result, we conducted a series of 15 DFA models
(Table 5). Twelve DFA models revealed 51.2-54.4% classification result (cross-validated
output) and all 15 models showed 60.8—-68.2% classification output based on conventional
DFA. This indicates the stability of the DFA results when using different combinations
of variables. Such results show that signaler identity is encoded in a larger set of acoustic
features. The influence of body weight was inconclusive as a factor with respect to any of
the acoustic parameters and did not show a significant correlation (r < —0.34; p > 0.05).
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Table 4 Classification results. (ID) Individual identity. (Prior(%)) Prior probabilities of individuals.
(DFA(%)) Percentage of correct classification.

ID Sex Nu calls Prior(%) DFA(%)
1 F 10 4.6 40
2 F 10 4.6 50
3 F 10 4.6 100
4 F 10 4.6 80
5 F 10 4.6 60
6 F 10 4.6 80
7 F 10 4.6 80
8 F 10 4.6 50
9 F 10 4.6 80
10 F 7 3.2 100
11 F 10 4.6 20
12 F 10 4.6 70
13 F 10 4.6 70
14 F 10 4.6 90
15 F 10 4.6 100
16 F 10 4.6 80
17 M 10 4.6 70
18 M 10 4.6 70
19 M 10 4.6 60
20 M 10 4.6 40
21 M 10 4.6 50
22 M 10 4.6 60

The sample size of males studied was too small to make an accurate assessment about
any potential differences between sexes (p > 0.25, Mann—Whitney U Test).

DISCUSSION

The present study demonstrates that the hissing of geese, a non-vocal signal elicited in a
standard experimental setup, encodes signaler identity. Our discriminant analysis found
individuality embedded in specific acoustic features, which is also typical for broadband
vocal signals of many animals. In the best DFA model two acoustic parameters among

the sixteen that we analyzed proved to be important in separating individuals from one
another: the beginning of a hiss (Q1T) and the lowest frequency (F5).

For the other 14 DFA models, in addition to Q1T, the first discrimination function
mostly correlated with two other time parameters (T5 and Q3T). Three other frequency
parameters (Q1F, CF and Q3F) were most often correlated with the second discrimination
function. Such results show that signaler identity is encoded in a larger set of acoustic
features.

In addition to F5 of the most explanatory model, three other frequency parameters were
most often correlated with the second discrimination function (F25%, F50 and F75, QI1F,

Policht et al. (2020), PeerdJ, DOI 10.7717/peerj.10197 9/18
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CF and Q3F, respectively). Such results show that identity of the signaler is encoded in a
larger set of acoustic features.

Inter-individual variation of this non-vocal sound produced by constriction of the
glottis during exhalation could result from differences in vocal tract anatomy and/or
individual morphology (e.g., body size, body weight) in accordance with general principles
of allometry. However, none of the acoustic parameters we analyzed correlated with body
weight. Although we cannot exclude the influence of other factors, such as the length or the
shape of the trachea, individual distinctiveness of this unvoiced call does not appear to be
driven by morphological differences. The songs of some passerines have been found to be
constrained by the condition of a specimen’s immune system (Gil & Gahr, 2002), parasite
load (Garamszegi 2005) or MHC profile (Garamszegi et al., 2018). Similarly, distress calls
have been found influenced by an individual’s health status (Laiolo et al., 2007; Laiolo et
al., 2004).

Alternatively, the inter-individual variation found in hissing geese could result from a
selective process favoring conspecific recognition. To test this hypothesis, it would be useful
to collect data from wild geese living in pairs instead of domestic geese bred in flocks. This
would give us an opportunity to compare within-pair and between-pair variation during
performance of a joint hissing display. Subsequently, we could investigate, using playback,
whether subjects are more responsive to the hissing of his/her mate relative to a stranger’s.
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The hissing display of geese could be considered as a component of parental investment.
In contrast to small passerines, in which hissing is produced only by females during
incubation or brood rearing, male geese often produce hissing jointly with their mate.
However, male geese are not always present to warn and defend their mate against a
predator (Perrins, 1979). Like other displays (e.g., greeting ceremony), the hissing of geese
is often performed in synchrony by both mates. During the display, females may exploit
the variations in expressions to test the ability of males to potentially invest in a family unit
and protect it from danger.

The hissing of geese may be energetically costly as the sound is preceded by a deep
inhalation and is released during a prolonged exhalation, which can last many seconds
(Brackenbury, 1978). Its emission could be constrained by an individual’s condition.
Females could evaluate the fitness of their mate based on the quality of his hissing. Males
in better physical condition produce longer or better quality hissing sounds although, in
our study, we did not find any correlation with body weight.
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Table 5 DFA models.

DFA Nuofvar Convclass Validclass Variables (ordered by importance, starting
with the most explanatory variable)

1 7 67.7 54.4 Q1T; Duration; F5; Q3F; BW90; Min Entr; Q1F

2 8 67.3 54.4 T5; Duration; Q3F; IQR; Q1F; BW90; Min Entr; Low F
3 6 65.0 53.0 Q3T; Duration; Q3F; Q1F; BW90; Min Entr

4 7 67.3 54.4 Q3T; Duration; Q3F; Q1F; BW90; Min Entr; Low F

5 7 67.7 53.9 T5; Duration; F5; Q3F; BW90; Min Entr; Q1F

6 8 68.2 53.9 T5; Duration; F5; IQR; Min Entr; Q3F; Q1F; BW90

7 8 66.4 52.1 T5; Duration; Q3F; IQR; Q1F; BW90; Min Entr;F95

8 7 63.6 51.2 T95; Duration; F5; IQR; Q3F; BW90; Centr F

9 7 63.6 51.2 Q3T; Duration; F5; IQR; Q3F; BW90; Centr F

10 7 66.4 51.2 T5; Duration; F5; IQR; Min Entr; Q3F; BW90

11 8 65.0 51.2 T5; Duration; Q3F; IQR; Agg Entr; Min Entr; BW90; F95
12 7 62.7 53.9 T95; Duration; Q3F; Centr F; Min Entr; Pak F; F 95

13 7 60.8 484 T5; Duration; Q3F; IQR; Agg Entr; Min Entr; BW 90
14 7 60.8 484 T95; Duration; Q3F; IQR; Agg Entr; Min Entr; BW90
15 6 62.7 47.9 T5; Duration; Q3F; BW90; F95; Min Entr

Our results provide evidence that the hissing of geese may advertise an individual’s
identity to a potential receiver whereas sex and body weight were inconclusive with respect
to this call. Future studies could test the influence of additional individual qualities (e.g.,
health condition, social status, etc.). This would expand our knowledge on how non-vocal
signals could potentially encode such information.

We studied hissing in a domesticated bird bred for meat production, but geese are
known to retain many attributes of their wild counterparts (Kozak, 2019; Lukaszewicz et
al. 2019). Furthermore, hissing is common in many anserine birds (del Hoyo et al. 1994).
Although there are notable behavioral differences between wild and domestic animals,
many similarities still persist (Jensen 2002). Each behavior is partly under the control of
genetic mechanisms, which have been adapted and designed over thousands of generations
of evolution in nature and domestication has altered them only slightly (Jensen 2002).

Compared with pair-living wild geese, we do not think that the farming environment in
which subjects were kept in one parent flock could selectively act against vocal individuality.
Individual vocal recognition has been frequently documented in birds living in flocks.
For example, colonial birds provide a robust model for research on individual acoustic
recognition (e.g., penguins: Aubin & Jouventin 2002; Aubin, Jouventin ¢ Hildebrand, 2000,
Jouventin, Aubin & Lengagne, 1999; gulls: Aubin et al. 2007; Beer 1969; skuas: Charrier et
al. 2001; swallows: Beecher ¢ Beecher 1983; Beecher, Beecher ¢ Hahn, 1981; parrots: Berg
et al. 2011; Wanker ¢ Fischer 2001). Besides, wild geese also spend part of their life cycles
gathering in flocks (Cramp ¢ Simmons, 1980; Del Hoyo et al. 1994). We do not think our
results might indicate pair-specific rather than individual characteristics because we found
significantly higher inter-individual variations in comparison to intra-individual variations.
Besides, the flock of geese we studied consisted of harems with approximately four females
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to one male. We would expect pair-specific characteristics to prevail in duetting birds, as
has been found in cranes that have both individually specific calls (Klenova et al. 20090b;
Klenova et al. 2008b) and pair specific calls produced either in unison or as a duet (Klenova,
Volodin & Volodina, 2008a; Klenova et al. 2009a).

The study also raises questions about the function of this signal, i.e., what responses
such hissing behavior evokes in the receivers. Playback experiments could potentially reveal
whether family members or flock members respond more strongly than other individuals.
However, we do have observations showing that hissing produced by an “attacked”
individual attracts companions, resulting in “collective” hissing display. Recognition of
hissing sounds produced by a threatened individual may trigger affective behaviors such
as collective defense (pair, family, flock), which is typical for geese and swans.

CONCLUSIONS

This research is the first providing a description of the acoustic parameters of geese hissing.

We demonstrate that non-syrinx hissing sounds of geese vary between individuals more
frequently than expected. Body weight proved to be inconclusive as an influential factor.
Previous research of hissing sounds in birds have mainly studied hole-nesting birds in
which this sound was produced by females in their respective nesting sites (Broughton,
2005; Morley, 1953). In contrast, our study deals with hissing produced by both females and
males. Besides direct anti-predatory functions, hissing sounds certainly attract pairings/
mate-matching or warn other conspecifics (e.g., family or flock members). The results
indicate that this non-vocal sound can encode individually specific information in a similar
way as the more frequently studied vocalizations produced by the syrinx.
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Acoustic individuality in the hissing calls
of the male black grouse (Lyrurus tetrix)

Lucie Hambalkov4, Richard Policht, Jifi Hordk and Vlastimil Hart

Department of Game Management and Wildlife Biology, Faculty of Forestry and Wood
Sciences, Czech University of Life Sciences, Prague, Czech Republic

ABSTRACT

Acoustic individuality may well play a big role during the mating season of many
birds. Black grouse (Lyrurus tetrix) produces two different long-distance calls
during mating on leks: rookooing and hissing calls. The first one represents low
frequency series of bubbling sounds and the second one represents hissing sound.
This hissing represents a signal not produced by the syrinx. We analyzed 426 hissing
calls from 24 individuals in Finland and Scotland. We conducted cross-validated
discrimination analyses (DFA). The discrimination model classified each call with
almost 78% accuracy (conventional result) and the validated DFA revealed 71%
output, that is much higher than classification by chance (4%). The most important
variables were Frequency 95%, 1st Quartile Frequency, Aggregate Entropy and
Duration 90%. We also tested whether between individual variation is higher than
within individual variation using PIC (Potential for individual coding) and we found
that all acoustic parameters had PIC > 1. We confirmed that hissing call of black grouse
is individually distinct. In comparison to the signals produced by the syrinx, non-vocal
sounds have been studied rarely and according to our knowledge, this is the second
evidence of vocal individuality in avian hissing sounds which are not produced by
syrinx. Individuality in the vocalization of the male black grouse may aid females in
mating partner selection, and for males it may enable competitor recognition and
assessment. Individually distinct hissing calls could be of possible use to monitor
individuals on leks. Such a method could overcome problems during traditional
monitoring methods of this species, when one individual can be counted multiple times,
because catching and traditional marking is problematic in this species.

Subjects Animal Behavior, Zoology
Keywords Acoustic individuality, Hissing call, Lyrurus tetrix, Monitoring, Phasianidae

INTRODUCTION

At the time of a decline in the black grouse (Lyrurus tetrix) population across its
distribution range (Ciach, 2015; Jankovska et al., 2012; Kasprzykowski, 2002), determining
actual number of individuals is becoming increasingly important. The causes for this
decline vary: change of the environment and climate (Kurhinen et al., 2009; Kvasnes et al.,
2010; Viterbi et al., 2015; White, Warren ¢ Baines, 2013), parasite infestation (Jankovska
et al., 2012), predation (Charnov, Orians & Hyatt, 1976; Korpimaki, Koivunen &
Hakkarainen, 1996; Pekkola et al., 2014; Policht et al., 2019; Summers et al., 2004; Tornberg
et al., 2013; Widen et al., 1987), reducing genetic diversity (Segelbacher, Hoglund ¢
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Storch, 2003; Segelbacher et al., 2014) and human activities (Formenti et al., 2012; Hess e
Beck, 2012; Ingold, 2005; Nichter, Lipp ¢ Gregory, 2017; Storch, 2013). Methods and
options for protection and conservation of grouse are manifold and are realized at the
local, regional, and national levels (Storch, 2013).

An integral part of any conservation measures in general, and thus also in the case
of black grouse populations in particular, is monitoring. Methods of monitoring are
diverse. Franceschi et al. (2014) simulated two monitoring approaches: plot sampling and
distance sampling. According to their study, distance sampling is a better way to monitor
grouse in terms of accuracy. On the other hand, this approach is also costly, as it requires
4-5 sampling points per km® for reliable outcomes (Franceschi et al., 2014). The most
common counting method for black grouse is to register males displaying in the spring
(Hancock et al., 1999). Depending on the size of the area to be monitored, it is possible to
perform a full-area survey or to select sample areas at random (Harncock et al., 1999).
Monitoring based on acoustic features of bird vocalization could be a more efficient
method. Laiolo et al. (2007) recommended combining counting based on vocalization with
physical marking.

Black grouse males produce the following kinds of sounds: resonant rookooing call and
hissing calls. The latter is further subdivided into tones of aggression and alarm calls
(Cramp, 1983). This study is focused on a particular type of hissing call—crowing-hiss,
described by Cramp (1983) as harsh and angry sound, which is produced during the
display of male black grouse. This hissing sound is not produced by syrinx. Such non-vocal
sounds are produced by some constriction located on the way from the lungs to the bill
(Fitch & Hauser, 2003). Potential information encoded in non-vocal sounds of birds
remains almost unstudied (Budka et al., 2018). Recent research of hissing sounds produced
by geese confirmed encoding of individual identity during antipredator behavior
(Policht et al., 2020). In comparison to non-vocal acoustic signals of birds, majority of
bioacoustic studies focused on research of sounds produced by syrinx. A hissing sound also
appears in black grouse chicks above the age of 3 weeks, but we do not suppose it is
the same sound category that is the focus of our study (Meinert ¢» Bergmann, 1983).
This type of vocalization, along with the rookooing call, is the most prominent sound
made by black grouse, which can be heard over long distances and even in closed habitats
such as forests with dense undergrowth. Such calls are frequently used for population
monitoring to find actually used leks and counting present males. Therefore, this type of
call may play an important role in noninvasive monitoring of black grouse. The rookooing
call can be characterized as a low-frequency, repetitive sound within a range of about
200 to 1,000 Hz. This is why this type of call often overlaps with background noise
frequencies. Compared with this, the hissing call is found in the frequency range of
350 to 4,500 Hz and is therefore easier to filter out from background noise and to mark this
type of call for measurement using acoustic software. Thanks to these characteristics, the
hissing call may be more suitable for acoustic monitoring of black grouse.

In an effort to ensure quiet conditions for game wildlife, non-invasive monitoring,
such as that based on vocalization, is the method of choice. This method relies on
distinguishing individuals without physical marking. In our study, we analyzed the

Hambalkova et al. (2021), PeerJ, DOI 10.7717/peerj.11837 2/14



Peer

vocalization of male black grouse to examine variation between individuals, and to find out
whether vocalization characteristics could serve as a unique identifying trait.

METHODS

Study areas and recording
We recorded the hissing calls of male black grouse during their mating season. Recording
took place in Finland in 2012 and 2013, and in Cairngorms National Park, Scotland in
2019. Field experiments were approved by the Department of Natural Resources,
Ministry of Agriculture and Forestry, Finland and by the Game & Wildlife Conservation
Trust, Scotland. According to Finnish legislation in general and to the hunting
legislation, this type of scientific project does not require any special permits or licenses.
All appropriate permissions were in place for the fieldwork in Scotland. The research
was conducted in accordance with the guidelines of the Animal Behavior Society for
the ethical use of animals in research. The study was carried out in accordance with
the recommendations in the Guide for Care and Use of Animals of the Czech University
of Life Sciences, Prague. The Animal Care and Use Committee of the Czech Ministry of
the Environment approved the protocol (Permit number: 15106/ENV/14-825/630/14).
Vocalization of male black grouse was recorded with the audio recorder Olympus
LP-100 in combination with a Sennheiser ME 66 directional microphone (frequency
response 20 Hz-20 kHz + 2.5 dB) complemented by a K6 powering module. Recordings
were saved in .wav format (48 kHz sampling rate, 16-bit sample size). We recorded all
individuals in the wild during courtship at leks. Lek is an area where two or more
males perform courtship displays to gain an advantage for mating with females. All leks
were approached before the arrival of males, about 2 h before sunrise. Each recording
session took on average 1 h and was performed from a portable hide so that the males
could be observed without being disturbed. The distance of the hide from display sites
was 10 m on average. During the pilot study, we only tested the variability between
multiple individuals on one lek, and it turned out that the individual variability is much
larger. To avoid the risk of multiple counting of the same individual, we chose the option
of selecting only one, maximum of two individuals on each lek. The distance between
visited display sites was at least one km and, according to Borecha, Willebrand ¢ Nielsen
(2017), black grouse males show strong fidelity to their lek; therefore, the risk of recording
the same individual at the two display sites was low.

Acoustic analyses

Recordings were analyzed using Raven Pro 1.5 software with a 512 sample size and a Hann
window. We selected good quality calls with high signal to noise ratio, non-overlapping
with other hissing calls or background noise and wind. Each selected hissing call was
manually bounded by the selection frame that is defined by the beginning and end of
the signal and the lowest and highest frequency of the signal. Temporal and frequency
variables were then measured automatically. These measurements were entered into the
statistical analysis.
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Statistical analyses

We analyzed 426 good-quality calls from 31 individuals (at least ten separate hissing
calls per individual). We measured 29 variables (Table 1). We excluded variables with low
or no variation. The remaining variables were standardized using Z-score transformation
(subtracting the mean and dividing by standard deviation). In order to test individual
variation, we used stepwise Discrimination Function Analysis (DFA) using IBM SPSS
Statistics 24.0 software (IBM Corp., Armonk, NY, USA). We applied a leave-one-out
cross-validation procedure (IBM SPSS Statistics 20) to validate the results of DFA.

To test the potential for individual variation (Potential of Individual Coding—PIC)
for each parameter, we compared the coefficient of variation (CV) within and between
individuals. The PIC ratio was computed for each acoustic parameter by dividing the
CVbetween Dy the mean of the CVy,, values related to each individual (Robisson, 1992).
For these tested parameters, a PIC value greater than one means that an inter-individual
variability is higher than intraindividual variability. We tested a significance using
Kruskal-Wallis test.

RESULTS

Hissing call description

The hissing calls of black grouse represent wideband acoustic signals, in which energy is
spread across a wide frequency range. The duration of such calls ranged from 0.1 to 1.21 s
(0.76 + 0.16, mean * SD). This type of call can consist of one or two notes; however,
the occurrence of a two-syllable form was rare (~n < 1%)—so we did not analyze these
calls.

The Low frequency ranged from 352.9 to 1,310.3 Hz (830.2 + 195.6 Hz, mean + SD)
and the High frequency from 1,702.4 to 4,482.8 Hz (2,687.5 + 536.4 Hz, mean + SD) for all
individuals. Frequency range reached 729.6 to 3,241.4 Hz (1,857.3 + 478.6 Hz, mean + SD).
The spectrograms of black grouse recorded in Finland and Scotland are shown in
the figures below (Figs. 1 and 2). The spectrograms were generated in Avisoft-SASLab Pro
with FFT length, 1,024 sample size, a Hamming window and 87.5% overlap. For a
representative recording of a hissing call of one individual form Scotland and one
individual from Finland see Audio S1 and Audio S2.

Individual variation

From selected parameters the resulting model (see Table S1) included 13 significant
acoustic variables (p < 0.001; r < 0.87): 1** Quartile Frequency, Relative 1** Quartile
Frequency, Aggregate Entropy, Average Entropy, Relative Center Time, Call Duration,
Duration 90%, Frequency 5%, Relative 3™ Quartile Frequency, Frequency 95%,
Inter-Quartile Range Bandwidth, Inter-Quartile Range Duration and Time 5% (Table 1).
The first four discriminant functions had Eigenvalues > 1 and explained 79.7% of the
variation. With the first discrimination function mostly correlated F95% (Frequency 95%)
(r = 0.767) and QIF (Quartile 1 Frequency) (r = 0.707) and the second discriminant
function correlated best with AggEnt (Aggregate Entropy) (r = 0.390) and Dur 90%
(Duration 90%) (r = 0.387) (Fig. 3). The Discriminant Function Analysis excluded seven
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Table 1 Descriptions of acoustic parameters measured in Raven Pro 1.5 that entered statistical analysis.

Acoustic parameter
name

Abbreviations
(Units)

Description

*1st Quartile frequency

*Relative 1st quartile
frequency

*3rd Quartile frequency

Relative 3rd quartile
frequency

1st Quartile time
Relative 1st quartile time
Relative 3rd quartile time

*Aggregate entropy

*Average entropy

Bandwidth 90%
Center frequency
Center time

*Relative center time

*Call duration
*Duration 90%
*Frequency 5%
Relative frequency 5%

*Frequency 95%
Relative Frequency 95%

*“Inter-quartile range
bandwidth

“IQR (Inter-quartile
range) duration
Max entropy

Max frequency

Max time
Min entropy

Peak time

Q1 Freq (Hz)
Q1 Freq rel,
Q3 Freq (Hz)
Q3 Freq rel,
Q1 Time (s)
QI Time rel,
Q3 Time rel,

Agg entropy
(bits)

Avg Entropy
(bits)

BW 90% (Hz)

Center freq (Hz)

Center time (s)

Center time rel,

Duration (s)
Dur 90% (s)
Freq 5% (Hz)
Freq 5% rel,

Freq 95% (Hz)
Freq 95% rel,

IQR BW (Hz)
IQR Dur (s)

Max entropy
(bits)
Max freq (Hz)

Max time (s)

Min entropy
(bits)
Peak time (s)

The frequency that divides the signal into two frequency intervals containing 25% and 75% of the
energy in the signal.

The frequency that divides the signal into two frequency intervals containing 25% and 75% of the
energy in the signal relative to the frequency range of the signal.

The frequency that divides the signal into two frequency intervals containing 75% and 25% of the
energy in the signal.

The frequency that divides the signal into two frequency intervals containing 75% and 25% of the
energy in the signal relative to the frequency range of the signal.

The time that divides the signal into two time intervals containing 25% and 75% of the energy in the
signal.

The time that divides the signal into two time intervals containing 25% and 75% of the energy in the
signal relative to signal duration.

The time that divides the signal into two time intervals containing 75% and 25% of the energy in the
signal relative to signal duration.

The aggregate entropy measures the disorder in a sound by analysing the energy distribution. Higher
entropy values correspond to greater disorder in the sound whereas a pure tone with energy only one
frequency bin would have zero entropy. It corresponds to the overall disorder in the sound.

This entropy is calculated by finding the entropy for each frame in the signal and then taking the
average of these values.

The difference between the 5% and 95% frequencies.
The frequency that divides the signal into two frequency intervals of equal energy.
The point in time at which the signal is divided into two time intervals of equal energy.

The point in time at which the signal is divided into two time intervals of equal energy relative to the
signal duration.

The difference between begin time and end time for the signal.
The difference between the 5% and 95% times.
The frequency that divides the signal into two frequency intervals containing 5% and 95%.

The frequency that divides the signal into two frequency intervals containing 5% and 95% relative to
frequency range.

The frequency that divides the signal into two frequency intervals containing 95% and 5%.

The frequency that divides the signal into two frequency intervals containing 95% and 5% relative to
frequency range.

The difference between the 1st and 3rd quartile frequencies.

The difference between the 1st and 3rd quartile times.

Maximum entropy calculated from each frame.

The frequency at which max power occurs within the signal.

The first time in the signal at which a spectrogram point with power equal to max power/peak power
occurs.

The minimum entropy calculated for a spectrogram slice within the signal bounds.

The first time in the signal at which a sample with amplitude equal to peak amplitude occurs.

(Continued)
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Table 1 (continued)

Acoustic parameter Abbreviations  Description

name (Units)

*Time 5% Time 5% (s) The time that divides the signal into two time intervals containing 5% and 95%.

Relative time 5% Time 5% Rel,  The time that divides the signal into two time intervals containing 5% and 95% relative to signal duration.

Relative time 95% Time 95% Rel, The time that divides the signal into two time intervals containing 95% and 5% relative to signal duration.
Note:

13 parameters (*) were included in resulting DFA model.
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Figure 1 Spectrograms and oscilograms: Representative hissing calls of two of the black grouse from
Scotland (A, B) and Finland (C, D). Each lettered panel refers to one individual bird. Spectrograms

indicate observable differences between four individuals.

Full-size Kl DOL: 10.7717/peer;.11837/fig-1

out of 31 individuals due to their missing or extreme values of the measured parameters.
The cause could be a poorer degree of sound quality that did not pass the analysis. This
selection has been made by model procedure automatically. The resulting DFA model
correctly classified 77.9% (71.1%, cross-validated result) hissing calls. Six individuals
showed the highest classification accuracy (80-100%), and most individuals (N = 15) were
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Figure 2 Spectrograms and oscilograms of three hissing calls of black grouse from one individual from Scotland (A-C) and one individual
from Finland (D-F). Each lettered panel refers to one hissing call. Spectrograms in rows indicate consistent stability of individual pattern
within the same individual.

Full-size Kl DOL: 10.7717/peer;j.11837/fig-2

classified with 60-79% success. Only three males were classified with a lower than 59%
success. These results were much higher than classification by chance (4%). The output of
classification results is shown in Table S2. We tested whether observed classifications
differed from the expected classifications (by chance) and we found a significant difference:
Chi-Square = 307.1, df = 23, p < 0.001. We also tested whether between individual
variation is higher than within individual variation using PIC and we found that all
acoustic parameters had PIC > 1 (Table 2).

DISCUSSION

Our results reveal that the wideband hissing call of male black grouse is individual specific.
The discrimination model classified each call with almost 78% accuracy, and the first
four discriminant functions explained nearly 80% of variation. The PIC ratio was

higher than one for all parameters tested, demonstrating that the variability between
individuals was higher than the variability within individuals. Therefore, the hissing call is
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Figure 3 Scatter plot of hissing calls. Numbers refer to individuals, squares represent group centroids.
Discrimination function 1 represents Frequency 95% and function 2 represents 1st Quartile Frequency.
Full-size K&l DOIL: 10.7717/peerj.11837/fig-3

a type of vocalization that carries information about individuality. Considering this type of

call is a wideband, non-vocal sound, such a result is quite unique. There are not many

studies focused on non-vocal animal sounds and even fewer of them have provided results

confirming individuality in this type of vocalization; however, there are several. Individual

variation was found in the male Houbara Bustard (Chlamydotis undulata undulata),
which produces sounds called booms during courtship (Cornec, Hingrat ¢ Rybak, 2014).

Acoustic variation between individuals was also investigated in the Greater Prairie-chicken
(Tympanuchus cupido) and the boom vocalization of this species was found to have

individual characteristics (Hale, Nelson ¢ Augustine, 2014). Thanks to temporal

patterns, along with the number of drumming strokes, it is possible to discriminate
individuals of the Great Spotted Woodpecker (Dendrocopos major) (Budka et al,
2018). According to acoustic analysis in the male Greater Sage-grouse (Centrocercus
urophasianus), the “rustling” of wings differs between individuals (Koch, Krakauer ¢

Patricelli, 2015). Therefore, mechanical sounds can also carry acoustic information about

individuality.

Vocal individuality in some non-passerine groups has been intensively studied, such as
colonial birds or nocturnal birds. On the other hand, gallinaceous species has not been

Hambalkova et al. (2021), PeerJ, DOI 10.7717/peerj.11837

8/14



Peer

Table 2 Descriptive statistics and Potential for individual coding.

Variable DFA  Mean Min Max SE Kruskal-Wallis Mean CVw CVa PIC
1st Quartile frequency X 1,4443 09 3,000.0 271.8 * 38,503.6 73,887 1.919
Relative 1st quartile frequency X 3.3 0.0 1500.0 62.4 * 219.9 3,896 17.714
3rd Quartile frequency X 197.8 0.1 3,027.8 436.6 * 70,423.4 190,607 2.707
Relative 3rd quartile frequency 0.3 0.0 1.0 0.2 * 0.0 0 1.960
1st Quartile time 1,7472 0.5 3,562.5 367.6 * 60,556.2 135,130 2.231
Relative 1st quartile time 24 0.1 1,687.5 56.2 * 229.5 3,159 13.761
Relative 3rd quartile time 246.2 0.2 435250 1508.0 * 216,894.9 2,274,186 10485
Aggregate entropy X 32 0.7 4.8 0.5 * 0.2 0 1.846
Average entropy X 2.8 1.7 4.0 0.4 * 0.1 0 1.869
Bandwidth 90% 839.2 187.5 2,437.5 355.2 * 69,079.2 126,142 1.826
Center frequency 1,589.0  468.8 3,375.0 303.2 * 45,489.3 91,910 2.020
Center time 198.1 0.1 3028.1 436.6 * 70,428.0 190,611 2.706
Relative center time X 0.5 0.1 1.0 0.2 * 0.0 0 2.470
Call duration X 1.0 0.2 1.9 0.2 * 0.0 0 1.460
Duration 90% X 0.7 0.1 1.6 0.2 * 0.0 0 1.657
Frequency 5% X 1,209.8  375.0 2,250.0 249.9 * 42,818.7 62,427 1.458
Relative Frequency 5% 0.2 0.0 0.5 0.1 * 0.0 0 1.303
Frequency 95% 2,049.0 1,125.0 4,125.0 432.2 * 84,005.1 186,777 2.223
Relative frequency 95% 0.7 0.3 1.0 0.1 * 0.0 0 1.823
Inter-quartile range X 301.8 86.1 1,218.8 188.9 * 17,712.6 35,694 2.015
IQR (Inter-quartile range) duration =~ X 0.4 0.0 1.2 0.1 * 0.0 0 2.301
Max entropy 3.9 2.9 49 0.3 * 0.0 0 2.044
Max frequency 1,572.4  468.8 3,468.8 336.3 * 58,737.8 113,076 1.925
Max time 197.9 0.1 3,027.5 436.6 * 70,409.4 190,584 2.707
Min entropy 1.6 0.1 2.9 0.4 * 0.1 0 1.685
Peak time 197.9 0.1 3,027.5 436.6 * 70,409.3 190,583 2.707
Time 5% X 197.9 0.0 3,027.5 436.5 * 70,738.2 190,565 2.694
Relative time 5% 0.1 0.0 0.4 0.0 * 0.0 0 2.247
Relative time 95% 0.8 0.6 1.0 0.1 * 0.0 0 2.143

Note:
(DFA) 13 variables included in final DFA model (X). (SE) standard error of the mean. (Kruskal-Wallis) Kruskal-Wallis test after Bonferroni correction, (*) p < 0.001.
(Mean CVw) within individual comparison. (CVa) between individual comparison. (PIC) Potential for Individual Coding.

studied frequently. Acoustic displays of the Japanese quail (Coturnix coturnix japonica) are
characterized by a potential for vocal individuality in terms of temporal parameters.
Spectral characteristics of the voice are then associated with the possibility of greater
stability during the development of the individual, which is important in the question
of long-term recognition of individuals (Sezer ¢ Tekelioglu, 2010). Call analyses of
European and Japanese quail (Coturnix c. japonica, C. c. coturnix) confirm a difference
between these two subspecies based on the time structure of vocalization (Collins ¢
Goldsmith, 1998). The hazel grouse (Bonasa bonasia), studied in Switzerland, exhibits 6 to
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11 elements of singing during flight. These elements (individual tones or syllables) are
characterized by their individual specificity (Mulhauser & Zimmermann, 2003). Specific
parameters responsible for acoustic individuality were also found in males and females of
the common quail (Coturnix coturnix); the results of this study also indicated that the
male’s inter-individuality is dependent on sexual maturation and age (Guyomarc’h,
Aupiais ¢ Guyomarc’h, 1998). Our study demonstrates a vocal individuality in
gallinaceous species with lek mating system.

What role acoustic individuality plays in the black grouse’s voice is still a question for
future research. Calls of individual birds may carry information about male quality (e.g.,
physiological state, age) for females (Guyomarc’h, Aupiais ¢» Guyomarc’h, 1998), and, at
the same time, it might be a signal for other males providing information about the
strength of a rival. Finally, individuality can serve to easily identify individuals among each
other within a group. Its potential for scientists lies in the possibility of use for noninvasive
monitoring. Taking an observation, census may be inaccurate; due to overflights of
individuals within the lekking site, repeated census of the same individuals may occur and
therefore the results of counting may be overestimated. Monitoring based on acoustic
recognition could provide the required accuracy and assistance in areas where observation
is limited by environmental conditions (e.g., the situation when males of black grouse lek
individually hidden in the undergrowth).

CONCLUSION

The black grouse population is affected by many factors that contribute to its decline, and
as part of its conservation, efforts are being made to develop better methods of protection,
including monitoring. Vocalization recording and analysis could be a non-invasive
monitoring tool, especially if there is individuality in the voice of individuals. This method
could significantly reduce the risk of multiple counting of the same individual.
Surprisingly, we found this individuality in the black grouse in the non-vocal type of
display. The discrimination model classified each call with high accuracy and important
variables turned out to be Frequency 95% and Quartile 1 Frequency. In comparison to
the signals produced by the syrinx, non-vocal sounds have been studied rarely and
according to our knowledge, this is the second evidence of vocal individuality in avian
hissing sounds which are not produced by syrinx. Finding specific identifiers in
vocalization could lead to a more accurate determination of the number of individuals.
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7 Diskuze

Reakce na hlas vybraného predatora a vliv ruzného typu koristi na variabilitu hlasu

predatora

U ptaka a savcu je znamo, ze reaguji na hlasy predatort i presto, ze pfislusni predatofi béhem
vlastniho lovu zpravidla nevokalizuji a jedinci kofisti tak mohou ziskavat informace o aktivité
a prostorové distribuci ze signald v ostatnich kontextech, doprovazejicich jejich reprodukei,
socialni interakce, apod. (Blumstein et al. 2008). I kdyZz reakce zvirat vi¢i hlasim predatort
byly intenzivné studovany (viz Hettena et al. 2014), méné je znamo o tom, jak je tomu v pfipadé
rekognice hlasu hnizdnich predatori zejména v piipadé prekocialnich ptaka, zatimco reakce
altricialnich ptakt byly pravidelné studovany (viz Schaef & Mumme 2012). Neznamou
zustavala otazka, zda hlas hnizdniho predatora mtze vyvolat antipredacni odezvu v zavislosti
na pohlavi u druht s extrémné polygynnim ¢i dokonce lekovym reprodukénim systémem, ve
kterém samec neposkytuje zadnou formou rodicovské péce. Tato prace ukazuje, ze i zastupce
takovéhoto modelu, je schopen rozpoznavat hlas hnizdniho predatora. Model s lekovym
paricim systémem, reaguje na hlas hnizdniho predatora zvysenou ostrazitosti nebo odletem
(Policht et al. 2019), 1 kdyz hnizdni predator zpravidla neni schopen ohrozit dospélé ptaky.
Proto je prekvapivé, ze na néj dospéli ptaci vibec reaguji, zejména mimo obdobi vlastniho
hnizdéni. Ve studovaném ptipadé se jednalo o obdobi tésné predchazejici dobe hnizdéni, takze
slepice mohly byt jiz motivovany k blizicimu se hnizdnimu chovani. V tomto ptipadé neni ale
jasné, pro¢ intenzivnéj§i reakci vykazovali kohouti, ackoli ti se nijak nepodili na rodi¢ovské
péCi. Moznym vysvétlenim reakci dospélych ptak by mohlo byt uchovani raného
antipredacniho chovani predvadéného v obdobi pobytu na hnizdé az do dospélosti. To vSak
nevysvétluje zmifiované rozdily mezi pohlavim. Tento rozdil by mohl reflektovat odlisnou
antipredacni strategii, kde reakce slepic mohly odrazet spiSe strategii nehybné kryptické pozice
na hnizdé v pfipadé nebezpeCi, zatimco kohouti castéji volili odlet. Jinym moznym
vysvétlenim by mohlo byt, ze hlas krkavce signalizuje pfitomnost dal§iho predatora, kterym by
mohla byt napftiklad liska obecnd. Jednu z hlavnich potravnich strategii krkavce velkého, jako
omnivorniho generalisty, pfedstavuje mrchozravost, béhem které Casto asociuje s velkymi
predatory (Marzluff 2018). Nasledovani volani krkavce liSkou by mohlo lisce zvySovat

efektivitu nalezeni pfipadné padliny a naproti tomu krkavec by vydaval varovné hlasy v ptipade
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priblizujici se lisky (viz Killengreen et al. 2012). V takovém piipad€ by volani krkavce mohlo
predstavovat adaptivni antipredaCni strategii dospélct tetfivka obecného vaci potencialni
pfitomnosti predatora, ktery je jiz schopen pfimo ohrozit dosp€lé ptaky, navic v pribéhu celého

roku, nejenom v dobé& hnizdéni.

Variabilita v signalech vydavanych potencidlni kofisti byla intenzivné studovana.
Naproti tomu variabilita hlasu predatora v zavislosti na druhu potencialni kofisti zdstava
nejasnou. Jednim z hlavnich divodu pravdépodobné bude, Ze predatofi béhem samotné predace
zpravidla nevokalizuji (Blumstein er al. 2008). Za predacni kontext lze povazovat i reakce
zvitat vuci Clovéku, které se také ukazaly odrazet miru potencialniho rizika. Studie ukazaly
odlisné reakce v zavislosti na lovecké sezon€ a typu lidské aktivity, kde jejich reakce se lisili
mirou ostrazitého chovani nebo volbou bezpecnéjsiho stanovisté (viz Frid & Dill 2001;
Benhaiem et al. 2008; Jayakody er al. 2008). Pritomnost lidi maze byt signalizovana
i pfitomnosti psu, ktefi je Casto doprovazeji. Ti také mohou vyvolavat antipredacni reakci, a to
jak svou piitomnosti, tak i samotnym hlasovym projevem. Stékani, tak mdZe predstavovat
signal potencialni hrozby. To se skute¢né potvrdilo pomoci playbackovych experimentt
(Randler 2006). Predeslé pocetné vyzkumy ukazaly, ze St€kani psi muze poskytovat lidskym
spole¢nikiim n&kolik rGiznych typa informaci (viz Miklosi 2007; Serpell 2016). Stékani
loveckych pst béhem lovu ztstavalo doposud nepovs§imnuto, ackoli zkusSenosti lovet tento
efekt naznacCovaly. Tato prace odhaluje, Ze Stekani loveckych psu se pii setkani se s odlisSnymi
druhy zvitat prikazné odlisuje. Mira téchto rozdila se zda korelovat s mirou potencialni hrozby,
kterou zvife pro daného psa predstavuje. Tato prace indikuje, Ze mira hrozby od zvirete, se
kterym se pes setka, je reflektovana strukturou akustickych parametrii na zakladé valence-
arousal modelu. Stékani produkované pii setkani s nejnebezpeén&jsim modelem, vykazovalo
parametry o nejniz§ich frekvencich a melo nejdelsi délku trvani, oproti §t€kéani na ostatni, méné
nebezpetné nebo i bezpetné druhy zvitat. Stékani se pak spise jevi byt expresi vnitiniho stavu
psa nez funk¢né referencni informaci. Exprese vnitiniho stavu psa béhem S§tékani tak
pravdépodobné zavisi na mife potencialni hrozby. Stejny efekt byl zaznamenan i1 u ,,naivnich®
psu, kteti neméli s konkrétnim, potencialné nebezpe¢nym druhem zadnou predchozi zkusenost.
To by mohlo indikovat vrozenou predispozici. V piipadé loveckych pst by schopnost odlisného
typu Stékani na rtuzné druhy zvifat a schopnost lidi-lovct je rozpoznavat mohlo zvySovat
efektivitu lovu. Lovecti psi tak mohli projit silnym selekénim tlakem, ktery by zintenzivnil tuto

schopnost v porovnani s jinymi plemeny psu.
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Mira individualni variability u vokalnich signali s odliSnou akustickou strukturou

Mira individualnich rozdili mize vyznamné zaviset na struktufe akustické energie ve vokalnich
signalech savcd (viz Charlton 2015). Cim jednodussi model podporuje vysledky, tim snadngjsi
je vysledna interpretace. U hlast s jednoduchou akustickou strukturou, kterymi jsou zejména
tonické ¢i harmonické signaly s konstantnim prabéhem zakladni frekvence, tedy minimalni
zménou frekvenci, jakymi jsou napfiklad alarmy sysla perlickového (Spermophilus suslicus)
(viz napt. Matrosova et al. 2016), obecného (Spermophilus citellus) ¢i taurského (Spermophilus
taurensis), muze byt identita volajiciho determinovana i jen nékolika malo akustickymi
parametry. V piipadé nékterych sysli je kombinace pouhych dvou akustickych parametra
rozhodujici pro rozliseni jedinct, napf. u sysla obecného ¢i taurského (Schneiderova & Policht
2010). Na druhé strané Skaly vyjadiujici akustickou strukturu signalti jsou Sirokospektré
signaly, ve kterych je akusticka energie rozprostiena napfi¢ Siroké spektrum frekvenci (viz
kapitola 3.5.). Tyto signaly se vyznacuji riznym zpiisobem formovanou komplexitou. Takto
strukturované varovné signaly jsou Casté napf. u fady primatu (viz Fischer et al. 2001a; Fischer
et al. 2001b; Crockford & Boesch 2003; Fichtel & Van Schaik 2006) a jelenovitych (Oli &
Jacobson 1995; Reby, Cargnelutti & Hewison 1999; Cap et al. 2008). U téchto komplexnich
Sirokospektrych signala jsou individualni rozdily nejcastéji kodovany multiparametricky (viz
Schrader & Hammerschmidt 1997; Aubin et al. 2007). Pro testovani vlivu akustické struktury
na miru individualnich rozdild by byl idealni zejména druh, ktery produkuje oba dva
strukturaln€ odlisné typy alarmu.

Varovné alarmy pozemnich sciuridt jsou oblibenym modelem vyzkumu individualné
specifické vokalizace. Varovné signaly pozemnich sciuridi predstavuji klasickou modelovou
skupinu v téchto vyzkumech. Fylogenetickd poloha sysla dlouhoocasého (Urocitellus
undulates) na zakladé molekularnich 1 kraniometrickych dat vykazuje blizsi pfibuznost k
nearktickym sysliim, pfestoze obyva palearktickou oblast (Harrison er al. 2003; Helgen et al.
2009). Svou schopnosti produkovat vedle tonalniho alarmu 1 Sirokospektralné strukturovany
alarm, tak indikuje svou pfibuznost k nearktickym syslim, ktefi Casto Sirokospektré alarmy
produkuji. U ostatnich palearktickych sysli se tento typ alarmid nevyskytuje, s jedinou
vyjimkou, dal§iho zéastupce rodu Urocitellus, sysla Parryova (Urocitellus parryii). Ten vSak
obyva nejen vychodni Sibif, ale 1 Aljasku a severni Kanadu (McLean 2018). I kdyz

Sirokospektré hlasy vyuzivaji i jiné euroasijské druhy sysli, tak je nepouzivaji jako alarmy.
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Testovani individualni variability alarmt sysla dlouhoocasého tak nabizi unikatni piilezitost
porovnat miru a zpasob individualnich rozdild u dvou zcela odlisnych typt alarmt. Klastrova
analyza porovnavajici akustickou strukturu alarmi palearktickych a nearktickych syslt ukazuje
bazalni pozici Sirokospektrého alarmu sysla dlouhoocasého, ktery se tak odlisSuje od vSech
ostatnich druha. Druhy typ alarmu tohoto sysla (tonicky hvizd) byl lokalizovan v klastru, ktery
zahrnujiciho jak jedno az tfi-elementové alarmy sysli rodu Otospermophilus a dalsich zastupcti
rodu Urocitellus. Porovnani velikosti individualni distinkce obou typt alarmt studovaného
sysla dlouhoocasého pak ukéazala srovnatelnou miru, konkrétné u tonického alarmu byla

individualni distinkce o trochu vyssi (5%).

Neékteré komponenty akustického signalu mohou byt méné zretelné. To se tyka zejména
Casti hlasti produkovanych o nizsi intenzité nebo blizko hranice slysitelného spektra. K jesté
vétsimu ,,maskovani® dojde, pokud se takova komponenta casové piekryva s jinou, intenzivngji
produkovanou casti signalu. Podobna situace nastava 1 v pripadech nizkofrekvencnich
komponent, které jsou ¢asto maskovany hlukem prostiedi, nejcastéji vétrem. Nizko-frekvencni
vokalizace byla zaznamenana nejcastéji u savcu, napiiklad u slont, nosorozcu, hrocht apod.
(Payne, Langbauer & Thomas 1986; Barklow 2004; Policht et al. 2008; Herbst et al. 2012), ale
tfeba i u krokodyla (Dinets 2013). V piipadé ptaka byla zaznamenana jen vyjimecné. Nejhlubsi
produkované frekvence jsou dokumentovany u kasuart, kde kasuar prilbovy (Casuarius
casuarius) svymi ,boom calls“ dosahuje az 32Hz a kasuar maly (Casuarius bennetti) 23Hz
(Mack & Jones 2003). Podobny typ ,,boom calls“ vydavaji 1 dropi, kde naptiklad zakladni
frekvence tohoto signalu u dropa malého (Chlamydotis undulata) dosahuje 40 az 56 Hz
(Cornec, Hingrat & Rybak 2014) a minimalni frekvence u bukace velkého (Botaurus stellaris)
dosahovala 87Hz (Puglisi et al. 2001). Produkci signalt o nizSich frekvencich Ize ocekavat
spiSe u nepévcu s vetsi velikosti téla (viz Bertelli & Tubaro 2002). Pripadna produkce nizkych
frekvenci u tetfeva hluSce (Tetrao urogallus) byla v minulosti diskutovana, nepodafilo se vSak
opakované potvrdit nalez 40Hz zaznamenany v toku jediného kohouta (viz Moss & Lockie
1979). Pozdéjsi pokusy jak na divokych tetfevech, tak u ptakti chovanych v zajeti neodhalily
ve vokalizaci frekvence niz§i nez 100 Hz (Lieser, Berthold & Manley 2005; Lieser, Berthold &
Manley 2006). Typicky tok tetfeva hlusce zahrnuje Ctyti faze: klepani, trylek, vylusk a brouseni.
Analyza toku tetfeva hlusce odhalila harmonicky designované signaly se zakladni frekvenci
28.7 = 1.2 Hz (25.6-31.6 Hz). Tyto nizko-frekvencni komponenty se ¢asové piekryvaji s fazi
,brouseni® (96 % své délky trvani). Vyskyt takto nizkych frekvenci je prekvapivy, jelikoz tetfev
dosahuje podstatné nizsi té€lesné hmotnosti (do 6,5kg) v porovnani s kasuarem malym,
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dortstajicim hmotnosti 58kg (de Juana 1994; del Hoyo, Elliott & Sargatal 1994). Oba druhy
pfitom dosahuji podobné hlubokych minimalnich frekvenci (kasuar maly: 23Hz a tetfev hluSec:
26Hz). Vysledky této prace prekvapivé také ukazaly individualné specificky pattern u téchto
nizko-frekvencnich komponent. Naskytd se otazka potencialni funkce téchto nizko-
frekvencnich komponent v toku. Vyrazny vokalni projev kohoutd béhem toku by mohl
indikovat jeho vyznam pro sexualni selekci, kde by mohl slouzit k pfitahovani pozornosti slepic
v procesu samici volby. Nizsi frekvence by mohly byt favorizovany jako ,long-distance*
signal, jelikoz delsi zvukové viny hlubsich frekvenci lépe pronikaji vegetaci (Heimann 2003).
Jiné vysvétleni by mohla ptfedstavovat korelace hlubsich frekvenci s vétsi velikosti téla. Jelikoz
jsou tyto nizko-frekvencni komponenty jsou v piipadé tetfeva hlusce prekryty nejhlasitéjsi fazi
toku (brousenim), zda se, ze jejich zaznamenani ze vzdalenosti vétsi, nez nékolika malo metra
je stézi zachytitelna. To je také asi pravdépodobny divod pro¢ tyto komponenty tak dlouho
unikaly pozornosti. Na druhou stranu, intenzivnéj$i interakce mezi potencialnimi sexualnimi
partnery na ploSe arény, kde se prezentuji samci samicim, se kona spiSe na kratsi vzdalenost.
Slepice by mohly byt lakany k aréné z vétsi vzdalenosti pomoci hlasitéjsich slozek toku. Pri
bliz§im posuzovani preferovanych kohouta z kratsi vzdalenosti by pak mohly hrat roli prave
tyto nizko-frekven¢ni komponenty. Finalni rozhodnuti samice by tak mohlo reflektovat , trade-
off* mezi nalezenim vysoce kvalitniho samce a predacnim rizikem. Navic, posuzovani mezi
vice samci predstavuje i jistou energetickou nakladnost.

Napadny je také Casovy piekryv vyskytu nizko-frekvencnich komponent s hlasitym
brousenim, coz je zrovna faze toku, ve které kohouti vykazuji znamou ,,doasnou hluchotu®,
ktera je pak uspésné vyuzivana béhem lovu u jinak velmi plachého ptaka. Synchronni produkce
hlasu ve dvou zcela odliSnych frekven¢nich pasmech (intenzivni brouseni ve frekvencénim
rozsahu cca 100 - 500Hz vs. nizko-frekvencni komponenty v pasmu 26 - 100Hz) by mohla
zpusobovat docasnou hluchotu kohoutl, béhem této faze toku. Mohlo by byt obtizné
naslouchat, a pfitom produkovat hlas ve dvou zcela odlisnych frekvencnich pasmech. Navic,
kdyz se jedna o dva zcela odli§né typy hlasu. Fenomén zhorSeného slySeni béhem mluveni byl
dokumentovan i u cloveéka a oznacuje se jako ,,self-masking®, kde se zjistilo Ze za né&j muze

kontrakce svalt stfedniho ucha (viz Borg, Bergkvist & Gustafsson 2009; Borg ef al. 2009).

Individualni rozdily ve vokalizaci Zivocichi jsou studovany desitky let pomoci
odlisnych metod. Siroka $kala metod a pouziti odlignych metrik zptisobuje t&zkosti pii
porovnavani vysledkd raznych studii. Porovnani univariatnich a multivariatnich metrik

testovani individualni identity jak na simulovanych, tak empirickych datech (Linhart et al.
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2019) ukazalo, ze Beecherova informacni statistika (Beecher's information statistic: HS) byla
nejblize k teoretickym ocCekavanim jednotlivych modelti. Beecherova informacni statistika neni
ale plné nezavisla na vzorkovani. To je vS§ak mozné fesit redukci poctu testovanych parametrti
¢i navySenim poctu analyzovanych jedinct. Pouzivani Beecherovy informacni statistiky by tak

mohlo umoznit smysluplné porovnani vysledka napfic¢ riznymi studiemi.

Koédovani individualni identity u nevokalnich akustickych signala

Vedle hlast produkovanych hlasovym organem (hlasivkami v pfipadé€ savci a syringem
v pripadé ptakd) existuje i fada zvukd produkovanych jinym mechanismem, napf. vibraci
specifickych per, tleskani kiidly, udery zobaku do substratu (dfevo), klapanim zobaku, udery
nastrojem ¢i zvuky krokid (viz Eda-Fujiwara et al. 2004; Garcia et al. 2012; Heinsohn et al.
2017; Murray, Zeil & Magrath 2017; Ota, Gahr & Soma 2017; Budka et al. 2018). Nevokalnim
signalim byla doposud vénovana jen velmi mala pozornost v porovnani s ostatnimi
akustickymi signaly (Stomp er al. 2018a). Zvuky mohou byt také produkovany jakoukoli
konstrikci kdekoli na své cesté z plic do nozder a ust savcu ¢i zobaku ptaku, coz produkuje
aerodynamické, turbulentni zvuky (Fitch & Hauser 2002). Ty pak mivaji podobu hvizdani,
funéni nebo syceni. Sy¢ivé zvuky byly studovany zejména u savct (viz napi. Policht ef al. 2008;
Stomp et al. 2018a; Stomp et al. 2018b; Volodina er al. 2018) a plazt (viz Labra et al. 2007,
Vergne, Pritz & Mathevon 2009; Aubret & Mangin 2014), pouze nékolik studii zkoumalo
syCivé zvuky ptakt. Doposud bylo ale studovano syCeni pouze u malych pévctu v hnizdnich
dutinach pouzivané jako obrana proti predatorim (Broughton 2005; Krams, Krama & Igaune
2006; Krams et al. 2014). SyCeni hus, pfedstavuje model nepévci hnizdicich na zemi,
produkujicich syceni i mimo hnizdo v porovnani s pévci, ktefi vydavaji sy¢eni k obran€ hnizdni
dutiny, kterymi jsou napfiklad sykory. Potencial ke kodovani informaci o individualni identité
u takovychto nevokalnich signali nebyl doposud studovan. Tato prace tak testuje, zda
nevokalni expirace mohou kodovat individuélni identitu podobné, jako zvuky produkované
syringem nebo hlasivkami (Policht et al. 2020). Vzajemné individualni rozpoznéani syceni
partneri béhem nebezpecnych situaci by mohlo zvySovat ucinek antipredacni odezvy, a tak
zvySovat pravdépodobnost preziti obou partnert. Synchronizace partneri béhem
antipredacniho chovani pravdépodobné posiluje vzajemny svazek, podobné jako je tomu béhem
synchronizovaného chovani v jinych kontextech (napt. dvoteni ¢i zdraviciho ceremonialu) (viz
Ciaranca, Allin & Jones 2020). Samice by kromé toho mohla tézit z vyuziti riznych variant

vyjadiujicich samcovu schopnost investovat do rodiny a jeji ochrany v piipadé nebezpeci
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(Ciaranca, Allin & Jones 2020). Vysledky této studie poskytuji evidenci o tom, ze nevokalni
syCeni prekocialnich ptakd, kromé své antipredacni ¢i agonistické funkce, muze vyjadfovat

individualni identitu signalizujiciho jedince.

Individualni rozdily v akustickych projevech mohou hrat vyznamnou roli i béhem
reprodukéniho chovani ptaka. Tetfivek obecny vydava dva zcela odlisné long-distance signaly
v prubéhu toku na tokanisti: bublani a pSoukani. Bublani predstavuje nizko-frekvencni sérii
bublavych zvuki, zatimco pSoukani predstavuje syCivy zvuk. Vedle prvné dolozeného
individualné distinktniho syCeni ptaka na prikladu domacich hus (Policht er al. 2020), tak
pSoukani tetfivka obecného predstavuje druhou evidenci vokalni individuality u tohoto typu
nevokalniho signalu ptakd, tentokrat u volné Zijiciho predstavitele (Hambalkova ef al. 2021).

V ramci nevokalnich hlast ptakt byly individualni rozdily doloZeny u bubnovani
strakapouda velkého (Dendrocopos major) (Budka et al. 2018) a mechanicky generovanych
svistivych zvukt kridel tetfivka pelynkového (Centrocercus urophasianus) (Koch, Krakauer
& Patricelli 2015). Jakou potencialni roli akustickd individualita hraje v biologii tetfivka
obecného ziistava otazkou pro pristi vyzkumy. PSoukani by mohlo signalizovat slepicim kvalitu
kohoutt (napf. fyziologicky stav, vék, apod.) a pfitom zaroven signalizovat informaci o kondici
a sile ostatnim rivalim. Nakonec by mohlo kohoutim slouzit k ziskavani prehledu na tokanisti,
kdy ne vSichni konkurenti jsou vzdy v zorném poli kohouta a navic kohouti €asto po tokanisti
1 preletuji.

Identifikace jedinch na zakladé akustickych projevil nabizi zajimavé uplatnéni jako
metoda nevokalniho akustického monitoringu jedinct (viz Terry, Peake & McGregor 2005;
Laiolo et al. 2007). Béhem klasickych metod monitoringu tetfevovitych ptaka na tokanistich
pomoci scitani tokajicich kohoutll nelze s jistotou rozlisit, zda nektefi jedinci nepfeletuji i na
sousedni tokanisté a nejsou tak zapocitani vicekrat. V tom piipadé dochazi k uritému
nadhodnoceni vysledka scitani. V pifipadé nahrani hlast kohouti na jednotlivych tokanistich
by bylo mozné takovéto jedince identifikovat a verifikovat tak scitaci data. To bude efektivni
zvlasteé na tokanistich s niz§im poc¢tem tokajicich kohoutt (viz Policht et al. 2009). Individualné
specificky pattern signalt, ktery je patrny po pouziti diskriminacni analyzy, je u nékterych
druht (vCetné pSoukani tetfivka) rozliSitelny vizualné na spektrogramu. To by umoznilo
aplikovat metodu vizualniho posouzeni spektrogramu (viz Gilbert, McGregor & Tyler 1994)
napftiklad i u tymu, nepouZzivajicich mnohorozmérmé statistické metody. Pokud by nahravani
probihalo po ur¢itou dobu v pravidelnych intervalech, bylo by mozné odhadnout velikost

populace aplikovanim ,,capture-mark-recapture” techniky (viz Policht et al. 2009), podobné

139



jako se tato metoda pouziva u jinak znacenych .jedinct, jako napf. barevnymi krouzky, uSnimi

znackami, apod. (viz Lettink & Armstrong 2003). Pi opakovaném nahravani by se tak postupné

ménil pomér znamych (jiz nahranych jedinci v predchozich intervalech) a novych jedinci,

doposud nenahranych. Z tohoto poméru lze pak spocitat celkovou velikost populace (viz

Lettink & Armstrong 2003).

8 Zavér

Disertacni prace se zamétuje na tfi hlavni cile: (1) otestovat reakce potencialni kofisti na hlas

predatora a vliv rizného typu kofisti na variabilitu hlasu predatora, (2) porovnat expresi

individualni variability vokalnich signalG v zavislosti na akustické strukture a (3) ovéfit

potencial pro kodovani individualni identity u nevokalnich akustickych signalt. Predlozena

prace prinasi nasledujici nové poznatky:

Vedle altrialnich ptakt jsou i prekocialni druhy ptakt schopny rozpoznavat hlas
hnizdniho predatora a relevantné reagovat prislusnou antipreda¢ni strategii. Na hlas
hnizdniho predatora reaguji 1 dospéli jedinci, ktefi nejsou timto predatorem
bezprostfedné ohrozeni a jejich reakce se lisi podle pohlavi. Dokumentovany piipad tak
doklada schopnost rekognice hlasu hnizdniho predatora i u dospélych samca druhu
s lekovym reprodukénim systémem, ve kterém samci neposkytuji zadnou formu

rodicovskeé péce.

Stékani loveckych pst, které také vyvolava antipredacni reakce, 1ze kategorizovat podle
druhu zvitete, se kterym se setkaji. Tento specificky ptipad predstavuje pravdépodobné
prvni piiklad diferenciace hlasu predatora pfi setkani s odliSnymi druhy kofisti. Mira
odlisnosti $t€kani pst v loveckém kontextu odrazi potencialni miru rizik podle druhu
zvitete, se kterym psi interaguji. Variabilita akustické struktury doprovazejicich stékani
je pak pravdépodobné vyjadienim vnitfniho stavu psa, kterou lze popsat na zakladé

valence-arousal modelu.
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V piipadé nepocetnych druht sciuridd, které jsou znamy produkovat odlis§né typy
alarmi se zcela odlisSnou akustickou strukturou (tonalni i Sirokospektry alarm), se

ukazalo, ze oba typy téchto signala jsou vysoce individualng variabilni.

Doposud malo dokumentované nizkofrekvenéni komponenty ve vokalizaci ptaki
mohou prispivat k individualné odlisSné expresi vokalniho projevu. Studovany zastupce
tetfevovitych ptakt dosahoval podobné nizkych frekvenci, jako mnohem vétsi kasuari,

presahujici svou hmotnosti 1 50 kg.

Dokumentované nizkofrekvenéni komponenty jsou synchronné vydavany
s nejhlasité]si fazi tetfeviho toku. Produkce dvou odlisnych typa hlast ve stejny Casovy
interval by mohla vysvétlovat docasnou hluchotu tetfeva hlusce, ktera se déje praveé
v této fazi toku. Intenzivni vokalni projev ve dvou zcela odliSnych frekvencnich
spektrech by mohl zptuisobovat ,, masking efekt”, kdy dochazi ke zhorSené funkci slySeni

béhem takto intenzivni vokalizace.

Individualni rozdily ve vokalizaci savci a ptakd jsou dlouhou dobu intenzivné
studovany pomoci celé fady odlisnych metod. Siroka $kala metod a pouziti odli§nych
metrik zpusobuje tézkosti pii porovnavani vysledkd rtznych studii. Porovnani
univariatnich a multivariatnich metrik testovani individualni identity na simulovanych
a empirickych datech ukazalo vhodnost Beecherovy informacni statistiky pro

porovnavani vysledkt riznych studii.

Akustické signaly ptakl, které nemaji svij puvod v syringu jsou doposud studovany
minimaln€. Mezi tyto signaly patii i syCeni. Tato prace poprvé dokumentuje potencial
ke kodovani individualni identity ptakt produkujicich tento typ nevokalniho signalu na

piikladu domestikovaného i volné zijictho modelu.

Jakou potencialni roli hraje akusticka individualita nevokalnich hlast
a nizkofrekvencnich komponent dokumentovanych v této praci je namétem pro budouci
vyzkumy. Identifikace jedinci na zakladé jejich hlast také nabizi moznost
neinvazivniho monitoringu jedinct, kde akusticka data by mohla poskytovat detailni
informace o life-history jedinct neinvazivnim zpusobem, coz by bylo zvlasté vyhodné
pro kriticky ohrozené druhy na naSem uzemi, kterymi jsou tetfev hluSec a tetiivek

obecny, ale 1 pro fadu jinych.

141



9 Literatura

Altmann, S.A. (1956) Avian mobbing behavior and predator recognition. The Condor, 58, 241-253.

Amaya, J., Zufiaurre, E., Areta, J. & Abba, A. (2019) The weeping vocalization of the screaming hairy
armadillo (Chaetophractus vellerosus), a distress call. Journal of Mammalogy, 1-9.

Anikin, A., Pisanski, K. & Reby, D. (2020) Do nonlinear vocal phenomena signal negative valence or
high emotion intensity? Royal Society Open Science, 7, 201306-201306.

Arlet, M. & Isbell, L. (2009) Variation in behavioral and hormonal responses of adult male gray-
cheeked mangabeys (Lophocebus albigena) to crowned eagles (Stephanoaetus coronatus) in
Kibale National Park, Uganda. Behavioral Ecology and Sociobiology, 63, 491-499.

Arnold, K. & Zuberbuhler, K. (2006) The alarm-calling system of adult male putty-nosed monkeys,
Cercopithecus nictitans martini. Animal Behaviour, 72, 643-653.

Atkins, R., Blumstein, D.T., Moseby, K.E., West, R., Hyatt, M. & Letnic, M. (2016) Deep evolutionary
experience explains mammalian responses to predators. Behavioral Ecology and
Sociobiology, 70, 1755-1763.

Aubin, T., Mathevon, N., Staszewski, V. & Boulinier, T. (2007) Acoustic communication in the
Kittiwake Rissa tridactyla: potential cues for sexual and individual signatures in long calls.
Polar Biology, 30, 1027-1033.

Aubret, F. & Mangin, A. (2014) The snake hiss: potential acoustic mimicry in a viper—colubrid
complex. Biological Journal of the Linnean Society, 113, 1107-1114.

Baotic, A., Garcia, M., Boeckle, M. & Stoeger, A. (2018) Field propagation experiments of male
African savanna elephant rumbles: A focus on the transmission of formant frequencies.
Animals: an open access journal from MDPI, 8, 167.

Barklow, W.E. (2004) Low-frequency sounds and amphibious communication in Hippopotamus
amphibious. The Journal of the Acoustical Society of America, 115, 2555-2555.

Benhaiem, S., Delon, M., Lourtet, B., Cargnelutti, B., Aulagnier, S., Hewison, A.J.M., Morellet, N. &
Verheyden, H. (2008) Hunting increases vigilance levels in roe deer and modifies feeding site
selection. Animal Behaviour, 76, 611-618.

Berger, J., Swenson, J.E. & Persson, |.-L. (2001) Recolonizing carnivores and naive prey: conservation
lessons from Pleistocene extinctions. Science, 291, 1036-1039.

Bergstrom, C.T. & Lachmann, M. (2001) Alarm calls as costly signals of antipredator vigilance: the
watchful babbler game. Animal Behaviour, 61, 535-543.

Bertelli, S. & Tubaro, P.L. (2002) Body mass and habitat correlates of song structure in a primitive

group of birds. Biological Journal of the Linnean Society, 77, 423-430.

142



Billings, A.C., Greene, E. & De La Lucia Jensen, S.M. (2015) Are chickadees good listeners?
Antipredator responses to raptor vocalizations. Animal Behaviour, 110, 1-8.

Blumstein, D., Daniel, J. & Springett, B. (2004) A test of the multi-predator hypothesis: Rapid loss of
antipredator behavior after 130 years of Isolation. Ethology, 110, 919-934.

Blumstein, D.T. (1999) Alarm calling in three species of marmots. Behaviour, 136, 731-757.

Blumstein, D.T. & Armitage, K.B. (1997) Alarm calling in yellow-bellied marmots.1. The meaning of
situationally variable alarm calls. Animal Behaviour, 53, 143-171.

Blumstein, D.T., Cooley, L., Winternitz, J. & Daniel, J.C. (2008) Do yellow-bellied marmots respond to
predator vocalizations? Behavioral Ecology and Sociobiology, 62, 457-468.

Blumstein, D.T., Ferando, E. & Stankowich, T. (2009) A test of the multipredator hypothesis: yellow-
bellied marmots respond fearfully to the sight of novel and extinct predators. Animal
Behaviour, 78, 873-878.

Blumstein, D.T., Steinmetz, J., Armitage, K.B. & Daniel, J.C. (1997) Alarm calling in yellow-bellied
marmots: Il. The importance of direct fitness. Animal Behaviour, 53, 173-184.

Blumstein, D.T., Verneyre, L. & Daniel, J.C. (2004) Reliability and the adaptive utility of discrimination
among alarm callers. Proceedings of the Royal Society of London. Series B: Biological Sciences,
271, 1851-1857.

Bolles, K. (1980) Evolution and variation of antipredator vocalisations of Antelope squirrels,
Ammospermophilus (Rodentia: Sciuridae). American Zoologist, 20, 725-725.

Borg, E., Bergkvist, C. & Gustafsson, D. (2009) Self-masking: Listening during vocalization. Normal
hearing. The Journal of the Acoustical Society of America, 125, 3871-3881.

Borg, E., Gustafsson, D., Bergkvist, C. & Wikstrém, C. (2009) On the problem of listening while talking.
Logopedics Phoniatrics Vocology, 34, 218-223.

Bradbury, J.W. & Vehrencamp, S.L. (2011) Principles of animal communication, 2nd. edn. Sinnauer
Associates, Sutherland, MA.

Breed, M. (2017) Conceptual breakthroughs in ethology and animal behavior. 1st Edition. Academic
Press University of Colorado, Boulder, Colorado.

Broughton, R. (2005) Hissing display of incubating marsh tit and anti-predator response of young.
British Birds, 98, 267-268.

Brudzynski, S. & Fletcher, N. (2009) Rat ultrasonic vocalization: Short-range communication.
Handbook of Behavioral Neuroscience, 19, 69-76.

Budka, M., Deoniziak, K., Tumiel, T. & Wozna, J.T. (2018) Vocal individuality in drumming in great
spotted woodpecker—A biological perspective and implications for conservation. Plos One,

13, e0191716.

143



Budka, M. & Osiejuk, T.S. (2013) Formant frequencies are acoustic cues to caller discrimination and
are a weak indicator of the body size of corncrake males. Ethology, 119, 960-969.

Burke, D.M,, Eliliott, K., Moore, L., Dunford, W., Nol, E., Phillips, J., Holmes, S. & Freemark, K. (2004)
Patterns of nest predation on artificial and natural nests in forests. Conservation Biology, 18,
381-388.

Cap, H., Deleporte, P., Joachim, J. & Reby, D. (2008) Male vocal behavior and phylogeny in deer.
Cladistics, 24, 917-931.

Carlson, N., Healy, S. & Templeton, C. (2018) Mobbing. Current Biology, 28, R1081-R1082.

Caro, T. (2005) Antipredator defenses in birds and mammalsi The University of Chicago Press
Chicago.

Caro, T.M., Graham, C.M., Stoner, C.J. & Vargas, J.K. (2004) Adaptive significance of antipredator
behaviour in artiodactyls. Animal Behaviour, 67, 205-228.

Cartei, V. & Reby, D. (2013) Effect of formant frequency spacing on perceived gender in pre-pubertal
children's voices. Plos One, 8.

Ciaranca, M.A,, Allin, C.C. & Jones, G.S. (2020) Mute swan (Cygnus olor). Birds of the world  (ed.
S.M. Billerman). Cornell Lab of Ornithology, Ithaca, NY, USA.

Coppinger, B., Cannistraci, R.A., Karaman, F., Kyle, S.C., Hobson, E.A., Freeberg, T.M. & Hay, J.F.
(2017) Studying audience effects in animals: what we can learn from human language
research. Animal Behaviour, 124, 161-165.

Cornec, C., Hingrat, Y. & Rybak, F. (2014) Individual signature in a lekking species: visual and acoustic
courtship parameters may help discriminating conspecifics in the Houbara bustard. Ethology,
120, 726-737.

Crockford, C. & Boesch, C. (2003) Context-specific calls in wild chimpanzees, Pan troglodytes verus:
analysis of barks. Animal Behaviour, 66, 115-125.

Curio, E. (1978) The adaptive significance of avian mobbing. Zeitschrift fiir Tierpsychologie, 48, 175-
183.

Darwin, C. (1871) The descent of man: and selection in relation to sex. John Murray, Albermarle
Street, London.

de Juana, E. (1994) Family Tetraonidae (Grouse) Handbook of the Birds of the World. Vol. 2. New
world vultures to guineafowl! (eds J. del Hoyo, A. Elliott & J. Sargatal), pp. 376-410. Lynx
Edicions, Barcelona.

de Waal, F., B. M. (1988) The communicative repertoire of captive bonobos (Pan paniscus),
compared to that of chimpanzees. Behaviour, 106, 183-251.

Déaux, E.C., Charrier, . & Clarke, J.A. (2016) The bark, the howl and the bark-howl: Identity cues in

dingoes’ multicomponent calls. Behavioural Processes, 129, 94-100.

144



del Hoyo, J., Elliott, A. & Sargatal, J.e. (1994) Handbook of the birds of the world. Volume 2. New
World vultures to guineafowl. Lynx Edicions, Barcelona

Devereux, C., Fernandez-Juricic, E., Krebs, J. & Whittingham, M. (2008) Habitat affects escape
behaviour and alarm calling in common starlings Sturnus vulgaris. Ibis, 150, 191-198.

Dinets, V. (2013) Do individual crocodilians adjust their signaling to habitat structure? Ethology
Ecology & Evolution, 25, 174-184.

Dutour, M., Léna, J.-P. & Lengagne, T. (2017) Mobbing calls: a signal transcending species boundaries.
Animal Behaviour, 131, 3-11.

Dutour, M., Lévy, L., Lengagne, T., Holveck, m.-j., Crochet, P.-A., Perret, P., Doutrelant, C. & Grégoire,
A. (2019) Hissing like a snake: bird hisses are similar to snake hisses and prompt similar
anxiety behavior in a mammalian model. Behavioral Ecology and Sociobiology, 74, 1.

Eda-Fujiwara, H., Yamamoto, A., Sugita, H., Takahashi, Y., Kojima, Y., Sakashita, R., Ogawa, H.,
Miyamoto, T. & Kimura, T. (2004) Sexual dimorphism of acoustic signals in the oriental white
stork: Non-invasive identification of sex in birds. Zoological Science 21, 21, 817-821.

Eggers, S., Griesser, M., Nystrand, M. & Ekman, J. (2006) Predation risk induces changes in nest-site
selection and clutch size in the Siberian jay. Proceedings of the Royal Society B: Biological
Sciences, 273, 701-706.

Ellis, J.M.S. (2008) Which call parameters signal threat to conspecifics in white-throated magpie-jay
mobbing calls? Ethology, 114, 154-163.

Emmering, Q.C. & Schmidt, K.A. (2011) Nesting songbirds assess spatial heterogeneity of predatory
chipmunks by eavesdropping on their vocalizations. Journal of Animal Ecology, 80, 1305-
1312.

Estes, R.D. (1991) The behavior guid to african mammals. University of California Press, Berkeley, Los
Angeles, and London.

Fallow, P.M. & Magrath, R.D. (2010) Eavesdropping on other species: mutual interspecific
understanding of urgency information in avian alarm calls. Animal Behaviour, 79, 411-417.

Fallow, P.M., Pitcher, B.J. & Magrath, R.D. (2013) Alarming features: birds use specific acoustic
properties to identify heterospecific alarm calls. Proceedings of the Royal Society B-Biological
Sciences, 280, 9.

Falls, J.B. (1982) Individual recognition by sound in birds. Acoustic communication in birds (eds D.E.
Kroodsma & E.H. Miller), pp. 237-278. Academic Press, New York.

Farrow, L.F., Barati, A. & McDonald, P.G. (2019) Cooperative bird discriminates between individuals

based purely on their aerial alarm calls. Behavioral Ecology, 31, 440-447.

145



Fichtel, C. & Kappeler, P. (2002) Anti-predator behavior of group-living Malagasy primates: Mixed
evidence for a referential alarm call system. Behavioral Ecology and Sociobiology, 51, 262-
275.

Fichtel, C. & Manser, M. (2010) Vocal communication in social groups. Animal behaviour: evolution
and mechanisms, Part I. (ed. P. Kappeler), pp. 29-54. Springer, Berlin.

Fichtel, C. & Van Schaik, C.P. (2006) Semantic differences in Sifaka (Propithecus verreauxi) alarm calls:
A reflection of genetic or cultural variants? Ethology, 112, 839-849.

Fischer, J., Hammerschmidt, K., Cheney, D.L. & Seyfarth, R.M. (2001a) Acoustic features of female
chacma baboon barks. Ethology, 107, 33-54.

Fischer, J., Metz, M., Cheney, D.L. & Seyfarth, R.M. (2001b) Baboon responses to graded bark
variants. Animal Behaviour, 61, 925-931.

Fitch, T.W. (1997) Vocal tract length and formant frequency dispersion correlate with body size in
rhesus macaques. The Journal of the Acoustical Society of America, 102, 1213-1222.

Fitch, W.T. & Hauser, M.D. (2002) Unpacking"Honesty": Vertebrate vocal production and the
evolution of acoustic signals. Acoustic Communication (eds A.M. Simmons, R.R. Fay & A.N.
Popper), pp. 65-137. New York: Springer.

Fitch, W.T. & Kelley, J.P. (2000) Perception of vocal tract resonances by whooping cranes Grus
americana. Ethology, 106, 559-574.

Fletcher, K., Aebischer, N.J., Baines, D., Foster, R. & Hoodless, A.N. (2010) Changes in breeding
success and abundance of ground-nesting moorland birds in relation to the experimental
deployment of legal predator control. Journal of Applied Ecology, 47, 263-272.

Forsman, J. & Monkkonen, M. (2001) Responses by breeding birds to heterospecific song and
mobbing calls under varying predation risk. Animal Behaviour - ANIM BEHAV, 62, 1067-1073.

Frid, A. & Dill, L. (2001) Human-caused disturbance stimuli as a form of predation risk. Conservation
Ecology, 6.

Fuong, H., Keeley, K.N., Bulut, Y. & Blumstein, D.T. (2014) Heterospecific alarm call eavesdropping in
nonvocal, white-bellied copper-striped skinks, Emoia cyanura. Animal Behaviour, 95, 129-
135.

Garcia-Navas, V. & Blumstein, D.T. (2016) The effect of body size and habitat on the evolution of
alarm vocalizations in rodents. Biological Journal of the Linnean Society, 118, 745-751.

Garcia, M., Charrier, I., Rendall, D. & lwaniuk, A.N. (2012) Temporal and spectral analyses reveal
individual variation in a non-vocal acoustic display: The drumming display of the Ruffed

grouse (Bonasa umbellus, L.). Ethology, 118, 292-301.

146



Gilbert, G., McGregor, P.K. & Tyler, G. (1994) Vocal individuality as a census tool - practical
considerations illustrated by a study of 2 rare species. Journal of Field Ornithology, 65, 335-
348.

Goncharov, D., Policht, R., Hambalkov3, L., Salovarov, V. & Hart, V. (2021) Individual-based acoustic
variation of the alarm calls in the long-tailed ground squirrel. Royal Society Open Science, 8,
200147.

Goodale, E. & Kotagama, S.W. (2008) Response to conspecific and heterospecific alarm calls in
mixed-species bird flocks of a Sri Lankan rainforest. Behavioral Ecology, 19, 887-894.
Goodale, E., Ratnayake, C.P. & Kotagama, S.W. (2014) Vocal mimicry of alarm-associated sounds by a
drongo elicits flee and mobbing responses from other species that participate in mixed-

species bird flocks. Ethology, 120, 266-274.

Goth, A. (2001) Innate predator-recognition in Australian brush-turkey (Alectura lathami,
Megapodiidae) hatchlings. Behaviour, 138, 117-136.

Graw, B. & Manser, M. (2007) The function of mobbing in cooperative meerkats. Animal Behaviour,
74, 507-517.

Griffin, A., Blumstein, D. & Evans, C. (2000) Training captive-bred or translocated animals to avoid
predators. Conservation Biology, 14, 1317-1326.

Griffin, A., Evans, C.S. & Blumstein, D. (2001) Learning specificity in acquired predator recognition.
Animal Behaviour, 62, 577-589

Gursky, S. (2006) Function of snake mobbing in spectral tarsiers. American Journal of Physical
Anthropology, 129, 601-608.

Haff, T.M. & Magrath, R.D. (2011) Calling at a cost: elevated nestling calling attracts predators to
active nests. Biology Letters, 7, 493-495.

Haff, T.M. & Magrath, R.D. (2012) Learning to listen? Nestling response to heterospecific alarm calls.
Animal Behaviour, 84, 1401-1410.

Hambadlkova, L., Policht, R., Horak, J. & Hart, V. (2021) Acoustic individuality in the hissing calls of the
male black grouse (Lyrurus tetrix). PeerJ, 9, e11837.

Hamilton, W.D. (1963) The evolution of altruistic behavior The American Naturalist, 97, 354—356.

Hammerschmidt, K. & Fischer, J. (1998) The vocal repertoire of barbary macaques: A quantitative
analysis of a graded signal system. Ethology, 104, 203-216.

Hare, J.F. (1998) Juvenile Richardson's ground squirrels, Spermophilus richardsonii, discriminate
among individual alarm callers. Animal Behaviour, 55, 451-460.

Harrison, R., M. Bogdanowicz, S., S. Hoffmann, R., Yensen, E. & W. Sherman, P. (2003) Phylogeny and

evolutionary history of the ground squirrels (Rodentia: Marmotinae).

147



Hayward, J.L., Atkins, G.J., Reichert, A.A. & Henson, S.M. (2015) Common ravens (Corvus corax) prey
on rhinoceros auklet (Cerorhinca monocerata) eggs, Chicks, and possibly adults. Wilson
Journal of Ornithology, 127, 336-339.

Heimann, D. (2003) Numerical simulations of wind and sound propagation through an idealised stand
of trees. Acta Acustica United with Acustica, 89, 779-788.

Heinsohn, R., Zdenek, C.N., Cunningham, R.B., Endler, J.A. & Langmore, N.E. (2017) Tool-assisted
rhythmic drumming in palm cockatoos shares key elements of human instrumental music.
Science Advances, 3, e1602399.

Helgen, K.M., Cole, F.R., Helgen, L.E. & Wilson, D.E. (2009) Generic revision in the Holarctic ground
squirrel genus Spermophilus. Journal of Mammalogy, 90, 270-305.

Herbst, C.T., Stoeger, A.S., Frey, R., Lohscheller, J., Titze, I.R., Gumpenberger, M. & Fitch, W.T. (2012)
How low can you go? Physical production mechanism of elephant infrasonic vocalizations.
Science, 337, 595-599.

Hettena, A.M., Munoz, N. & Blumstein, D.T. (2014) Prey responses to predator's sounds: A review
and empirical study. Ethology, 120, 427-452.

Hirth, D.H. & McCullough, D.R. (1977) Evolution of alarm signals in ungulates with special reference
to white-tailed deer. American Naturalist, 111, 31-42.

Hollen, L.I. & Radford, A.N. (2009) The development of alarm call behaviour in mammals and birds.
Animal Behaviour, 78, 791-800.

Hume, G., Brunton, E. & Burnett, S. (2019) Eastern grey kangaroo (Macropus giganteus) vigilance
behaviour varies between human-modified and natural environments. Animals, 9, 494.

Husby, M. (2018) Nestling begging calls increase predation risk by corvids. Animal Biology, 69, 137-
155.

Charlton, B.D. (2015) The acoustic structure and information content of female koala vocal signals.
Plos One, 10.

Charlton, B.D. & Reby, D. (2016) The evolution of acoustic size exaggeration in terrestrial mammals.
Nature Communications, 7, 12739.

Charlton, B.D., Reby, D. & McComb, K. (2007) Female perception of size-related formant shifts in red
deer, Cervus elaphus. Animal Behaviour, 74, 707-714.

Charnov, E.L. & Krebs, J.R. (1975) The evolution of alarm calls: Altruism or manipulation? The
American Naturalist, 109, 107-112.

Chevallier, C., Lai, S. & Berteaux, D. (2016) Predation of arctic fox (Vulpes lagopus) pups by common
ravens (Corvus corax). Polar Biology, 39, 1335-1341.

Jayakody, S., Sibbald, A.M., Gordon, I.J. & Lambin, X. (2008) Red deer Cervus elephus vigilance
behaviour differs with habitat and type of human disturbance. Wildlife Biology, 14, 81-91.

148



Johnson, J. & Belk, M. (2020) Predators as agents of selection and diversification. Diversity, 12, 415.

Jurisevic, M.A. & Sanderson, K.J. (1998) A comparative analysis of distress call structure in Australian
passerine and non-passerine species: Influence of size and phylogeny. Journal of Avian
Biology, 29, 61-71.

Kalb, N., Anger, F. & Randler, C. (2019) Subtle variations in mobbing calls are predator-specific in
great tits (Parus major). Scientific Reports, 9, 6572.

Karakashian, S.J., Gyger, M. & Marler, P. (1988) Audience effects on alarm calling in chickens (Gallus
gallus). Journal of Comparative Psychology, 102, 129-135.

Keenan, S., Lemasson, A. & Zuberbiihler, K. (2013) Graded or discrete? A quantitative analysis of
Campbell's monkey alarm calls. Animal Behaviour, 85, 109-118.

Keenan, S., Mathevon, N., Stevens, J., Nicole, F., Zuberbihler, K., Guery, J.P. & Levréro, F. (2020) The
reliability of individual vocal signature varies across the bonobo's graded repertoire. Animal
Behaviour, 169, 9-21.

Killengreen, S.T., Stromseng, E., Yoccoz, N.G. & Ims, R.A. (2012) How ecological neighbourhoods
influence the structure of the scavenger guild in low arctic tundra. Diversity and Distributions,
18, 563-574.

King, L.E., Douglas-Hamilton, I. & Vollrath, F. (2007) African elephants run from the sound of
disturbed bees. Current Biology, 17, R832-R833.

King, L.E., Soltis, J., Douglas-Hamilton, I., Savage, A. & Vollrath, F. (2010) Bee threat elicits alarm call
in African elephants. Plos One, 5.

Kingdon, J. (1997) The kingdon guide to African mammals. Academic Press, San Diego.

Klump, G.M. & Shalter, M.D. (1984) Acoustic behaviour of birds and mammals in the predator
context; |. Factors affecting the structure of alarm signals. Il. The functional significance and
evolution of alarm signals. Zeitschrift fiir Tierpsychologie, 66, 189-226.

Koch, R.E., Krakauer, A.H. & Patricelli, G.L. (2015) Investigating female mate choice for mechanical
sounds in the male Greater Sage-Grouse. Auk, 132, 349-358.

Kozhevnikova, J.D., Volodin, I.A., Zaytseva, A.S., lichenko, O.G. & Volodina, E.V. (2021) Pup ultrasonic
isolation calls of six gerbil species and the relationship between acoustic traits and body size.
Royal Society Open Science, 8, 201558.

Krams, |., Krama, T. & Igaune, K. (2006) Alarm calls of wintering great tits Parus major: warning of
mate, reciprocal altruism or a message to the predator? Journal of Avian Biology, 37, 131-
136.

Krams, |, Vrublevska, J., Koosa, K., Krama, T., Mierauskas, P., Rantala, M.J. & Tilgar, V. (2014) Hissing
calls improve survival in incubating female great tits (Parus major). Acta Ethologica, 17, 83-

88.

149



Krebs, J.R., Davies, N.B. & Parr, J. (1993) An introduction to behavioural ecology, 3rd ed. Blackwell
Scientific Publications, Cambridge, MA, US.

Kroodsma, D.E. (1989) Suggested experimental-designs for song plabacks. Animal Behaviour, 37, 600-
609.

Labra, A., Sufan-Catalan, J., Solis, R. & Penna, M. (2007) Hissing sounds by the lizard Pristidactylus
volcanensis. Copeia, 2007, 1019-1023.

Laiolo, P., Serrano, D., Tella, J.L. & Vogeli, M. (2007) Testing acoustic versus physical marking: Two
complementary methods for individual-based monitoring of elusive species. Journal of Avian
Biology, 672-681.

Le Roux, A., Cherry, M.I. & Manser, M.B. (2009) The vocal repertoire in a solitary foraging carnivore,
Cynictis penicillata, may reflect facultative sociality. Naturwissenschaften, 96, 575-584.

Lettink, M. & Armstrong, D. (2003) An introduction to mark-recapture analysis for monitoring
threatened species. Department of Conservation Technical Series, 28A, 5-32.

Leuchtenberger, C., Sousa-Lima, R., Ribas, C., Magnusson, W.E. & Mourao, G. (2016) Giant otter
alarm calls as potential mechanisms for individual discrimination and sexual selection.
Bioacoustics, 25, 279-291.

Li, C.L., Beauchamp, G., Wang, Z. & Cui, P. (2016) Collective vigilance in the wintering hooded crane:
The role of flock size and anthropogenic disturbances in a human-dominated landscape.
Ethology, 122, 999-1008.

Li, C.W., Yang, X.B., Ding, Y.H., Zhang, L.Y., Fang, H.X., Tang, S.H. & Jiang, Z.G. (2011) Do Pere David's
deer lose memories of their ancestral predators? Plos One, 6.

Lieser, M., Berthold, P. & Manley, G.A. (2005) Infrasound in the capercaillie (Tetrao urogallus).
Journal of Ornithology, 146, 395-398.

Lieser, M., Berthold, P. & Manley, G.A. (2006) Infrasound in the flutter jumps of the capercaillie
(Tetrao urogallus): apparently a physical by-product. Journal of Ornithology, 147, 507-509.

Lingle, S., Pellis, S. & Wilson, W. (2005) Interspecific variation in antipredator behavior leads to
differential vulnerability of mule deer and white-tailed deer fawn early in life. Journal of
Animal Ecology, 74, 1140-1149.

Lingle, S., Rendall, D. & Pellis, S.M. (2007) Altruism and recognition in the antipredator defence of
deer: 1. Species and individual variation in fawn distress calls. Animal Behaviour, 73, 897-905.

Lingle, S. & Riede, T. (2014) Deer mothers are sensitive to infant distress vocalizations of diverse
mammalian species. American Naturalist, 184, 510-522.

Lingle, S., Wyman, M.T., Kotrba, R., Teichroeb, L.J. & Romanow, C.A. (2012) What makes a cry a cry?

A review of infant distress vocalizations. Current Zoology, 58, 698-726.

150



Linhart, P., Osiejuk, T., Budka, M., Salek, M., Spinka, M., Policht, R., Syrova, M. & Blumstein, D.T.
(2019) Measuring individual identity information in animal signals: Overview and
performance of available identity metrics. Methods in Ecology and Evolution, 10, 1558-1570.

Litvin, Y., Blanchard, D. & Blanchard, R. (2007) Rat 22kHz ultrasonic vocalizations as alarm cries.
Behavioural Brain Research, 182, 166-172.

Ludwig, G.X., Alatalo, R.V., Helle, P. & Siitari, H. (2010) Individual and environmental determinants of
daily black grouse nest survival rates at variable predator densities. Annales Zoologici Fennici,
47, 387-397.

Mack, A.L. & Jones, J. (2003) Low-frequency vocalizations by cassowaries (Casuarius spp.). Auk, 120,
1062-1068.

Magrath, R.D. & Bennett, T.H. (2012) A micro-geography of fear: learning to eavesdrop on alarm calls
of neighbouring heterospecifics. Proceedings of the Royal Society B-Biological Sciences, 279,
902-909.

Magrath, R.D., Haff, T.M., Fallow, P.M. & Radford, A.N. (2015) Eavesdropping on heterospecific alarm
calls: from mechanisms to consequences. Biological Reviews, 90, 560-586.

Manser, M.B. (2001) The acoustic structure of suricates' alarm calls varies with predator type and the
level of response urgency. Proceedings of the Royal Society B: Biological Sciences, 268, 2315-
2324,

Marler, P. (1955) Characteristics of some animal calls. Nature, 176, 6-8.

Marler, P. (1970) Vocalizations of East African monkeys. |. Red colobus. Folia primatologica;
international journal of primatology, 13 2, 81-91.

Marler, P. (2004) Chapter 5. Bird calls: A cornucopia for communication. Nature's music: The science
of birdsong (ed. P.S. Marler, H.), pp. 132-177. Academic Press

Marler, P., Dufty, A. & Pickert, R. (1986a) Vocal communication in the domestic chicken: I. Does a
sender communicate information about the quality of a food referent to a receiver? Animal
Behaviour, 34, 188-193.

Marler, P., Dufty, A. & Pickert, R. (1986b) Vocal communication in the domestic chicken: Il. Is a
sender sensitive to the presence and nature of a receiver? Animal Behaviour, 34, 194-198.

Marler, P. & Slabbekoorn, H. (2004) Nature’s music: The science of birdsong. Elsevier, Amsterdam.

Marzluff, J. (2018) Common raven (Corvus corax). Handbook of the Birds of the World Alive (eds J. del
Hoyo, A. Elliott, J. Sargatal, D.A. Christie & E.e. de Juana). Lynx Edicions Barcelona.

Matrosova, V.A., Rusin, M.Y., Volodina, E.V., Proyavka, S.V., Savinetskaya, L.E., Shekarova, O.N.,
Rashevska, H.V. & Volodin, I.A. (2016) Genetic and alarm call diversity across scattered
populations of speckled ground squirrels (Spermophilus suslicus). Mammalian Biology -

Zeitschrift fiir Sdugetierkunde, 81, 255-265.

151



Matrosova, V.A., Schneiderova, I., Volodin, I.A. & Volodina, E.V. (2012) Species-specific and shared
features in vocal repertoires of three Eurasian ground squirrels (genus Spermophilus). Acta
Theriologica, 57, 65-78.

Maynard Smith, J. (1965) The evolution of alarm calls. The American Naturalist, 99, 59-63.

McComb, K. & Reby, D. (2005) Vocal communication networks in large terrestrial mammals. Animal
Communication Networks (ed. P. McGregor), pp. 372-389. Cambridge University Press.

McGregor, P.K. & Dabelsteen, T. (1996) Communication networks. Ecology and evolution of acoustic
communication in birds (eds D.E. Kroodsma & E.H. Miller), pp. 409—-425. Cornell University
Press, Ithaca, New York.

McLean, B.S. (2018) Urocitellus parryii (Rodentia: Sciuridae). Mammalian Species, 50, 84-99.

Miard, P., Lim, L.S., Abdullah, N.I., Elias, N.A. & Ruppert, N. (2019) Ultrasound use by Sunda colugos
offers new insights into the communication of these cryptic mammals. Bioacoustics, 28, 397-
403.

Miklosi, A. (2007) Dog behaviour, evolution, and cognition. Oxford University Press, New York, USA.

Moss, R. & Lockie, I. (1979) Infrasonic components in the song of the Capercailllie Tetrao urogallus.
Ibis, 121, 95-97.

Mundry, R. & Sommer, C. (2007) Discriminant function analysis with nonindependent data:
consequences and an alternative. Animal Behaviour, 74, 965-976.

Murray, T.G., Zeil, J. & Magrath, R.D. (2017) Sounds of modified flight feathers reliably signal danger
in a pigeon. Current Biology, 27, 1-6.

Oli, M K. & Jacobson, H.A. (1995) Vocalizations of barking deer (Muntiacus muntjak) in Nepal.

Orrock, J.L. (2010) When the ghost of predation has passed: Do rodents from islands with and
without fox predators exhibit aversion to fox cues? Ethology, 116, 338-345.

Ota, N., Gahr, M. & Soma, M. (2017) Songbird tap dancing produces non-vocal sounds. Bioacoustics,
26, 161-168.

Owings, D.H. & Virginia, R.A. (1978) Alarm calls of California ground squirrels (Spermophilus
beecheyi). Zeitschrift fiir Tierpsychologie, 46, 58-70.

Payne, K.B., Langbauer, W.R. & Thomas, E.M. (1986) Infrasonic calls of the Asian elephant (Elephas
maximus). Behavioral Ecology and Sociobiology, 18, 297-301.

Policht, R., Hart, V., Goncharov, D., Surovy, P., Hanzal, V., Cerveny, J. & Burda, H. (2019) Vocal
recognition of a nest-predator in black grouse. PeerJ, 7, e6533-e6533.

Policht, R., Kowalczyk, A., tukaszewicz, E. & Hart, V. (2020) Hissing of geese: caller identity encoded
in a non-vocal acoustic signal. PeerJ, 8, €10197.

Policht, R., Matéjka, O., Benediktova, K., Adamkova, J. & Hart, V. (2021) Hunting dogs bark differently

when they encounter different animal species. Scientific Reports.

152



Policht, R., Petru, M., Lastimoza, L. & Suarez, L. (2009) Potential for the use of vocal individuality as a
conservation research tool in two threatened Philippine hornbill species, the Visayan hornbill
and the Rufous-headed hornbill. Bird Conservation International, 19, 83-97.

Policht, R., Tomasova, K., Holeckova, D. & Frynta, D. (2008) The vocal repertoire in Northern white
rhinoceros Ceratotherium simum cottoni as recorded in the last surviving herd. Bioacoustics,
18, 69-96.

Pollard, K. (2011) Making the most of alarm signals: the adaptive value of individual discrimination in
an alarm context. Behavioral Ecology, 22, 93-100.

Puglisi, L. & Adamo, C. (2004) Discrimination of individual voices in male Great Bitterns (Botaurus
stellaris) in Italy. Auk, 121, 541-547.

Puglisi, L., Pagni, M., Bulgaeelli, C. & Baldaccini, N.E. (2001) The possible functions of calls
organization in the bittern (Botaurus stellaris). Italian Journal of Zoology, 68, 315-321.

Ramsier, M., Cunningham, A., Moritz, G., Finneran, J., Williams, C., Ong, P., Gursky-Doyen, S. &
Dominy, N. (2012) Primate communication in the pure ultrasound. Biology Letters, 8, 508-
511.

Randall, J.A., Rogovin, K.A. & Shier, D.M. (2000) Antipredator behavior of a social desert rodent:
Footdrumming and alarm calling in the great gerbil, Rhombomys opiums. Behavioral Ecology
and Sociobiology, 48, 110-118.

Randler, C. (2006) Disturbances by dog barking increase vigilance in coots Fulica atra. European
Journal of Wildlife Research, 52, 265-270.

Randler, C. (2012) A possible phylogenetically conserved urgency response of great tits (Parus major)
towards allopatric mobbing calls. Behavioral Ecology and Sociobiology, 66, 675-681.

Reby, D., Cargnelutti, B. & Hewison, A.J.M. (1999) Contexts and possible functions of barking in roe
deer. Animal Behaviour, 57, 1121-1128.

Riede, T., Wilden, I. & Tembrock, G. (1997) Subharmonics, biphonations, and frequency jumps -
common components of mammalian vocalization or indicators for disorders? Zeitschrift Fur
Saugetierkunde-International Journal of Mammalian Biology, 62, 198-203.

Robinson, S.R. (1981) Alarm communication in Belding ground-squirrels. Zeitschrift Fur
Tierpsychologie-Journal of Comparative Ethology, 56, 150-168.

Robisson, P. (1992) Roles of pitch and duration in the disrimination of the mate's call in the king
penguin Aptenodytes patagonicus. Bioacoustics, 4, 25-36.

Sales, G. (2010) Ultrasonic calls of wild and wild-type rodents. Handbook of Behavioral Neuroscience
(ed. S.M. Brudzynski), pp. 77-88. Elsevier

Santisteban, L., Sieving, K. & Avery, M. (2002) Use of sensory cues by fish crows Corvus ossifragus

preying on artificial bird nests. Journal of Avian Biology, 33, 245.

153



Seppanen, J.-T., Forsman, J., Monkkonen, M. & Thomson, R. (2007) Social information use is a
process across time, space, and ecology, reaching heterospecifics. Ecology, 88, 1622-1633.

Serpell, J. (2016) The domestic dog: Its evolution, behavior and interactions with people. Second
edition., 2 edn. Cambridge University Press, Cambridge.

Severcan, C. & Yamac, E. (2011) The effects of flock size and human presence on vigilance and
feeding behavior in the Eurasian coot (Fulica atra L.) during breeding season. Acta
Ethologica, 14, 51-56.

Seyfarth, R. & Cheney, D. (1990) The assessment by vervet monkeys of their own and another species
alarm calls. Animal Behaviour, 40, 754-764.

Seyfarth, R.M., Cheney, D.L. & Marler, P. (1980) Monkey responses to 3 different alarm calls -
evidence of predator classification and semantic communication. Science, 210, 801-803.

Schaef, K.M. & Mumme, R.L. (2012) Predator vocalizations alter parental return time at nests of the
hooded warbler. The Condor, 114, 840-845.

Schaller, G.B. (1972) The Serengeti lion: A study of predator-prey relations. University Chicago Press,
Chicago

Schneiderova, I. & Policht, R. (2010) Alarm calls of the European ground squirrel Spermophilus citellus
and the Taurus ground squirrel S. taurensis encode information about caller identity.
Bioacoustics, 20, 29-43.

Schneiderova, I. & Policht, R. (2012) Acoustic analysis of the alarm call of the Anatolian ground
squirrel Spermophilus xanthoprymnus: a description and comparison with alarm calls of the
Taurus S. taurensis and European S. citellus ground squirrels. Naturwissenschaften, 99, 55-64.

Schrader, L. & Hammerschmidt, K. (1997) Computer-aided analysis of acoustic parameters in animal
vocalisations: A multi-parametric approach. Bioacoustics, 7, 247-265.

Sloan, J.L. & Hare, J.F. (2008) The more the scarier: Adult Richardson's ground squirrels (Spermophilus
richardsonii) assess response urgency via the number of alarm signallers. Ethology, 114, 436-
443,

Smallwood, K.S. (1993) Mountain lion vocalizations and hunting behavior. The Southwestern
Naturalist, 38, 65-67.

Smith, C.L. (2017) Referential signalling in birds: the past, present and future. Animal Behaviour, 124,
315-323.

Soderstrom, B., Part, T. & Ryden, J. (1998) Different nest predator faunas and nest predation risk on
ground and shrub nests at forest ecotones: an experiment and a review. Oecologia, 117, 108-
118.

Soltis, J., King, L.E., Douglas-Hamilton, 1., Vollrath, F. & Savage, A. (2014) African elephant alarm calls

distinguish between threats from humans and bees. Plos One, 9.

154



Stomp, M., Leroux, M., Cellier, M., Henry, S., Hausberger, M. & Lemasson, A. (2018a) Snort acoustic
structure codes for positive emotions in horses. The Science of Nature, 105, 57.

Stomp, M., Leroux, M., Cellier, M., Henry, S., Lemasson, A. & Hausberger, M. (2018b) An unexpected
acoustic indicator of positive emotions in horses. Plos One, 13, e0197898.

Strnad, M., Némec, M., Vesely, P. & Fuchs, R. (2012) Red-backed shrikes (Lanius collurio) adjust the
mobbing intensity, but not mobbing frequency, by assessing the potential threat to
themselves from different predators. Ornis Fennica, 89, 206-215.

Stuart, C. & Stuart, T. (1997) Field guide to the larger mammals of Africa. Struik, Cape Town.

Sullivan, B.D. & Dinsmore, J.J. (1990) Factors affecting egg predation by American crows. Journal of
Wildlife Management, 54, 433-437.

Sullivan, K. (1985) Selective alarm calling by downy woodpeckers in mixed-species flocks. The Auk,
102, 184-187.

Tallet, C., Linhart, P., Policht, R., Hammerschmidt, K., Simecek, P., Kratinova, P. & Spinka, M. (2013)
Encoding of situations in the vocal repertoire of piglets (Sus scrofa): A comparison of discrete
and graded classifications. Plos One, 8.

Taylor, A.M. & Reby, D. (2010) The contribution of source—filter theory to mammal vocal
communication research. Journal of Zoology, 280, 221-236.

Templeton, C. & Greene, E. (2007) Nuthatches eavesdrop on variations in heterospecific chickadee
mobbing alarm calls. Proceedings of the National Academy of Sciences of the United States of
America, 104, 5479-5482.

Terry, A.M.R., Peake, T.M. & McGregor, P.K. (2005) The role of vocal individuality in conservation.
Frontiers in Zoology, 1-16.

Thiebault, A., Charrier, ., Aubin, T., Green, D.B. & Pistorius, P.A. (2019) First evidence of underwater
vocalisations in hunting penguins. PeerJ, 7, €e8240-e8240.

Tibbetts, E.A. & Dale, J. (2007) Individual recognition: it is good to be different. Trends in Ecology &
Evolution, 22, 529-537.

Tokuda, I., Riede, T., Neubauer, J., Owren, M. & Herzel, H. (2002) Nonlinear analysis of irregular
animal vocalizations. The Journal of the Acoustical Society of America, 111, 2908-2919.

Vanderhoff, E. & Eason, P.K. (2009) American robin seet calls: Aerial alarm or a contact call? The
Wilson Journal of Ornithology, 121, 406-411.

Vergne, A.L., Pritz, M.B. & Mathevon, N. (2009) Acoustic communication in crocodilians: from
behaviour to brain. Biological Reviews, 84, 391-411.

Vitousek, M.N., Adelman, J.S., Gregory, N.C. & St Clair, J.J.H. (2007) Heterospecific alarm call

recognition in a non-vocal reptile. Biology Letters, 3, 632-634.

155



Volodin, I., Matrosova, V., Frey, R., Kozhevnikova, J., L. Isaeva, |. & Volodina, E. (2018) Altai pika
(Ochotona alpina) alarm calls: individual acoustic variation and the phenomenon of call-
synchronous ear folding behavior. The Science of Nature, 105, 40-52.

Volodin, I.A,, Sibiryakova, O.V., Frey, R., Efremova, K.O., Soldatova, N.V., Zuther, S., Kisebaev, T.B.,
Salemgareev, A.R. & Volodina, E.V. (2017) Individuality of distress and discomfort calls in
neonates with bass voices: Wild-living goitred gazelles (Gazella subgutturosa) and saiga
antelopes (Saiga tatarica). Ethology, 123, 386-396.

Volodina, E.V., Volodin, I.A., Chelysheva, E.V. & Frey, R. (2018) Hiss and snort call types of wild-living
giraffes Giraffa camelopardalis: acoustic structure and context. BMC Research Notes, 11, 12.

Wang, Z,, Li, Z.Q., Beauchamp, G. & Jiang, Z.G. (2011) Flock size and human disturbance affect
vigilance of endangered red-crowned cranes (Grus japonensis). Biological Conservation, 144,
101-105.

Wegdell, F., Hammerschmidt, K. & Fischer, J. (2019) Conserved alarm calls but rapid auditory learning
in monkey responses to novel flying objects. Nature Ecology & Evolution, 3, 1039-1042.

Wheeler, B. (2013) Selfish or altruistic? An analysis of alarm call function in wild capuchin monkeys,
Cebus apella nigritus. Animal Behaviour, 76, 1465-1475.

Wilden, I., Herzel, H., Peters, G. & Tembrock, G. (1998) Subharmonics, biphonation, and deterministic
chaos in mammal vocalization. Bioacoustics, 9, 171-196.

Wilson, D. & Hare, J. (2004a) Animal communication: Ground squirrel uses ultrasonic alarms.

Wilson, D.R., Bayly, K.L., Nelson, X.J., Gillings, M. & Evans, C.S. (2008) Alarm calling best predicts
mating and reproductive success in ornamented male fowl, Gallus gallus. Animal Behaviour,
76, 543-554.

Wilson, D.R. & Evans, C.S. (2010) Female fowl (Gallus gallus) do not prefer alarm-calling males.
Behaviour, 147, 525-552.

Wilson, D.R. & Hare, J.F. (2004b) Ground squirrel uses ultrasonic alarms. Nature, 430, 523-523.

Winkler, D.W., Billerman, S.M. & Lovette, 1.J. (2020) Crows, jays, and magpies (Corvidae), version 1.0.
Birds of the world (eds S.M. Billerman, B.K. Keeney, P.G. Rodewald & T.S. Schulenberg).
Cornell Lab of Ornithology, Ithaca, NY, USA.

Witkin, S.R. & Ficken, M. (1979) Chickadee alarm calls: Does mate investment pay dividends? Animal
Behaviour, 27, 1275-1276.

Yachi, S. (1995) How can honest signalling evolve? The role of handicap principle. Proceedings:
Biological Sciences, 262, 283-288.

Yorzinski, J.L. & Vehrencamp, S.L. (2009) The effect of predator type and danger level on the mob
calls of the American crow. The Condor, 111, 159-168.

156



Yorzinski, J.L. & Ziegler, T. (2007) Do naive primates recognize the vocalizations of felid predators?
Ethology, 113, 1219-1227.

Zaccaroni, M., Binazzi, R., Massolo, A. & Dessi-Fulgheri, F. (2013) Audience effect on aerial alarm calls
in the monogamous red-legged partridge. Ethology Ecology & Evolution, 25, 366-376.
Zanette, L., White, A., Allen, M. & Clinchy, M. (2011) Perceived predation risk reduces the number of

offspring songbirds produce per year. Science (New York, N.Y.), 334, 1398-1401.
Zuberbuhler, K. (2009) Chapter 8. Survivor signals: The biology and psychology of animal alarm

calling. Advances in the Study of Behavior, pp. 277-322. Academic Press, San Diego.
Zuberbuhler, K., Noé&, R. & Seyfarth, R. (1997) Diana monkey long-distance calls: messages for

conspecifics and predators. Animal Behaviour, 53, 589-604.

157



