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Cilem prace je pomoci fizenych experimentl s GPS obojky ziskat nové poznatky o zplsobu prostorové ori-
entace loveckych psl v terénu a o mozném propojeni téchto schopnosti s magnetorecepci.

DalSim cilem je vyhodnoceni vlivu magnetického pole na pozi¢ni chovani pst a popsani moznych vliva, které
ovlivAuji pfirozené chovani

Metodika

Sbér dat bude probihat formou individualnich vychazek v rovinatych lesnich terénech. Na zacatku trasy bu-
de sledovanému psovi nasazen GPS obojek, ktery bude zaznamendvat jeho trasu. Pes bude vypustén na
volno a poslan vyhleddvat zvéf. V. momenté zahdjeni prondsledovani zvére se pes necha pracovat samo-
statné a bez dalSich povell se bude ¢ekat na jeho navrat.

Kazda trasa bude nasledné pomoci specialniho softwaru rozdélena na useky, které budou predstavovat
jednotlivé utéky psa za zvéri. Analyzou téchto dil¢ich tras budou ziskany Gdaje pro dalsi statistické zpraco-
vani (Casy, vzdalenosti, azimuty apod.) s cilem provést hlubsi analyzy vsech proménnych, které mohou do
procesu prostorové orientace a magnetorecepce vstupovat.

Bude poutzit zakladni soubor dat z diplomové prace studentky, ktery bude dale kvantitativné i kvalitativné
rozsirovan.

Vysledky a zavéry disertacni prace budou publikovany formou odborného ¢lanku ve védeckém casopise
s impakt faktorem.

Harmonogram reseni:
2015 — 2017 — Sbér dat, prlbézné zpracovavani, vybér vhodnych statistickych metod
2016 — 2019 — Statistické vyhodnoceni a publikace dat

OficiaIni dokument * Ceska zemé&délskd univerzita v Praze * Kamyckd 129, 165 00 Praha - Suchdol



Doporuceny rozsah prace
100-150 stran

Klicova slova
prostorova orientace, magnetorecepce, pozi¢ni chovani, kynologie

Doporucené zdroje informaci

BARRY, C.; BURGESS, N. 2014: Neural mechanisms of self-location. Current Biology, 24 (8). 330—339. DOI:
10.1016/j.cub.2014.02.049.

BEGALL, S.; CERVENY, J.; NEEF, J.; VOJTECH, O.; BURDA, H. 2008: Magnetic alignment in grazing and
resting cattle and deer. Proceedings of the National Academy of Sciences of the United States of
America, 105 (36): 13451-13455. DOI: 10.1073/ pnas.0803650105.

BEGALL, S.; MALKEMPER, E. P.; CERVENY, J.; NEMEC, P.; BURDA, H. 2013: Magnetic alignment in mammals
and other animals. Mammalian Biology — Zeitschrift flir Sdugetierkunde, 78 (1): 10-20. ISSN
1616-5047. DOI: 10.1016/j.mambio.2012.05.005.

HAFTING, T.; FYHN, M.; MOLDEN, S.; MOSER. M. B.; MOSER, E. I. 2005: Microstructure of a spatial map in
the entorhinal cortex. Nature, 436 (7052): 801-806. DOI: 10.1038/ nature03721.

HART, V.; NOVAKOVA, P.; MALKEMPER, E. P.; BEGALL, S.; HANZAL, V.; JEZEK, M.; KUSTA, T.; NEMCOVA, V,;
ADAMKOVA, J.; BENEDIKTOVA, K.; CERVENY, J.; BURDA, H. 2013B: Dogs are sensitive to small
variations of the Earth’s magnetic field. Frontiers in Zoology, 10: 80. DOI: 10.1186/1742-9994-10-80.

O’KEEFE, J.; NADEL, L. 1979: The hippocampus as a cognitive map. Behavioral and Brain Sciences, 2 (4):
478-494. DOI: 10.1017/50140525X00063949.

O’KEEFE, J.; DOSTROVSKY, J. 1971: The hippocampus as a spatial map. Preliminary evidence from unit
activity in the freely moving rat. Brain Research, 34 (1): 171-175. DOI:
10.1016/0006-8993(71)90358-1.

SOLSTAD, T.; BOCCARA, C. N.; KROPFF, E.; MOSER, M. B.; MOSER, E. I. 2008: Representation of geometric
borders in the entorhinal cortex. Science, 322 (5909): 1865—-1868. DOI: 10.2307/20177082.

SPENCER, W. D. 2012: Home ranges and the value of spatial information. Journal of Mammalogy, 93 (4):
929-947. DOI: 10.1644/12-MAMM-S-061.1.

WILTSCHKO, R.; WILTSCHKO, W. 1995: Magnetic orientation in animals. Journal of Navigation, 49 (03):
453-454. DOI: 10.1017/S0373463300013692.

OficiaIni dokument * Ceskd zemé&délskd univerzita v Praze * Kamyckd 129, 165 00 Praha - Suchdol



Pfedbéiny termin
2018/19 ZS - FLD - SDZ

Vedouci prace
prof. RNDr. Hynek Burda, CSc.

Garantujici pracovisté
Katedra myslivosti a lesnické zoologie

Elektronicky schvaleno dne 30. 10. 2015 Elektronicky schvaleno dne 13. 1. 2021
doc. Ing. Vlastimil Hart, Ph.D. prof. Ing. Marek Turcani, PhD.
Vedouci katedry Predseda oborové rady

Elektronicky schvaleno dne 3. 6. 2021
prof. Ing. Rébert Marusak, PhD.

Dékan

V Praze dne 10. 06. 2021

OficiaIni dokument * Ceska zemé&délskd univerzita v Praze * Kamyckd 129, 165 00 Praha - Suchdol



Anotace

Prace se zabyva zplsoby prostorové orientace loveckych pst V jejich pfirozeném prostredi
se zaméfenim na propojeni navigacnich schopnosti s magnetorecepci. Hodnoti vliv
magnetického pole na pozi¢ni chovani a popisuje dalsi vlivy, které ovlivituji pfirozené chovani
psti. Popisuje moznosti sledovani loveckych psit vterénu a nésledné zpracovani

velkoobjemovych dat.

The dissertation thesis is focused on the spatial orientation of hunting dogs in their natural
environment and the involvement of magnetoreception in navigation abilities. The thesis
evaluates the influence of magnetic field on alignment behaviour and the impact of other factors
on the behaviour of dogs. In addition, describes the possibility of observing hunting dogs in the

terrain and subsequent processing of long-lasting data.

Klicova slova:
prostorova orientace, homing, magnetorecepce, pozi¢ni chovani, kynologie

spatial orientation, homing, magnetoreception, alignment, cynology
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V roce 2014 byla udélena Nobelova cena za fyziologii a 1ékatstvi trojici védct, ktefi
identifikovali v mozku savct buiiky umoziujici orientaci v prostoru. Noveé objevené
burky jsou odpovédné za ,,vnitini GPS* zvirat (Hafting et al., 2005). Objev ,,naviga¢niho
systétmu*“ v mozku tak predstavuje dalSi posun v porozuméni principim prostorové

orientace (Solstad et al., 2008).

Orientace (prostorova ¢i ¢asova) je kli¢ova kognitivni funkce pro vSechny pohybujici se
zivo¢ichy. Umoziuje jedincim cileny a efektivni pohyb v prostiedi. V poslednich
desetiletich se v souvislosti s orientaci hovofi o schopnosti zvitat ziskavat informace

pottebné pro navigaci z magnetického pole Zem¢.

Sdélovaci prostredky pfinesou obcas informaci o neuvéfitelnych navigacnich
schopnostech psu, ktefi se vratili zpét domt ze vzdalenosti mnoha desitek ¢i stovek
kilometri. Asi nejznamé&jsim piikladem je putovani kolie Lassie. A¢koli je tento piibéh
smysleny, dobfe demonstruje realné navigacni schopnosti psi. Béhem 1. svétové valky
byli psi vyuZzivani jako tzv. ,,messenger dogs*, kteti méli za ukol dorucovat citlivé zpravy
napfi¢ bojistém. Psi museli ¢asto bézet mnoho kilometrd neznamym terénem, za tmy,
mlhy i dest&, a presto byla jejich uspéSnost vysoka. Plukovnik Richardson, ktery tyto psy
trénoval, poukdzal na zajimavou skute¢nost. Dle jeho nazoru nelze tyto mimotadné
homingové schopnosti psit vysvétlit jen pouzitim béznych smysli a zminoval V této
souvislosti termin ,homing instinct“ (Richardson, 1920). Nemohla by se za

neuvéfitelnymi navigacnimi schopnostmi pst ,,ukryvat® magnetorecepce?

Magnetorecepce, tj. schopnost vnimat magnetické pole Zemé, byla popsana u mnoha
zivociSnych druhli. Od bezobratlych az po velké savce, od zvifat migrujicich tisice
kilometrii az po zvifata pohybujici se na prostoru velikosti tenisového hiisté. Mnoho
migrujicich zvifat vyuziva magnetické pole Zemé k navigaci. Otazkou ovSem zUstava,
jaky biologicky vyznam by mohla mit magnetorecepce pro nemigrujici ZivocCichy.
Desitky let zamétovali védei svou pozornost piedevsim na ptaky, ryby a moiské Zelvy,

zatimco savci zustavali pon¢kud stranou.

Propojeni téchto dvou fenoménii, homingu a magnetorecepce, se ptimo nabizi. Je proto

s podivem, ze systematické studie charakterizujici naviga¢ni strategie a zapojeni
11



senzorickych mechanismli u nemigrujicich savcii v jejich pfirozeném prostredi jsou velmi
vzacné. ldealni zvifeci model pro studium homingu i magnetorecepce by mohl
predstavovat pes domaci (Canis familiaris). Psi jsou shadno dostupni, ochotni
spolupracovat s ¢loveékem a zvykli na jeho zivotni prostiedi. Piesto si stile zachovavaji

své kognitivni dovednosti spolecné s divokymi predky. To plati zvIasté pro lovecké psy.

Existuje konkrétni skupina plemen loveckych psu (honi¢i a dale plemena schopna
pracovat jako honici), ktefi jsou po generace Slechténi k tomu, aby nasli stopu zvéte,
hlasité ji sledovali a nésledn¢, po ukonceni sledovani, se spontdnné vratili zpét ke svému
majiteli. Zvét mohou sledovat i n€kolik kilometrti terénem, kde nikdy piedtim nebyli.
Dostavaji se tak do podobné situace, jako psi kuryii béhem valky. Nahle se ocitnou
relativné daleko od majitele, v neznamém terénu a Vv situaci, kdy vyuziti béznych
orientacnich voditek je velmi ztizené ¢i pfimo nemozné. A ptesto nemaji tito psi problém,

aniz by je majitel musel pfivolaval, ho v neptehledném lesnim terénu opét najit.

Od majitelt loveckych pst i z vlastni zkuSenosti vime, ze se psi umé&ji vracet po své
vlastni stop€, ale mnoho majitelii popisuje situace, kdy se psi prokazateln¢ po vlastni
stop¢ nevraceli, ale pfisSli z pln€ opacné strany. Piipadné se vratili rovnou domili nebo

¢ekali u auta. Jaké tajemstvi pfed nami psi jesté skryvaji?

12



Predlozena diserta¢ni prace je komentovanym souborem sedmi védeckych ¢lanki, které

byly publikovany nebo odeslany do redakce.

Disertacni prace volné navazuje na zakladni vysledky ziskané v ramci bakalarské
a diplomové prace. Je zaméfena na kvantitativni 1 kvalitativni roz$ifeni a prohloubeni
poznatktli o prostorové orientaci loveckych pst, dale zkouma mozny vliv magnetického

pole Zemé jak na orientaci, tak i na pfirozené chovani pst. Hlavnimi cili diserta¢ni prace
byly:

1. Pomoci fizenych experimentli s GPS obojky ziskat nové poznatky o zplisobu
prostorové orientace loveckych psti v terénu a o mozném propojeni téchto
schopnosti s magnetorecepci.

2. Vyhodnoceni vlivu magnetického pole na pozicni chovani psi a popsani

moznych vlivil, které ovliviuji ptirozené chovani.

13



Detailni ndhled do studované problematiky je podrobné¢ popsan v jednotlivych
publikovanych c¢lancich. V nésledujicich kapitolach jsou ptedstaveny pouze zakladni
informace v kontextu celé studované problematiky se zaméfenim na Celed” psovitych
(Canidae), s dirazem na psa domaciho (Canis familiaris), a dale informace vysvétlujici
z jakého diavodu byly jednotlivé vyzkumy provadény (mezery v souCasném stavu

poznani, vylepseni a vyvoj novych postupt apod.).

Orientaci mtizeme definovat jako schopnost uvédomit si pozici a pohyb téla (nebo jeho
Casti) a zménit je na zaklad¢ relevantnich informaci ziskanych prostiednictvim
kodovanych signald ptichazejicich z prostiedi, ve kterém se zvife pohybuje. Orientaci
muzeme rozd¢€lit na prostorovou orientaci (schopnost orientovat se v prostoru) a casovou
orientaci (schopnost orientovat se v ¢ase). Pfi¢emz oba typy jsou vzajemné propojeny

a integrovany v jeden funk¢ni celek (Poulter et al., 2018; Shiomi et al., 2019).

V odborné literatute, zaméfené na prostorovou orientaci, se terminy orientace a navigace
pouzivaji pomérné ,,promiskuitné*, kdy se vyraz navigace casto pouziva jako
synonymum pro orientaci. Vétsina zvifat se pohybuje orientovanym zpusobem, ale
navigace znamena néco vice (Gould, 2004). Jedna se o orienta¢ni procesy, které umoziuji
s vyuzitim externich referenci stanovit smér ke konkrétnimu cili nachazejicimu se mimo
dosah smyslovych organt (Wiltschko & Wiltschko, 1995). Navigace vyZzaduje uziti mapy
(uréeni koordinatu mista, kde se jedinec nachazi a mista, kam smétuje) a kompasu, ktery
uréi smér z daného mista do cile (Griffin, 1952). V tomto smyslu jsou oba vyrazy

pouzivany i v této praci.

Fungujici prostorova orientace zvitat zavisi na efektivni percepci, integraci a interpretaci
informaci ziskanych z okolniho prostiedi zvifete (allocentricka orientace a allothetické
informace) nebo na zakladé¢ zkusSenosti a informaci o vlastnim pohybu a poloze
(egocentricka orientace a idiothetické informace) (Poulter et al., 2018; Spiegel & Crofoot,
2016). Zahrnuje jak pohyb v prostoru domovského okrsku zvifete, tak i pohyb do

vzdalenych sezonnich oblasti (shrnuto v Frost & Mouritsen, 2006). Podle funkce mtizeme
14



tedy prostorovou orientaci rozd¢lit na pdtraci chovani, homing a migraci. Mechanismy,
které mize zvife pouzit V ramci téchto tfi modalit zahrnuji integraci cesty, sledovani
stopy, pilotovani, kompasovou orientaci a pouziti mapy. Pokud ma zvite k dispozici
,mapu‘ (ukazuje zvifeti jeho polohu vzhledem k cili) a ,kompas* (ukazuje zvifeti
ptislusny smér), je schopno pouzit jesté jeden mechanismus a to navigaci. V ramci
prostorové orientace dochazi vice ¢i méné k propojeni a vzajemnym interakcim vSech
zdroji (informace a signdly — percepéni systém — mechanismy a procesy — funkce
a vyznam) (grafické znazornéni viz Obr. 1) (Fagan et al., 2013; Gauthreaux, 1980; Gould,
2004, 2014; Gould & Gould, 2012; Mouritsen, 2018; Nahm, 2015; Poulter et al., 2018;
Schone, 1984). Zvitata jsou ¢asto schopna vnimat a flexibiln€ vyuzivat vice informac¢nich
zdrojt, nez kolik jich pro dany navigaéni tikol potiebuji. To miize komplikovat studium
orienta¢nich schopnosti zvitat a vést ke zdanlivé protichidnym zjisténim (Frost &

Mouritsen, 2006).

Podrobnéjsi vysvétleni jednotlivych komponent ucastnicich se procestt spojenych

S prostorovou orientaci lze najit nize v kapitolach 3.1.1 az 3.1.3.
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Schématické zobrazeni vzajemnych interakci a propojeni vsech komponent orientace: informace a signaly — percepcni systém — mechanismy a procesy —
funkce a vyznam (schéma s pomoci skolitele sestaveno autorkou na zakladé vétsiny zdroju citovanych v této praci).
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V zavislosti na ekologii daného druhu vyuzivaji zvifata prostorovou orientaci v ramci

patraciho chovani, migrace a homingu.

Péatraci chovani je reprezentovano prizkumnymi vylety zvifete do okolniho prostiedi.
Je zvifetem vyuZivano pfi patrani po zdrojich potravy, za ucelem hledani partnera nebo
nového habitatu v situaci, kdy informace o potencialnich cilech jsou omezené nebo zcela
chybéji. Pricemz odchozi trasy jsou béhem patracitho chovani delsi, klikatgjsi
a pferusované zastavkami a skenovanim okoli, pfichozi trasy jsou pfiméjsi a rychlejsi
(Mueller & Fagan, 2008; shrnuto v Thompson et al., 2018). Jedinec se pfi ném muze, ale
také nemusi vracet zpét do svého domovského okrsku, ¢asto ho i natrvalo opousti (Bell

& Bell, 1990).

Migrace je obecné charakterizovana jako pravidelny (sezonni) pohyb na dlouhou
vzdalenost mezi prostorové nesouvisejicimi habitaty (Fagan et al., 2013; Gauthreaux,
1980), tj. naptiklad mezi mistem slouzicim k rozmnozovani a zimovistém (Kolzsch et al.,
2020). Migrace je bézna populaéni strategie napfi¢ riznymi taxony (Mueller & Fagan,
2008; O'Keefe & Nadel, 1978). Dilezitou soucasti posledni faze migrace mize byt
I homing, ale pouze u migrantt, ktefi nemigruji poprvé (bez znalosti cile nelze homing

zapojit) (shrnuto v Thorup & Holland, 2009).

Homing Ize definovat jako schopnost vratit se (po premisténi) zpét do znamé cilové
lokality (Papi, 1992; Schmidt-Koenig & Keeton, 1978). Byl popsan u mnoha
taxonomicky odlisnych druhti obratlovct a zavisi na celé fad€ informacnich zdroju, podle
kterych se muze zviie orientovat — vizualni, olfaktorické, akustické, nebeské, magnetické
a idiothetické (Chernetsov, 2017; Cullen & Taube, 2017; Mouritsen, 2018; Papi, 1992;
Schmidt-Koenig & Keeton, 1978; Wiltschko & Wiltschko, 1995). Nicméné
systematickych studii zaméfenych na navigacni strategie a zapojeni konkrétnich smysla
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béhem homingu u nemigrujicich zvifat bylo provedeno pouze nékolik (napft.: August et
al., 1989; Tsoar et al., 2011; Walton et al., 2001) a nase znalosti tak ziistavaji neuplné
(Poulter et al., 2018; Wolbers & Wiener, 2014).

Je znamo mnoho anekdotickych zprav o neuvéfitelnych homingovych schopnostech pst,
nicméné tyto schopnosti mohou byt nadhodnocené (Miklosi, 2018). Mozna nejlépe
popsanym piikladem je vyuzivani jiz zmiovanych ,,messenger dogs“ béhem 1. svétové
valky (Richardson, 1920). Pozd¢ji, v poloving minulého stoleti, bylo provedeno nékolik
dalSich systematickych studii dokazujici homingové schopnosti pst (podrobné&jsi popis
viz kapitola 3.1.2.6), ale vzhledem k omezenym technickym moznostem té doby chybi
mnoho detailti o konkrétnim chovani pst béhem navigace (shrnuto v Nahm, 2015). Od té
doby (témét 60 let) nebyly dalsi systematické homingové studie se psy provedeny,

ptip. nebyly publikovany.

Mechanismy prostorové orientace predstavuji konkrétni prostredek, jakym zvite dosahne
svého cile. Jedna se o tyto strategie: integrace cesty, pilotovani, sledovani stopy,
kompasova orientace, mapovani, navigace. Informacni zdroje jiz predstavuji konkrétni

orienta¢ni body, znacky a signaly, podle kterych se miize zvife orientovat.

Integrace cesty (Path integration neboli Dead reckoning) je proces, pii kterém zvite (ale
1 ¢loveék) na zédklad¢ informaci o svém vlastnim pohybu odhaduje smér a vzdalenost
z vychoziho bodu (integrace vlastniho linearniho a thlového pohybu), coz mize zpétné
ptispét k odhadu aktuélni polohy zvifete a navratu do vychoziho mista nejkrat§i moznou
cestou. Zvife aktualizuje svoji polohu na zakladé kumulativniho odhadu sméru
a vzdalenosti, kterou urazilo (Etienne et al., 1996; Etienne & Jeffery, 2004; McNaughton
et al., 2006; Poulter et al., 2018). Integrace cesty byla studovana pievazné v ramci
homingu, po ukonceni exploracniho chovani (Etienne & Jeffery, 2004). Nicméné béhem
procest spojenych s integraci cesty se rychle hromadi chyby (Benhamou, 2014; Hartley
et al., 2014), obzvlasté v situacich, kdy nejsou k dispozici externi orientaéni body
(Etienne et al., 1996). U pst bylo popsano, Ze na vzdalenostech od 20 do 30 metru se

chyby v odhadu vzdalenosti pohybuji mezi 3 az 8 % (prumér 6 %) a chyby v odhadu
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sméru mezi 1 az 14 % (pramér 9 %) (Séguinot et al., 1998). Harootonian et al. (2020)
uvadéji, ze dobrovolnici méli tendenci preceniovat thel (smér pohybu) a podcenovat
vzdalenost, pficemz s rostouci vzdalenosti dochazelo k vétsi chybovosti s odchylkou

rostouci exponencialné.

Bylo matematicky dokazano, ze integraci cesty lze pouzit pouze na kratkou vzdalenost
a pokud chce zvife cestovat dale, musi zapojit externi smérové reference (Cheung et al.,
2008). Napt. poustni mravenec je schopen se vratit zpét do hnizda ze vzdalenosti az 100
m. Pokud ovSem spocitame délku kroku a smérovou chybu kolem 2° / krok, vyjde
maximalni mozna vzdalenost 20 m, po kterou mravenec dokéze udrzet pfimy smér
(Cheung et al., 2007). Integrace cesty, bez rekalibrace pomoci externich smérovych
odkazli (vizudlni nebo olfaktoricka voditka ¢i kompas, napt. magneticky), je nepouzitelna
na dlouhé vzdalenosti, nebot’ pohybova trajektorie by se zacala piiblizovat logaritmické

spirale (Cheung et al., 2008).

Pilotovani je zalozeno na vizualnich, akustickych nebo olfaktorickych vjemech
(allothetické informace) (Whishaw et al., 2001). Jedna se o identifikaci polohy v prostoru
s ohledem na vzdalenost a smér znamych orienta¢nich ¢i referen¢ni bodu (landmarks ¢i
beacons; termin landmark charakterizuje orienta¢ni bod, ktery lezi pobliz cile a
neidentifikuje tak cil pfimo, zatimco beacon cil identifikuje ptimo (Shettleworth, 2010))
a o navigovani smérem k témto bodum (Gallistel, 1990). Pfi pilotovani ma navigace ruzné
urovné obtiznosti (Whishaw et al., 2001). V piipadé ptimo
viditelného/slysitelného/cititelného cile se jedna o nejjednodussi formu navigace. Trochu
nachazi v kratké vzdalenosti od orientacniho bodu ¢i bodu (napf. ukryty vchod do nory).
Od zvifete to vyzaduje, mimo rozpoznani vlastniho cile, i rozpoznani blizkych
orienta¢nich bodi a zapamatovani si prostorovych vztahti mezi nimi a cilem (Tommasi
et al., 2012). Pti pilotovani neni zvife zavislé na informacich o svém vlastnim pohybu
(idiothetické informace) (Whishaw et al., 2001). Napi. kaloni egyptsti (Rousettus
aegyptiacus) jsou schopni vyuzit prostorové uspotradani vzdalenych viditelnych
orienta¢nich bodi (napi. budovy) a pomoci triangulace ur¢it smér pozadovaného letu a

pravdépodobné¢ i vzdalenost k cili (Harten et al., 2020). Fiset (2007) prokazal schopnost
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pst vyuzivat informace o prostorovych vztazich blizkych orienta¢nich bodt. Pfi posunu
bodl v jednom sméru psi posunuli i své hledani. K posunu vsak nedoslo ve stejném
rozsahu, v jakém byly posunuty body, coZz naznauje vyuzivani i jinych prostorovych
informaci. To bylo potvrzeno i v navazujicim vyzkumu, ktery potvrdil schopnost psu

pracovat s primérnymi vzdalenostmi od jednotlivych orienta¢nich bodu (Fiset, 2009).

Vv

zatimco idiothetické informace pouzije spise pro integraci cesty, zdroje informaci mohou

byt komplementarni a vyuzity pro oba typy navigace (Whishaw et al., 2001).

Problematika sledovani stopy (i své vlastni) v ramci homingu savct nebyla zatim ptili§
podrobné studovéana. Schopnost navratu po vlastni stopé je u loveckych psii vSeobecné
znama, ale systematické studie chybi. VétSina védeckych studii byla zamétena spiSe na

sledovani pachové stopy jiného subjektu, nejcastéji lidské pachové stopy.

Sledovani stopy psy je zaloZeno na jejich piirozené schopnosti sledovat pachovou stopu,
kterou sledovany subjekt zanechava (Miklosi, 2014). Brauer & Blasi (2021) testovali,
jakym zptsobem psi sleduji stopu svého majitele. Vysledky potvrdily schopnost psi
rozpoznat individualni pach majitele. Pokud na konci stopy nasli jinou osobu, projevovali
rozruseni. Mezi psy se vSak vyskytovaly velké inter-individudlni rozdily v ochoté
sledovat stopu, které nebyly zavislé na olfaktorickych zkusenostech. Navic bylo zjisténo,
teplotach. Pti sledovani stopy je dllezité spravné urcit jeji smér. Z 22 policejnich pst
sledovanych ve studii Wells & Hepper (2003) jich jen 36 % dokazalo identifikovat
sledovani stopy bez ohledu na smér byli GspéSni vSichni testovani psi. Pro urceni
spravného sméru psi potiebovali v priméru 5 krokd, coz odpovida ptiblizné 2 sekunddm
(Hepper & Wells, 2005). Pti feseni problému zaloZzeném na pouziti ¢ichu se netrénovani
psi spoléhali spise na vizualni informace nez na dostupné ¢ichové podnéty (Polgar et al.,
2015). Podobné chovani bylo popsano i u kocek, kde pti konfliktu vizualnich a
olfaktorickych informaci vétSina kocek preferovala vizualni informaci (Mayes et al.,
2015).
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Drivéjsi laboratorni studie piinesly poznatky 0 tom, ze zvifata jsou schopna si béhem
pohybu Vv prostoru vytvaret mapy (nazvané kognitivni mapy), coZz jim umoziuje
flexibiln¢ vyuzivat ziskané poznatky napf. pro generovani novych zkratek, pokud jsou
znamé cesty nedostupné (Tolman, 1948). Tolmanova teorie kognitivnich map byla
roz$ifena a zdokonalena po objevu neuralnich korelati mapové reprezentace, konkrétné
bun¢k mista (place cell) nalezenych v hipokampu (O’Keefe & Nadel, 1978). Nejnovejsi
definice popisuji kognitivni mapu jako neuralni model vné&jsiho svéta, ktery predstavuje
prostorové vztahy mezi vzdalenostmi a sméry mezi misty. UmoZiluje generovani novych
cest, jako jsou objizd’ky nebo zkratky, které nikdy piedtim nebyly pouzity (Poulter et al.,
2018). Pouziti zkratky, tj. navigovani mezi znamymi body novou a piimé&;jsi cestou, je
povazovano za dikaz pouziti mapy (O'Keefe & Nadel, 1978; Tolman, 1948). Mapové
informace mohou byt zalozeny na velkém mnozstvi diive zjiSténych orientacnich bodl
(vizualni, olfaktorické, sluchové, ale i magnetické). Nicméné to, které z nich nakonec
zvite pouzije, se muze liSit jak mezi jednotlivymi druhy, tak i dle dané situace a
individualité jedince (Frost & Mouritsen, 2006). Nicméng¢ pii pozorovani divokych zvifat
nelze spolehlivé urcit, zda zvite pouzilo zkratku na zaklad€ vyuziti kognitivni mapy a
nebo jiné navigacni strategie, pokud nezname historii jeho ptedchoziho pohybu (Harten

et al., 2020).

Peters & Mech (1975) a Peters (1978) popisuji v ramci loveckého chovani viki pouzivani
zkratek a generovani efektivnéjSich tras pii navratech na konkrétni mista, ktera
predstavuji predpokladany vyskyt kofisti, misto uloveni nebo navrat zpét k doupéti.
Pouziti zkratek bylo pomoci GPS technologie velmi dobie popsano u netopyri, kteti se
pfi dlouhych letech za potravou byli schopni vracet novymi a pifiméjSimi trasami zcela
neznamym prostiedim. Autofi povazuji pouziti pilotovani a integraci cesty za
nepravdépodobné vzhledem k pohybu neznamym terénem na dlouhé vzdalenosti (Harten

et al., 2020; Toledo et al., 2020; Tsoar et al., 2011).

Jednim ze zdroju, ktery muze poskytovat informace potiebné pro tvorbu kognitivnich
map, je 1 magnetické pole Zemé. Podle sméru magnetickych silocar lze ziskat referen¢ni
smér pro magneticky kompas, lokalni sila magnetického pole a / nebo sklon silocar
(inklinace) by mohly poskytnout informace o poloze pro vyuziti v mapach (shrnuto v
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Freake et al., 2006 a Frost & Mouritsen, 2006). Ackoli je znamo, ze néktera zvirata
magnetické mapy pouzivaji, 0 jejich organizaci ¢i ptipadnych omezenich se mnoho nevi.
K magnetické mapé je nutno pfistupovat jako K jedné ¢asti integrované sady mechanismu
zapojenych do navigace, jejichZ pouziti ¢i nepouziti zavisi na okolnostech a naviga¢nich

potiebach jednotlivce (Lohmann et al., 2007).

Psi se pfi znaCkovani teritoria statisticky signifikantné zarovnavaji podél severojizni
magnetické osy V pripadé€, ze je magnetické pole Zemé klidné. Pokud by psi pouzivali
mapu K usnadnéni orientace v prostoru, mohli by mit potfebu ji kalibrovat (centrovat)
S ohledem na zndmé orientacni body, at’ uz vizualni ¢i magnetické. Zarovnani mapy by
mohlo usnadiiovat jeji ¢teni, nicméné kalibrace ma smysl pouze tehdy, pokud jsou

referen¢ni body stabilni (Hart et al., 2013).

Poté, co zvife pomoci mapy ur¢i svoji polohu vzhledem k vzdalenému cili, potfebuje urcit
a nasledné udrzet spravny smér K tomuto cili. K tomu muize vyuzit tzv. kompasovou
orientaci neboli kompas (Frost & Mouritsen, 2006). Z hlediska prostorové orientace je
termin kompas pouZivan k oznaceni jakéhokoliv mechanismu, ktery urcuje absolutni
geograficky smér nezavisle na poloze (Guilford & Taylor, 2014). Jsou znamy tfi
kompasové systémy — slune¢ni kompas, hvézdny kompas a magneticky kompas (shrnuto
v Chernetsov, 2017). Bylo navrzeno, ze kompasové systémy jsou nezbytné pro kazdé
zvite pohybujici se v komplexnim prostiedi, bez ohledu na prostorové méfitko
(Finkelstein et al., 2016). Pouziti a funkce kompasovych systému byla zatim nejvice
studovana u ptakd, hlavné u migrujicich druhd (Wiltschko & Wiltschko, 2005).

Slunecni kompas mize hrat klicovou roli pfi ureni sméru u dennich zvitat (napt. Samson
& Manser, 2016). Vzhledem k pohybu Slunce po obloze, i kdyz se jedna o pohyb
pravidelny a pfedvidatelny, disponuji zvifata kompenzacnimi mechanismy

zohlednujicimi slune¢ni posun (shrnuto v Guilford & Taylor, 2014).

Naproti tomu hvezdny kompas je vyuzivan spise no¢nimi migranty (napt. Able & Able,
1990), i kdyz informace ze slune¢niho kompasu mtze ovliviiovat i orientaci noc¢nich

zvitat (Cochran et al., 2004), stejné tak jako polarizované svétlo (Greif et al., 2014;
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Muheim et al., 2006). Podminkou vyuziti slune¢niho i hvézdného kompasu je nezatazena

obloha (Chernetsov, 2017).

V soucasné dob¢ je nejvice pozornosti vénovano magnetickému kompasu (Chernetsov,
2017), pti jehoz pouziti je smérova informace ziskavana S vyuzitim magnetického pole
Zemé (Wiltschko & Wiltschko, 2005). Ze savcu je jeho pouziti nejpodrobnéji popsano u
hlodavct v ramci tzv. ,,nest-building assay* (uréeni sméru pro stavbu hnizd). Zvifata
preferovala stavbu hnizd podél severojizni magnetické osy, v pfipadé experimentli
v magnetickych civkach reagovala na posun magnetického pole posunem sméru, ve
kterém hnizda stavéla (napi.: Burda et al., 1990; Malewski, Begall, & Burda, 2018;
Malewski, Begall, Schleich, et al., 2018; Malkemper et al., 2015; Oliveriusova et al.,
2014; Phillips et al., 2013).

Bylo navrzeno, Ze magneticky kompas by mohl slouzit nejen jako zdroj smérovych
informaci, ale i jako sféricky soutadnicovy systém propojujici vzdalenost, smér a polohu
v prostoru (Phillips et al., 2010). Naptiklad lisky pravdépodobné vyuzivaji magnetické
pole Zemé jako zamétovaci systém pfii lovu kofisti a tim dosahuji zvySeni své lovecké
uspésnosti (74 % uspésnych ttokl byla vedeno v severovychodnim sméru). V. domovské
oblasti lisek (jakoZto nemigrujiciho druhu) je sklon a intenzita magnetického pole Zemé
V podstaté¢ konstantni a sklon pole tak lze vyuzit k odvozeni relativni vodorovné
vzdalenosti (Cerveny et al., 2011). Detailng&ji je magnetorecepce psovitych Selem popsana

v kapitole 3.1.3.5.

Nicméné stale neni jasné, zda jsou tyto rizné zdroje smérovych informaci pouzivany
spole¢né a integrovany do vysledného vektoru, ¢i zda pievazuje ten nejdostupnéjsi (Frost
& Mouritsen, 2006). Rovnéz zustava otazkou, nakolik by magneticky kompas (jakoZzto
vZzdy dostupny zdroj informaci) mohl vstupovat i do ostatnich navigacnich mechanismii.
Bylo napt. prokazano, ze magnetické pole Zemé ovliviluje smérovou slozku integrace
cesty U podzemnich hlodavci v ptipadé, kdy se zvife pohybuje po relativné dlouhé a
klikaté trase. S rostouci vzdalenosti se zvySovalo i zapojeni magnetického kompasu

(Kimchi et al., 2004).
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Navigace, nékdy se téz pouziva vyraz ,,prava navigace™ (true navigation), je schopnost
zvitat pohybovat se nezndmym prostiedim smérem k cili (hnizdo, domovské uzemi, zdroj
potravy apod.) bez potieby zndmych orienta¢nich bodu. K tomu je potieba mit mapu
ukazujici zvifeti jeho polohu vzhledem kcili a dale kompas k nasmérovani podél
ptislusného vektoru (shrnuto v Frost & Mouritsen, 2006; Gould & Gould, 2012;
Wiltschko & Wiltschko, 2003). Téchto dvou krokd, které byly podrobnéji popsany
Vv piedchozich dvou kapitolach, je dosazeno za pomoci podnétil z prostiedi zvitete, které
jsou detekovany prostiednictvim smyslu (Holland, 2018). Ackoliv se piedpoklada, ze
»pravou navigaci“ disponuje mnoho druhti zvifat (obzvlasté pii pohybu na velké
vzdalenosti), experimentalné byla prokazana pouze v nékolika malo ptipadech. Potvrzeni
této schopnosti vyzaduje premisténi zvifete do neznamého prostiedi bez pristupu
Kk orientaénim bodum b&hem piesunu (tzv. ,,displacement experiment®). Pokud je zvife
schopno se po piesunu vratit zpét domu, pravdépodobné mizeme uvazovat o schopnosti
pouzit pravou navigaci (Thorup & Holland, 2009). Transloka¢ni experimenty byly
provadény prevazné s ptaky (Akesson, 2003), nejlépe je tato schopnost popsana u holubii

(Wallraff, 1978; Wiltschko & Wiltschko, 1985).

Dalsi evidence pochazi od migrujicich druhti (souhrn viz Thorup and Holland, 2009),
z nemigrujicich druht savci napt. od kralika (Lawes et al., 2012) a psi, se kterymi bylo
provedeno nékolik transloka¢nich experimentii. Prvni ,,pokusy* se psy jsou zndmy
z obdobi ptfed a béhem 1. svétové valky, kdy byli psi trénovani jako tzv. ,messenger
dogs®. Jejich tkolem bylo pienaset dulezité zpravy skrz bojisté a 1 kdyz se nejednalo
0 védecké experimenty v pravém slova smyslu, lze v této souvislosti hovofit o pravé
navigaci (Richardson, 1920). Nahm (2015) popisuje ve svém souhrnu dal§i dvé méné
znamé prace zaméfené na navigacni schopnosti pst: prvni systematické experimenty
provadéné Bastienem Schmidtem ve 30. a 40. letech minulého stoleti, ktery pfemist'oval
psy do 4-5 km vzdalenych neznamych lokalit a sledoval pomoci terénnich pozorovatela
zpusob jejich navratu zpét domti. Schmidt poukazuje na zajimavou skutecnost, ze psi
béhem uspéSnych navratt pravdépodobné nepouzivali k orientaci ¢ich. Druha prace,
zamefend na navigacni schopnosti psi, probihala mezi lety 1953 a 1962. Podobné jako

Schmidt i Bernhard Miiller pfemistoval psy na neznama mista, ale pracoval s mnohem
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vétsimi vzdalenostmi a vét§im mnozstvim pst. Experimenty provadél za kazdého pocasi,
ve dne i v noci a popsal podobné chovani pst jako Bastien Schmidt. Oba pak shodné
konstatovali, ze schopnost psii vratit se po pfemisténi zpét domt nelze vysvétlit pouze

pouzitim béznych smyslu.

Zpusob, jakym zvitata dokazi urCovat svoji polohu, neni stale dostatecné objasnény.
Jednim z diivodu je i mnozstvi informacnich zdroju a jejich vzajemné vztahy. Zistava
nejasné, jak jsou tyto zdroje zvifetem vzajemné kombinovany, upfednostiiovany ¢i
potlacovany, obzvlasté v situaci, kdy se zvife nachdzi v pro né nezndmém prostiedi
(Holland, 2018). Zvifata mohou b&hem navigovani vyuzivat allothetické informace,
idiothetické informace, jejich kombinaCci nebo mezi nimi flexibiln¢ piepinat.
Pfi planovani experimentd je nutno navrhnout takovy design experimentu, ktery umozni
pouzivani informacénich zdroji cilené kontrolovat (Whishaw et al., 2001). Navic je
potieba vzit v tivahu dalsi faktory ovliviiujici orienta¢ni a naviga¢ni schopnosti — pamét’,
ziskané zkuSenosti, vrozené vzorce chovani nebo spolecenské vztahy (Fagan et al., 2013),
protoze napt. Miiller (1965) zminuje, Ze GspéSnost homingu u pst zavisela na socialnim
postaveni, kdy dominantni jedinci méli téméf 100% navratovou uspésnost, zatimco ze

submisivnich jedinct se nevratil ani jeden (citovano v Nahm, 2015).

Vnimani neboli percepce patii mezi zakladni mechanismy orientace. Je to soubor jevi
pusobicich v ur€itém okamZiku na smyslové organy (receptory), které v nasledném
kognitivnim procesu organizuji a interpretuji informace z jednotlivych smysla (Johnsen,
2017). Ziskané informace o prostiedi ovliviiuji pohyb zvitat, a naopak, pohyb zase
ovlivituje informace, které ziskavaji o svém stanovisti (Spiegel & Crofoot, 2016). Jedna
se o aktivni procesy kontrolované centrdlnim nervovym systémem (Miklosi, 2014).
V této kapitole jsou popsany pouze smysly, které hraji roli pfi distan¢ni prostorové

orientaci psi — Cich, sluch, zrak a magnetorecepce.

Psi jsou obecné povazovani za makrosmaticka zvirata (S vynikajici ¢ichovou schopnosti).
Anatomicka struktura nosni dutiny psa je pfizplisobena pro efektivni intranazalni

transport odorantu béhem d¢ichani. Béhem aktivniho ¢ichani ziskava kazda nozdra
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prostorové oddélené vzorky odorantu pro dvoustranné srovnani intenzity a lokalizace
odorantu. Tato schopnost psa je v pfimém kontrastu s nosnim proudénim vzduchu
u ¢lovéka (Craven et al., 2010). S ohledem na dalsi morfologické rozdily mezi ¢lovékem
a psem (u psa vétsi velikost a slozitost olfaktorického epitelu, vyssi pocet receptort, veétsi
velikost ¢ichové oblasti v mozku) mize dojit k podcenéni vyznamu ¢ichovych podnéti
Vv okoli psa (Miklosi, 2014). Nékteré vysledky vSak naznacuji, ze navzdory schopnosti
uspesné fesit ukoly pomoci ¢ichu, domestikovani psi ¢asto upfednostnuji pied Cichem

jiné kognitivni strategie (Polgar et al., 2015).

cey

Pro lidmi casto zminiovanou ptedstavu, ze psi ziji ve ,,svété pachi®, existuje jen malé
mnozstvi srovnavacich studii zamétenych na diskriminaci zdroj pacht. Pti vyzkumech,
ve kterych mohou hrat roli olfaktorické schopnosti psa, je rovn€z nutné vzit v ivahu
I zvolené plemeno psa. Jednotliva plemena byla Slechténa pro specifické vyuziti a mohou
se v ¢ichovych schopnostech diametralné liSit. Rovnéz je potieba sledovat ostatni faktory,
jako je napt. individudlni zkuSenost, trénink nebo i1 vrozené vlastnosti (Miklosi, 2014).
Samuel et al. (2020) testovali reakce pst na pach potencialnich predatorti (medvéd a rys).
U pst dochézelo pii kontaktu s pachem predatora k fyziologickym zméndm i ke zménadm
v chovani. Nebyly vSak nalezeny rozdily mezi zkuSenymi psy loveckych plemen a
ostatnimi psy. Coz naznacuje, Ze anti-predacni chovani by mohlo byt u psti vrozené. Pii
volbé mezi Cichovymi zdroji informaci a vizualnimi zdroji se psi rozhodovali podle
okolnosti (tzn. nespoléhali se striktné na ¢ich). V ptipadé rozporuplnych podnéti vyuzili
I vizualni komunikacni signaly od ¢lovéka, pokud méli k dispozici pouze olfaktorické
informace. Naopak, pokud méli k dispozici i vizualni informace, vice spoléhali sami na
sebe (Szetei et al., 2003). Podobn¢ u kocek, v piipadé konfliktu vizualni a olfaktorické
informace, dochdzelo k preferenci vizualni informace. RovnéZz byla pozorovéana velka

individualni variabilita mezi jedinci (Mayes et al., 2015).

To vSe dohromady miize ovliviiovat pfirozené chovani béhem olfakce a Castecné by
mohlo pomoci pochopit rozdily ve vnimani okoli prostfednictvim cichu mezi
makrosmatickym psem a mikrosmatickym ¢lovékem (Craven et al., 2010). Na druhou
stranu jsou Casto podceniovany ostatni smysly psa, a naopak preceniovan vyznam ¢ichu

v kontextu celého smyslového vnimani (Miklosi, 2014).
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Dalsim vyznamnym smyslem psa je sluch. Sluchovy systém psovitych Selem se vyvinul,
mimo jiné, K optimalizaci predacniho chovani — lokalizace zvukt vydavanych potencialni
kotisti. To zahrnuje schopnost nataCet usni boltec ve sméru piichazejicich zvuki a
smérovat zvukové viny do zvukovodu (Miklosi, 2014). Anatomie a fyziologie psiho ucha

byla velmi dobie popsana (Cole, 2009).

Frekven¢ni rozsah sluchu psa se od lidského 1isi jen ¢aste¢né. Podobnost se ukazuje
u nizsich frekvenci, zatimco u vyssich frekvenci jsou rozdily jiz vyrazné. Frekvencni
rozsah psa se pohybuje mezi 41 az 44000 Hz, zatimco u ¢lovéka mezi 31 az 17600 Hz.
Rozdily mezi jednotlivymi plemeny nalezeny nebyly (Heffner, 1983). Sluch psa je velmi
podobny sluchu lisky ¢i ko€ky s tim rozdilem, Ze kocka ma vyssi frekvencni rozsah

(kolem 70000 Hz) (Malkemper et al., 2020).

Zda se, ze na sluchové schopnosti psti nema vliv pomérné velka variabilita ve velikosti a
tvaru uSnich boltcii riznych plemen pst. Bylo potvrzeno, Ze pozice a tvar usniho boltce
neovliviluje schopnost vnimat vysokofrekvenéni zvuky (Heffner, 1983). Liska, blizka
pribuznd domaciho psa, sdili se psem anatomicky podobné struktury stfedniho a vnitiniho
ucha a rovnéz audiogramy obou druhi maji velmi podobny tvar. Naopak, sluch by mohly
ovliviiovat nekteré vlastnosti sluchového systému, jako jsou specializace vlaskovych

bungk ¢i sluchové drahy a nervova centra (Malkemper et al., 2020).

Psa domaciho lze povazovat za zrakového generalistu schopného efektivné fungovat
v sirokém spektru svételnych podminek (Miller & Murphy, 1995). Hlavni funkci zraku
je kooperace pii lovu a socialni interakce jak s clovékem, tak s ostatnimi pfislusniky
druhu (Miklosi, 2014). Psi disponuji stereoskopickym vidénim (frontalni umisténi o¢i),
coZ jim umoziuje, stejné¢ jako ostatnim Selmam, prostorové (binokularni) vidéni
zlepsujici odhad vzdalenosti (Miller & Murphy, 1995; Veselovsky, 2008). Pti vyzkumu
chovani je nezbytné brat v potaz rozdilné zrakové vnimani pst v porovnani s ¢lovékem

(Miklési, 2014; Pongracz et al., 2017; Veselovsky, 2008).
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Znalosti o schopnosti pst rozliSovat barvy zlstavaji 1 pies zna¢ny pokrok nekompletni.
Psi maji odlisné barevné vidéni nez ¢lovek: ¢loveék vidi trichromaticky (disponuje tfemi
typy Cipkl), zatimco pes ma vidéni dichromatické (dva typy ¢Cipki). Méfeni pomoci
elektroretinografie odhalilo citlivost ¢ipkt k vinové délce 430 nm, resp. 555 nm. Z toho
bylo odvozeno, Ze psi disponuji tzv. ,,blue—yellow* systémem a pravdépodobné vidi
fialovou a modrofialovou barvu jako namodralou, zelenozlutou a cervenozlutou jako
nazloutlou a ostatni barvy lezici mezi témito dvéma spektry vidi jako bilou nebo svétle
Sedou. Bylo pozorovano, ze psi maji problém odlisit zelenozlutou, Zlutou, oranzovou a
¢ervenou barvu mezi sebou a zelenomodrou od $edé (Jacobs et al., 1993; Miller &
Murphy, 1995; Neitz et al., 2001). Nicméné, n¢které vyzkumy naznacuji, ze to nemusi
byt az tak jednozna¢né, a Ze by psi mohli byt schopni vidét vice barev ¢i dokonce
rozlisovat ¢ervenou od zelené na zakladé jejich jasu (shrnuto v Byosiere et al., 2018).
Naptiklad Byosiere et al. (2019) zjistili, Ze psi byli schopni rozliSovat mezi ¢ervenou a
zelenou a mezi modrou a zlutou. V naslednych testech pracovali se tfemi rdznymi
sytostmi barev a zde jiz vysledky nebyly tak jednozna¢né. S rostoucim jasem se
systému psa na tlumené svétlo. Zda se, Ze psi vykazuji podobné barevné vidéni jako

barvoslepi lidé (lidska zeleno-Cervena slepota, tzv. daltonismus) (Siniscalchi et al., 2017).

Rozdily mezi psem a ¢lovékem lze najit i ve velikosti zorného pole. Psi, v zavislosti na
plemeni, maji zorné pole aZ o 70° $irsi neZ clovék. Maji v§ak mensi rozsah binokularniho
vidéni, dle plemene 30° az 60° oproti zhruba 140° u ¢lovéka (shrnuto v Byosiere et al.,
2018; Miller & Murphy, 1995).

Psi vizudlni systém je adaptovan na zhorSené svételné podminky, presto funguje dobie
I za denniho svétla. Psi maji sice vétsi podil tyCinek (fotoreceptory citlivé na svétlo) nez
clovek, ale fotopigment rhodopsin reaguje nejlépe na svétlo vinové délky mezi 506 a 510
nm, coz je hodnota velmi podobna ¢loveéku (496 nm). Za vyrazné lepsi schopnosti psa
vidét za tlumeného svétla je zodpoveédna struktura zvana ,tapetum lucidum®, kterou
¢lovek nedisponuje (Byosiere et al., 2018; Miller & Murphy, 1995). Tapetum lucidum je
vrstva mezi sitnici a cévnatkou umoznujici odrazeni svétla. Tato vrstva se vyskytuje
u vétsiny nocnich a soumracnych savci. Umoziuje zpétny odraz svétla zpét ke

svétloCivnym bunkam, ¢imz je dosaZeno zlepSené viditelnosti pfi minimalnim mnozstvi
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svétla. Zaroven zpusobuje znamé ,,svétélkovani“ o¢i ve tmé (Jacobs et al., 1993; Yamaue

etal., 2015).

Z dalsich rozdilu je tieba zminit vyssi citlivost psa pii vnimani pohybu (pravdépodobné
vidi ,,rychleji” nez ¢lovek) (Byosiere et al., 2018). Naopak maji oproti ¢lovéku horsi
schopnost rozpoznavat detaily (Lind et al., 2017), nejsou schopni zaostfit na velmi blizké
objekty (Miller & Murphy, 1995), rozliSovani jasu je u psu asi 2x hor$i nez u ¢lovéka

(hiife rozpoznavaji odstiny Sedé) (Pretterer et al., 2004).

V poslednich péti dekadéach probiha ve védeckych kruzich diskuze o existenci dal§iho
smyslu, smyslu pro vnimani magnetického pole Zem¢, tzv. magnetorecepce. V porovnani
s ptaky byla magnetorecepce savcl velmi malo studovéana. Typy experimentii pouZzitych
pfi studiu magnetorecepce u savcl zahrnuji zejména smérovy test stavby hnizd,
magneticky alignment, pokusy v bludistich, testy vybéru sméru, (telemetrické) sledovani
homingu (Burda et al., 2020).

Zemské magnetické pole miize poskytovat jak smérové informace (magneticky kompas)
(Able & Able, 1990; Wiltschko & Wiltschko, 2005), tak i pozi¢ni informace (magneticka
mapa) (Freake et al., 2006; Lohmann et al., 2007). Bylo prokazano, Ze cela $kala
zivo€isnych druhi ma schopnost tyto informace vyuzivat pro prostorovou orientaci a
navigaci (shrnuto napt. v Begall et al., 2014; Weir, 2020; Wiltschko & Wiltschko, 1995;
Wiltschko & Wiltschko, 2005) a magnetorecepce tak piedstavuje dulezitou soucast

celého komplexu smyslového vnimani (Johnsen & Lohmann, 2008).

V souvislosti se suchozemskymi savci jsou zminovany dva mozné mechanismy
magnetorecepce — teorie radikalovych pari a magnetitova teorie (shrnuto v Begall et al.,
2014; Burda et al., 2020; Kobylkov, 2020).

Hlavnim principem teorie radikalovych pari je existence molekuly citlivé na svétlo, ktera
zméni svlj oxidacni stav na zaklad€ absorpce svétla. Dochazi k reakei, pii které jedna
molekula piedava elektron druhé molekule a tvofi s ni radikalovy par (Ritz et al., 2010).
Piedpoklada se, Ze retinalni protein kryptochrom (Cryla), absorbujici modré svétlo, je

zapojen do biochemické reakce, kterd vede k tvorb& radikalovych part citlivych na
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magnetické podnéty u ptakt (Hore & Mouritsen, 2016). NieBner et al. (2016) hledali
shodny typ kryptochromu (nazvany Cryl) u 90 druht savcu. Ackoli mezi zkoumanymi
savci byl Cryl detekovan pouze u nékolika druhii, pfesto byl konzistentné piitomen
u psovitych Selem, tj. u Celedi, kde byla reakce na magnetické pole opakované prokazana
(Cerven;'l et al., 2011; Hart et al., 2013; Martini et al., 2018; Yosef et al., 2020). Stale
vSak neni znamo, jaky druh mechanismu je napi. u pst zakladem jejich reakci na
magnetické pole Zemé (NieBner et al., 2016). Zda maji smysl pro magneticky kompas
a/ nebo magnetickou mapu, a jaké je zapojeni magnetorecepéniho smyslu do procesu

spojenych s orientaci v prostoru.

vvvvvv

feromagnetickych ¢astic tvoficich v bunkach fetizky, fungujici jako stielka kompasu.
Magneticky ,,signal* by pak mohl byt pfendsSen napt. oteviranim a zaviranim mechanicky
citlivych iontovych kanali (Némec & Vacha, 2007). Nicméné, homeostaza Zeleza je
nezbytna pro spravnou funkci organismu a oxidy Zeleza 1ze najit v mnoha tkanich. Ackoli
existuje nespocet behavioralnich dikazi o magnetorecepénim mechanismu zaloZzeném na
magnetitovych  ¢asticich, identifikace magnetoreceptorové buiky je kvuli
vSudypiitomnym strukturam obsahujici zelezo velmi komplikovana (shrnuto v Burda et
al., 2020; Kobylkov, 2020; Mouritsen, 2018). V nedavné dobé byla navrzena hypotéza,
ze by symbiotické magnetotaktické bakterie mohly pro hostitele zprostiedkovavat
vnimani geomagnetického pole. Jako potencialni misto, kde by bakterie mohly sidlit, byly
navrzeny slzné zlazy (Natan & Vortman, 2017). Tato hypotéza je zatim pfijimana

pomérné kontroverzng, neexistuje pro ni presvéd¢iva podpora (Natan et al., 2020).

Nutno dodat, Ze je zmiflovan je$t€¢ jeden mechanismus magnetorecepce, a to
elektromagnetickd indukce (Mouritsen, 2018). Elektromagnetickd indukce nebyla
povazovana za relevantni u suchozemskych zZivocicht, protoze pro tento zpisob vnimani
je zapotiebi pfitomnost média s vysokou vodivosti a tuto podminku splituje pouze slana
moiska voda (Johnsen & Lohmann, 2008). Ritz et al. (2010) dale uvadéji, Ze jsou
zapotiebi 1 konkrétni elektro-sensitivni struktury, tzv. Lorenziniho ampule, které nebyly
nalezeny u suchozemskych zivoéichi. Vzhledem k fyzikdlnim faktorim
elektromagnetické indukce a potiebné citlivosti elektroreceptort Se 0 tomto mechanismu
magnetorecepce uvazovalo pouze u velkych a rychlych motskych zvifat (Némec &

Viacha, 2007). V roce 2019 vsak byla pfedstavena prace, poukazujici na mozné zapojeni
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elektromagnetické indukce pro detekci magnetického pole u domécich holubi.
Magnetické podnéty vedly k neurdlni aktivit¢ ve vestibularnim aparatu vnitiniho ucha
holubti, kde byl rovnéz identifikovan molekularni aparat potiebny pro detekci
elektrického pole. Sami autofi nicméné uvadéji, ze pro prezentované vysledky existuje
I alternativni vysvétleni popirajici navrzenou teorii a ze dal$i experimenty jSOU nezbytné

(Nimpf et al., 2019).

Zivogichové (obratlovci, ale i bezobratli) vyuZivaji informace ziskané z magnetického
pole Zemé nejenom k orientaci na delsi vzdalenosti béhem migrace, ale i pro prostorovou
orientaci v mensim méftitku v ramci homingu a patraciho chovani (Burda et al., 2020).
Jednim z projevii magnetorecepce, ktery byl popsan mnoha laboratornimi 1 terénnimi
studiemi, je spontanni pozi¢ni chovani neboli ,magnetic alignment”. Magneticky
alignment ptedstavuje zarovnani osy té€la ve sméru magnetickych silocar v ptipad¢, Ze na
byl popsén v rozliénych kontextech chovani: pii pastvé nebo odpocinku skotu, srnc¢i a
jeleni zvéte nebo divokych prasat (Begall et al., 2008, 2011; Cerveny et al., 2017; Slaby
etal., 2013), pii lovu drobné kofisti u lisek (Cerveny et al., 2011), pii Gtdkovych reakcich
srnéi zvéie (Obleser et al., 2016), pii stavbé hnizd hlodavct (Burda et al., 1990), jako
indikator sméru hrabani tuneli u podzemnich hlodavct (Malewski, Begall, Schleich, et
al., 2018). V roce 2013 byl magneticky smysl poprvé prokazan i u domacich psu (Hart et
al., 2013), coz bylo nasledné potvrzeno dvéma dalsimi studiemi (Martini et al., 2018;
Yosef et al., 2020).

Ackoli je adaptivni vyznam magnetického alignmentu vzhledem k jeho mnohostrannosti
stale nejasny, Burda et al. (2020) diskutuji moznost, Ze by mohl poskytovat globalni
referen¢ni ramec (,,zakotveni*) mapovym neurontim v ptipadech, kdy nemaji k dispozici

jina allothetickd (napf. vizualni) voditka.

Ackoli jsou psovité Selmy pomérné hojné studovany, zhlediska vyzkumu
magnetorecepce stale stoji pon€kud stranou. Dvodi je vice, pozornost byla zaméfovana
pfevazné na laboratorni zvirata (Jacobs & Menzel, 2014) a dale na migrujici druhy
(shrnuto v Wiltschko & Wiltschko, 1995; Wiltschko & Wiltschko, 2005). Nicméné se

31



ukazuje, ze magnetorecepce muze byt zapojena také v kontextu kazdodenniho Zivota
I U nemigrujicich druhti (Burda et al., 2020). Dalsi komplikaci pii studiu magnetorecepce
u divokych druhti psovitych Selem miize byt i skutenost, ze vétSina Zije skrytym zivotem,
jejich pozorovani ve volné piirodé je obtizné a ,,pifenos‘ experimentt do laboratote velmi
komplikovany, ne-li nemozny, z divodu jejich velikosti a mnohdy nesnadné
manipulovatelnosti. Navic ,,vytrzeni“ zvitat z jejich pfirozeného prostfedi mtze zcela
zménit jejich chovani (Jacobs & Menzel, 2014; Thorup & Holland, 2009). Existuje v§ak
zastupce psovitych Selem, ktery je nejen dobfe chovatelny a manipulovatelny, ale 1 bézné
dostupny, ochotny spolupracovat a zvykly na zivotni prostfedi ¢lovéka. Tim zastupcem
je pes domaci (Canis familiaris) (Miklosi, 2014; Serpel, 2017). Cooper et al. (2003)
zminuje tfi hlavni ditvody, pro¢ Ize psa domaciho povazovat za vhodny behavioralni
model: (1) ma spole¢ného piedka s vlkem obecnym (Canis lupus), socialnimi zvifaty,
které charakterizuji rozvinuté kognitivni schopnosti a kooperativni chovani; (2) béhem
domestikace byli pravdépodobné upiednostiovani jedinci s dobrou schopnosti plnit roli
v lidské spolecnosti (ochrana, lov apod.); (3) domaci psi ziji v lidském svété, velmi dobie
vnimaji a rozumi lidskym gestim a postojim, ale stdle si zachovavaji své mentalni

dovednosti spolecné s divokymi predky.

Mezi mnoha plemeny pst existuje navic jedna skupina, kterd byla po generace chovana
a Slechténa k nalezeni a sledovani stopy zvéfe. Tito lovecti psi ze skupiny honici (a
ostatni lovecti psi pracujici jako honici) jsou schopni pracovat samostatné na velké
vzdalenosti od majitell (stovky az tisice metri) a po ukonceni prace se spontanné vracet
zpét k ¢ekajicimu mayjiteli, aniz by museli byt pfivolavani ¢i jinak aktivné navadéni k cili.
Otéazkou vsak stale zlstava, jak tito psi urcuji polohu mista, kam se musi vratit, tj. polohu
Cekajiciho majitele. Lovecti psi by tudiz mohli pfedstavovat vhodny behavioralni model

pro translokacni experimenty.

To vS8e, v kombinaci s novymi metodami studia volné Zijicich ¢i volné se pohybujicich
zvifat, podporované rychlym technickym rozvojem sméfujicim hlavné k miniaturizaci
(Moll et al., 2007; dale viz kap._3.2), umoziuje zaméfit se i na diive obtizn¢ proveditelny
vyzkum (Davidson et al., 2020; Gerencsér et al., 2013; Kays et al., 2015; Lush et al.,
2016; Painter et al., 2016).
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Prvni, velmi nepfimé zminky o mozném vyuziti magnetického pole Zemé psy pochazeji
jiz z minulého stoleti. Jedna z doby pied sto lety, kdy byli psi pouzivani jako kuryii
(Richardson, 1920). Nahm (2015) pak cituje dvé neznamé prace z druhé poloviny
minulého stoleti, které byly zaméfeny na homing psti ve spojeni s jejich pasivnim
premisténim (detaily viz kap. 3.1.2.6). Ve vSech piipadech psi prokazali mimotadné
homingové schopnosti, navic vSichni tfi pivodni autofi poukazuji na skutecnost,
ze vzhledem k okolnostem (neznamy terén, tma, mlha, dést’, velké vzdalenosti) nelze tyto
schopnosti vysvétlit jen pouzitim béznych smysla (zrak, ¢ich, sluch) a zminuji terminy
jako ,,Homing instinct* (Richardson, 1920), ,,Absolute sense of orientation* (Schmidt,
1932 citovano v Nahm, 2015) nebo ,,Polarized sense of direction (Miiller, 1965 citovano
v Nahm, 2015). I kdyz autofi nezmifiovali doslovné magnetorecepci, ktera v t¢ dobé
nebyla znama, resp. jeji vyzkum byl v pocatcich, mohla by se teoreticky za timto

»heznamym smyslem* ukryvat.

Vyzkum magnetorecepce se na psy domaci zamétil poprvé v roce 2013. Psi byli sledovéani
béhem jejich kazdodenniho rutinniho chovani, znackovani teritoria. Byl potvrzen
magneticky alignment, statisticky vyznamna axialni preference pro zarovnani osy tcla
podél severojizni magnetické osy, ale pouze v pfipad¢ klidného magnetického pole
(0% relativni zména v deklinaci). S rostoucimi zménami deklinace se zarovnani stavalo
vice nahodné a pii zméné vétsi nez 2 % jiz bylo zcela nahodné. Na smérovou preferenci
nem¢la vliv denni doba, ro¢ni obdobi, poloha slunce ani pohlavi jedince (zanedbatelna
odchylka byla zptisobena rozdilnym chovanim psii a fen béhem urinace). Navic vysledky
naznacily, Ze psi nejenze preferovali zarovnani podél severojizni osy, ale zaroven se
vyhybali zarovnani podél vychodozapadni osy. Skute¢nost, ze zmény magnetickych
podminek vedou ke zméné chovani, by se dala vysvétlit bud’ rusenim, ¢i dokonce piimo

,,vypnutim‘ magnetického smyslu (Hart et al., 2013).

O dva roky dfive, v roce 2011, byl magneticky alignment potvrzen u jiné psovité Selmy,
u lisky obecné (Vulpes vulpes) v kontextu predacniho chovani. Liska lokalizuje svou
kofist (obvykle malé hlodavce) akusticky a po pomalém ptibliZzeni provede vysoky skok
a zautoCi shora. Toto chovéni je zndmé pod pojmem ,,mySkovani“. Sledovanim bylo
zjisténo, ze smér skokl neni ndhodny, lisky preferuji skoky vedené v severovychodnim
sméru. Navic, pokud se jednalo o skoky ve vysokém krytu (vysoka vegetace ¢i sné¢hova

pokryvka), byl lovecky uspéch vyrazné vyssi pro skoky vedené v severnim ¢i jiznim
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sméru (72,5 % resp. 60 %) oproti skoktim v jinych smérech (méné nez 18 %). Zda se,
ze chovéani spojené s myskovanim Ize povazovat za dalS$i projev magnetického
alignmentu (Cerveny et al., 2011). Walton et al. (2018) sledovali chovani lisek bdhem
jejich disperze na velké vzdalenosti (kumulativni vzdalenost 132 az 1036 km). Zajimavé
bylo, ze vétsina liSek se pohybovala v severnim az severozapadnim sméru. Dvé lisky
navic prokazaly mimotadné homingové schopnosti pfi nadvratu do mist, které navstivily
jiz diive a kde se nakonec usadily. Navratové trasy méfily 114 km a 256 km, pii¢emz se

lisky vracely zcela jinou trasou, nez po které ptisly.

Pé&t let po prvnim ditkazu o pfitomnosti magnetorecepce u psu byly publikovany vysledky
pokusu zaméfené¢ho piimo na magneticky smysl psa — hleddni magnetu. Pomoci
operantniho podminovani byli psi trénovani na hledani ukrytého magnetu za
kontrolovanych podminek. Usp&snost byla pramémé 61 % (53 % az 73 %), coZ vysoce
prekracovalo 33,3% hranici nahody. Pohlavi psli, vék ani velikost téla nemély vliv.
V kontrolnim testu s potravou se uspéSnost pohybovala kolem 33 % a nebyla tak
signifikantn¢ odliSnd od nahody. Psi byli schopni najit magnet, ale ne potravu, coz
vylouéilo pouziti ¢ichu. Mozné ovlivnéni ze strany experimentatora bylo vylouceno,

studie byla dvojité zaslepena (Martini et al., 2018).

Posledni vyzkum zaméfeny na magnetorecepci psi se zabyval vlivem ty¢ového magnetu
na smerovou preferenci psi. Na tfech lokalitdch Vv Izraeli byla sledovana smérova
preference pst béhem exkrece. Podobné jako ve studii Hart et al. (2013), i izraelsti psi
vykazovali zarovnani podél severojizni magnetické osy v pfipad€, Ze magnetické pole
Zem¢ nebylo ruSeno. Pokud vSak bylo magnetické pole ruseno tyCovym magnetem

zahrabanym v zemi, dochazelo k vyraznému naruseni pozi¢niho chovani psu (Yosef et
al., 2020).

Vsechny tyto vysledky (v€etné potvrzené existence kryptochromu Cryl v sitnici oka psa
(NieBner et al., 2016)) naznacuji, Ze psa domaciho lze pfidat na seznam druhti, u kterych
byla potvrzena spontanni nebo naucena reakce na magnetické pole (Martini et al., 2018).
Nicméng, finalni dikaz 1ze ziskat bud’ experimentalni manipulaci s magnetickym polem,
resp. ovlivnénim piedpokladaného mechanismu magnetorecepce (Burda et al., 2020),
nebo pouzitim translokacnich experimentd (Thorup & Holland, 2009) se zamétenim na

detailni sledovani a analyzu chovani béhem navratové faze.
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PIné porozuméni navigatnim schopnostem zvifat a celkovému chovani v jejich
pfirozeném prostfedi vyzaduje detailni informace o jejich smyslovém vniméani a
kognitivnich schopnostech (Kays et al., 2015). Zatimco prukopnici etologie zabyvajici se
sledovanim volné Zijicich zvifat se museli spokojit pouze s pfimym pozorovanim (napi.
Schmid 1932, 1936; Miiller 1965 citovano v Nahm, 2015), soucasna véda se muze
spolehnout na nové technologie (telemetrie, GPS, bio-loggery) umoziujici ziskat
mnohem relevantnéjsi a detailnéjsi informace (Batsleer et al., 2020; Davidson et al., 2020;
Gerencsér et al., 2013; Kays et al., 2015; Lush et al., 2016; Painter et al., 2016; PaSukonis
et al., 2018; Walton et al., 2018; Yoda, 2019). Nicméné i pies znaény technologicky
pokrok maji i tyto systémy své limity. Napiiklad stacionarni foto a videopasti mohou
zachytit chovani zvitat pouze tehdy, pokud je zviie v jejich dosahu (Kovacs et al., 2017);
pouziti dronli mize zvifata vyruSovat nebo je nemozné kvili husté vegetaci; pouziti
telemetrie, GPS obojkii nebo bio-loggeri nemusi poskytnout detailni informace
0 konkrétnim chovani, pokud je zvife mimo dosah pozorovatele (shrnuto v Davidson et
al., 2020; Yoda, 2019). Tyto nevyhody castené odstranuje pouziti videokamer
umisténych piimo na sledovaném zviteti (Andersen et al., 2020; Moll et al., 2007; Rutz
et al., 2007). U volné zijicich zvitat je pouziti limitovano kratkou vydrzi baterii,
pamét'ovych médii a potiZzim spojenym s opétovnym chycenim zvitete za i¢elem sundani
kamery. Na druhé strané, pouziti tohoto systému na krotkém zvifeti a zejména na
domacich zvitatech, ktera maji moznost se volné pohybovat (kocky, psi, skot apod.),
piinasi nové prilezitosti ve vyzkumu behavioralni a senzorické ekologie (Bombara et al.,

2017; Coughlin & van Heezik, 2014; Huck & Watson, 2019; Seymour et al., 2020). Jako

idealni se jevi kombinace vice systémt dohromady (Rosa, 2019).

Etologicky vyzkum vyZaduje hodiny a hodiny pozorovani zvifat a nasledné zpracovani
pozorovanych dat. Moderni technologie zkratily Cas potiebny k pozorovani zvitat, na
druhou stranu obrovské soubory pozi¢nich dat a dlouhé audio-video zaznamy

mnohonasobné prodlouzily ¢as potfebny pro zpracovani a vyhodnoceni dat (viz predchozi
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kapitola 3.2.1). Ru¢ni vyhodnoceni takovych dat zabere neumérné mnozstvi Casu a
v mnoha pfipadech je Vv podstat¢ nerealné. Vznikla tak poptdvka po moznosti
automatizované¢ho vyhodnoceni velkoobjemovych dat. V soucasné dobé je moznost
zpracovavat data jak komerénimi programy (Juszczak & Miller, 2016; Napolitano et al.,
2015; Young et al., 2019), tak i volné dostupnym softwarem (Rutz et al., 2007). Pokud
charakter dat neumoziiuje pouziti ani jednoho z vySe uvedenych systémi, je mozno
pouzit na zakazku ptipraveny software (Christiansen et al., 2014; Dielenberg et al., 2006;
Geldenhuys et al., 2015; Inayat et al., 2020; Ramazani et al., 2007; Samson et al., 2015;
Zhang et al., 2020). Nekteré z téchto programt jsou poskytnuty Siroké védecké obci
K volnému pouziti a pfipadnym dal§im apravam, aby se daly programy piizptsobit
charakteru konkrétnich zpracovavanych dat (napt. Samson et al., 2015; Zhang et al.,
2020).
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Podrobné metodické postupy vedouci K naplnéni cili této disertacni prace jsou popsany
Vv jednotlivych publikacich. V této kapitole jsou shrnuty pouze zakladni informace

a postupy rozdélené podle hlavnich cili disertacni prace.

Bylo vyuzito vrozenych vlastnosti urcitych skupin plemen loveckych psu, konkrétné
skupiny honict a dale loveckych psi schopnych pracovat jako honiéi — pievazné jezevéici
a teriéfi. Tato plemena disponuji vrozenou schopnosti aktivné patrat po zvéri, hlasité
sledovat jeji stopu a po ukonceni prace se spontanné vracet zpét k majiteli, aniz by museli
byt ptivolavani. Béhem této ¢innosti se mohou vzdalit od majitele i n€kolik kilometra.
Vsichni sledovani jedinci nalezeli k ¢istokrevnym plementim s prikazem ptvodu, byli ve

vyborném zdravotnim stavu.

Vybirana byla pfevazné mala a stfedni plemena psu, ktera nejsou schopna dohnat
mnohem véEtsi a rychlejsi zveér. Byla tak zajisténa vysoka mira bezpecénosti jak pro psa,

tak 1 pro zver.

Vrozené schopnosti loveckych psi oznamovat St€kotem zvér bylo vyuZzito rovnéz

V experimentu zaméieném na rozdily ve vokalizaci podle druhu sledované zvéte.

Psi byli vybaveni GPS obojky Garmin T5 mini, T5, resp. DC50 (star$i typ pouzivany
béhem sbéru dat pro diplomovou praci) (Garmin Ltd., USA), které byly nastaveny na
interval ukladadni GPS polohy kazdé 2 sec. Majitel psa byl vybaven pfijimacem Alpha
100, resp. Astro 320, ktery trasu psa zaznamenaval a na displeji zobrazoval jeho aktualni
polohu. V ptipadé¢ hroziciho nebezpeéi (pokud se pes ztratil, dostal do blizkosti

komunikaci apod.) tak bylo mozno v¢as zasahnout, pokus pterusit a psa vyzvednout.
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Cast sledovanych pst byla v pozdgjsi fazi sbéru dat vybavena i kamerou Garmin Virb
Elite (Garmin Ltd., USA) umisténou v nemagnetickém nerezovém ochranném pouzdre.
Pouzdro bylo piichyceno na vestu, kterou mél pes na sobé. Kamera byla umisténa tak,
aby zachycovala podobny obraz, jaky vidi pes. Poskytovala tak informace o prostiedi,
kterym se pes pohyboval, pfip. i o zvéri, kterou pes nasel a sledoval. Navic castecné
zabirala i hlavu psa. Bylo tak mozno sledovat jeho chovani a pohybovou aktivitu.
Vestavény mikrofon zaznamenaval, mimo jiné, i pfip. akustické projevy psa. Konkrétné

hlaseni na stop¢ zvéie, které indikuje vizualni kontakt psa s kofisti.

Vesta byla vyrobena pro kazdého psa na miru, aby byla zajisténa plna mobilita.

Sbér dat probihal vyhradné v lesnich honitbach. Chodilo se s kazdym psem individualné
Vv riznych dennich dobéch i ro¢nich obdobich, v pro psa zndmém i1 nezndmém terénu.
Po piijezdu na danou lokalitu, nasazeni GPS obojku a pfip. kamery, se pes vypustil na
volno a s majitelem prochazel lesem. Majitel neovliviioval psa zadnymi povely a nechal
ho volné patrat po stopach zvéte, coz je vrozené chovani pro plemena pst pouzitych v této
préaci. V okamziku, kdy pes naSel stopu a vyrazil za zvéfi, majitel zastavil, ulozil GPS
polohu (misto zacatku Utéku) a v ukrytu vyckaval na navrat psa. Ukryti majitele
minimalizovalo mozZnost vizudlniho pilotovani v posledni fazi navratu. Béhem
samostatné prace psa, tj. v dobé, kdy byl pes mimo dosah majitele, nebyl pes nijak
ovlivilovan povely a majitel setrvaval v naprostém tichu, aby ho vracejici se pes nemohl
lokalizovat ani sluchem. Po navratu byl pes kratce pochvalen a dal pokracoval
s majitelem v prochazeni lesa a v patrani po dalSich stopach. Aby se pfedeslo ovlivnéni
délky utéku ptipadnou unavou psa, trvala kazda ,,prochdzka® maximalné¢ 90 minut
(obvykle kolem 60 min.). Pokud pes utekl na n¢kolika desitek minut a vratil se evidentné
unaveny, byl pokus ukoncen. V misté zacatku utéku majitel zaznamenal teplotu, smér a
rychlost vétru, druh sledované zvéie (pokud byla identifikace mozna), zda pes na stopé

zvéte hlasil, pfip. dalsi okolnosti, které mohly mit vliv na chovani psa.

Terminem ,,ut€k* ¢i ,,trasa Gt€ku* je definovana ta ¢ast trasy psa, ve které se wvzdélil

od majitele, pracoval samostatné mimo jeho dosah a zas‘x&ééﬁ lékdﬁj‘{\*@li”vv&étil. Zacina
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v misté zacatku utéku psa (GPS pozice ulozena majitelem v lese = start Gtéku) a konci

okamzikem, kdy se pes dostal do opétovného kontaktu s ukrytym majitelem (= cil Gtéku).

VSechny zaznamenané trasy (tj. trasa psa vcetné vSech Utéka i trasa majitele) byly
zpracovany programem Garmin BaseCamp 4.6.2 (Garmin Ltd., USA). Program
umoziuje trasy editovat, dale obsahuje pomiicky pro méfeni vzdalenosti, sméra a
rychlosti. Z celé trasy psa byly jednotlivé utéky vystfizeny a dale s nimi bylo pracovano
jako se samostatnymi soubory. V nékolika malo ptipadech se pes k majiteli nevratil, tyto

uteky byly z dalSich analyz vytazeny.

Trasa utéku byla rozdélena na tfi ¢asti: 1) odchozi trajektorie — ¢ast mezi startem utéku a
mistem, kde pes ukoncil sledovani stopy a rozhodl se pro navrat; 2) otaceci trajektorie
— Cast trasy uteku, ve které se pes rozhodl pro navrat, zahrnuje i tzv. ,,bod navratu®, coz
je presné urceni GPS pozice, ve které se pes zacal vracet; 3) piichozi trajektorie — ¢ast

trasy utéku, kdy se pes vracel k majiteli.

Bylo ptredpokladano, zZe otadfeci trajektorie (a specidlné bod néavratu) bude
charakterizovana vyraznym poklesem rychlosti, ¢i pfimo zastavenim, slouzicim
k zorientovani psa. Proto byla cela trasa utéku rozdélena na 10 stejné dlouhych tseku, pro
povazovan za otaceci trajektorii. Pokud se umisténi tohoto useku zdalo nepravdépodobné
(napf. pfilis blizko ke startu/cili, dlouhotrvajici se pohybovani na jednom misté apod.),
byla situace zkontrolovana na videu (pokud bylo k dispozici) k vylou¢eni moznosti, ze
zpomaleni ¢i zastaveni bylo zplisobeno napt. pitim ¢i koupanim v kaluzi, ¢uchanim nebo
prekonavanim obtizného terénu. Pokud to tak bylo nebo nebylo k dispozici video, byl
jako otaceci trajektorie urCen druhy nejpomalejsi tsek (<5 % ze vSech piipadi).
V piipadé, ze i druhy nejpomalejsi tsek byl nepravdépodobny, byl za otaceci trajektorii
povazovan usek, ktery se vzdusnou Carou nachézel v nejvzdalengjsi Casti trasy utéku
(z hlediska polohy majitele) (8,5 %). V ramci otaceci trajektorie byl nasledné uréen bod
navratu, ktery je charakterizovan nejpomalejsi rychlosti. Bod navratu piedstavuje

konkrétni misto, kde pes zahajil sviij navrat k majiteli.
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4.1.5 Identifikace azimutd

Pro vyhodnoceni smérovych preferenci pst byly méfeny magnetické azimuty
Vv definovanych ¢astech trasy utéku: 1) azimut zacatku utéku — primérny smér, kterym se
pes pohyboval v prvnich 5 sec. utéku neboli smér, kterym pes vybihal od majitele; 2)
azimut k majiteli — smér mezi bodem navratu a startem/cilem Gtéku, tj. smér, kterym se
faze navratu — smér, kterym pes vybihal z bodu navratu. Byl méfen jako azimut mezi

bodem névratu a bodem, ve kterém doslo k vyrazné zméné sméru jeho pohybu.
4.1.6 Statistickd analyza dat

Kruhové statistické analyzy byly vyhodnoceny programem Oriana 4.02 (Kovach
Computing Services). Na zaklad¢ piedbéznych vysledkt z diplomové prace a podle
charakteru smérovych dat bylo pouzito bud angularni vyhodnoceni nebo axialni

(v ptipadé silné bimodalni distribuce dat).

Pro ostatni statistické analyzy byl pouzit program SAS 9.4 (SAS Institute Inc., USA)
a zobecnéné linearni smisené modely (GLMM, PROC MIXED a GLIMMIX).

4.2 Vliv magnetického pole na pozi¢ni chovani psti

Do experiment byli zapojeni psi riznych plemen a jejich kiizenci, rizného véku,
pohlavi a velikosti, ve vlastnictvi zamé&stnancti a studentl Ceské zemé&délské univerzity a
Univerzity Duisburg-Essen v Némecku a dale od spolupracujicich dobrovolniki. Psi se
béhem experimentii pohybovali na volno, tj. nebyli pfipnuti na voditku. Byla sledovana
jejich smérova preference pii béznych ¢innostech — znackovani teritoria a vybéru mezi

dvéma miskami s potravou.
4.2.1 Metodika terénnich experimenti

4.2.1.1 Sbér dat

Sbér dat probihal na volném prostoru (louky, pole, ¥idky les) na riiznych mistech v Ceské

republice a v Némecku, Vriaznou denni a rocni dobu. Na lokalitich sbéru dat se
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nevyskytovaly zadné linearni struktury (zdi, ploty apod.), silnice, cesty, budovy, vedeni
vysoké napéti a lokality byly daleko od napadnych ocelovych konstrukci a vyraznych

orienta¢nich bodu.

Zarovnani osy téla v linii hrudni patefe ve sméru k hlavé bylo méfeno ruénim kompasem.
Bylo zaznamenavano plemeno psa, pohlavi, vek, velikost, kondice (vCetné pfip.
zdravotnich problémi), datum, ¢as, lokalita a dalsi okolnosti, které by mohly mit vliv na

chovani pst.

Pro experiment zaméfeny na smérovou preferenci pti znackovani teritoria byly sbirany
zaznamy o zarovnani osy téla béhem urinace a defekace. Majitel se psem se volné
pohybovali v dané lokalité a jakmile pes zacal znackovat, byl zméfen smér osy téla a

V ptipad¢ psi-samcti navic zaznamenano, kterou koncetinu pii urinaci zvedl.

Ve dvouvybérovém testu smérové preference si pes volil mezi dvéma miskami s potravou
umisténymi napravo a nalevo od psa, vzdy ve dvou sousednich magnetickych smérech
(kombinace misek na sever vs. vychod, vychod vs. jih, jih vs. zdpad, zépad vs. sever).
Misky byly umistény ve vzdalenosti 2-6 m od psa (dle velikosti psa) v uhlu 45° od mista
vypousténi psa, tj. misky sviraly thel 90°. Bylo zaznamenéavano, kterou misku si pes
vybral jako prvni a dale pfesny smér, ve kterém k misce ptisel. Obé misky obsahovaly
stejny druh a mnozstvi potravy. Pfed zahdjenim testu byl pes s touto skutecnosti
seznamen, stejné jako s priubchem celého experimentu. Seznameni probihalo tak, Ze se
ob¢ misky umistily cca 1 m pted psa, v ithlu mens§im nez 60°. Pes mohl potravu sezrat
vzdy v obou miskach. Postupné byly misky od psa oddalovany a byl zvétsovan tihel mezi
nimi az do dosazeni konecného umisténi misek. V této fazi seznamovani byly misky

z hlediska magnetickych smérti umistovany zcela nahodné.

Data pro experiment zaméfeny na znackovéani teritoria byla rozdélena podle
geomagnetickych podminek ptevladajicich v dobé sbéru dat. Hodnoty o stavu

magnetického pole byly ziskdvany z Geomagnetické observatote Fiirstenfeldbruck.
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Ze zaznamenanych voleb misek pii dvouvybérovém testu byla spocitana preference pro
levou nebo pravou stranu pro vsechny testované kombinace a z toho nasledné spocitan

index laterality pro kazdého testovaného psa.

Pomoci cirkularni statistiky v programu Oriana 4.02 (Kovach Computing Services) byly
vypocteny smérové preference jednotlivych psi a pramérné vektory s ohledem na

plemeno, velikost téla, pohlavi, vék a lateralitu.

Metodika experimentu v magnetické civce (vybér psu, sbér dat a jejich zpracovani) je
zalozend na vySe popsaném dvouvybérovém testu smérové preference mezi dvéma
miskami s potravou. Cely experiment byl proveden v prostiedi magnetické civky, ktera
se nachazi v aredlu $lechtitelské stanice Truba v Kostelci nad Cernymi lesy. Civka ma
rozméry 4x4x4 m, je odstinéné a vybavena technikou pro zdznam obrazu a zvuku. Civka

je ovladana z kontrolni mistnosti, ktera je stavebné i prostorové oddélena.

Psi byli testovani ve dvou odlisnych nastavenich magnetické civky — za kontrolnich
podminek s magnetickym severem nastavenym na topograficky sever a s magnetickym
severem nastavenym na topograficky vychod (tj. magnetické pole bylo otoceno o 90°

smérem na vychod).

Pro vyhodnoceni dat byla pouzita kruhova statistika opét v programu Oriana 4.02, a dale

zobecnéné linearni smisené modely v programu SAS 9.4.
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Predkladana disertacni prace je souborem c¢tyf uveiejnénych védeckych ¢lanku, dvou
odeslanych a jednoho konferenéniho pfispévku. Vsechny publikované clanky vysly

v renomovanych védeckych casopisech s IF.

Souhrnny piehled publikaci je tematicky rozdélen podle dvou hlavnich cilii diserta¢ni
prace. Je vSak nutno poznamenat, Ze n¢které publikace nelze striktné zaradit, nebot
vysledky maji ptesah do obou cilii prace. Kazdy ¢lanek je doplnén kratkym vysvétlujicim

komentarem a stru¢nou anotaci.

5.1.1 Magnetic alignment enhances homing efficiency of hunting dogs

Benediktova, K., Adamkova, J., Svoboda, J., Painter, M. S., Bartos, L.,
Novakova, P., Vynikalova, L., Hart, V., Phillips, J., Burda, H.

eLife, 2020, IF 7,08 https://doi.org/10.7554/eLife.55080

Vysledky diplomové prace pfinesly prvni informace o zplsobech prostorové orientace
loveckych psti a naznacily, Zze do procesi spojenych s navigaci by mohly byt
prostfednictvim magnetorecepce zapojeny i informace z magnetického pole Zemé.
Zékladni soubor dat byl proto Vramci disertacni prace kvantitativné i kvalitativné
rozsiten. Zvysil se pocet sledovanych psi ze 4 na 27 celkem 10 plemen, ke sbéru dat bylo
pouzito modernéjsi GPS sledovaci zafizeni a postupné byly zapojeny i1 minikamery

umisténé piimo na psech.

Navzdory anekdotickym zpravam o vyjimecnych homingovych schopnostech psii, nejsou
dosud jejich navigacni schopnosti plné¢ pochopeny. Dvacet sedm loveckych pst bylo
vybaveno GPS obojky a mini-kamerami a analyzovany jejich homingové strategie.
Vyhodnocenim 622 navrati bylo zjisténo, Ze psi pouzivaji dva hlavni zptisoby navratu:
1. navrat po vlastni stopé€ (tzv. ,,tracking®); 2. navrat zcela novou trasou (tzv. ,,Scouting*).
Porovnanim téchto dvou zptisobi navratu bylo zjisténo, ze zatimco béhem trackingu psi

nevykazovali zadné zvlastni chovani, zcela opacna situace nastala pfi pouziti scoutingu.
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Bylo objeveno diive nepopsané chovani, které bylo pojmenovano ,.kompasovy b&h
(compass run). Konkrétng, psi vracejici se scoutingem zacinali ve vétSiné piipadl svij
navrat kratkym béhem podél severojizni magnetické osy, tedy jakymsi ,,béhem podle
kompasu®. Ukézalo se, ze toto chovani neni samoucelné, ale pfindsi psim zasadni
vyhodu. Pfi pouziti kompasového béhu se vyrazn€¢ zvySovala efektivita navratu
(az 0 30 %). Psi byli schopni se k majitelim vracet krat$i cestou, oproti psiim, ktefi
kompasovy béh nepouzili. Kompasovy béh pravdépodobné¢ pomahéd se zarovnanim
mentalni mapy prostfedi podle magnetického kompasu a tim k nastaveni spravného

sméru k majiteli.

V této praci byla poprvé potvrzena souvislost mezi dynamickym magnetickym

alignmentem a navigaci psu.
5.1.2 Processing Methods of Camera Record of Animal Movement

Kutilek, P., Benediktova, K., Svoboda, J., Volf, P., Adamkova, J., Krivanek, V.,
Hejda, J., Kutilkova, E., de Brito, A. C. D. M.

Proceedings of the 18th International Conference on Mechatronics -
Mechatronika 2018, Brno, ISBN 978-80-214-5542-9

S ptibyvajicim mnozstvim dlouhych audiovizualnich zaznamu ziskanych v ramci sbéru
dat pro prostorovou orientaci loveckych psti se jejich rucni zpracovani stavalo stile
velkoobjemovych dat. Byla navazana spoluprace s Fakultou biomedicinského inzenyrstvi
CVUT Praha, jejimz vysledkem je moznost automatického zpracovani vyse uvedenych
dat. Postup feSeni byl védecké komunité poprvé predstaven v Brné na konferenci

Mechatronika 2018 formou konferen¢niho ptispévku.

Publikace predstavila automatické metody pro zpracovani zaznamu z digitalnich kamer.
Byly pouzity dva typy nahravek (video ze stacionarni kamery a audio-video zaznam
z kamery piipevnéné piimo na télo psa béhem jeho pohybu v terénu), pro které byly
vyvinuty dvé metody zpracovani. Prvni metoda umoziuje urcit polohu zvitete v prostoru
a identifikovat intenzitu pohybu. Druha metoda analyzuje pohybovou aktivitu,

tj. identifikuje pasivni a aktivni fazi pohybu psa v dob¢, kdy je mimo dohled majitele.
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Systém pro zpracovani dat byl vyvinut v prostfedi MatLab® (MatLab R2010b,
Mathworks, Inc., Natick, MA, USA).

5.1.3 Automatic Analysis of Long-Lasting Video Sequences of Animal Movements

Volf, P., Benediktova, K., Adamkova, J., Kutilek, P., Hejda, J., Svoboda, J.,
Kiivanek, V.

Submitovano do Behavior Research Methods, IF 4,425

Automaticky systém pro zpracovani dat, ptfedstaveny v kap. 5.1.2, byl postupné
roz$itovan a dopliovan o nové funkce, které dale zrychlovaly cely proces zpracovani dat

a zvysily uroven zaslepenosti celého vyzkumu.

Publikace ptedstavuje automatickou analyzu dlouhych obrazovych a zvukovych zaznamu
propojenych s informacemi z globalniho pozi¢niho systému (GPS), coz vyznamné
redukuje (o vice nez 80 %) nutnost fyzické piitomnosti uzivatele v procesu zpracovani
dat. Systém byl vyvinut v prostiedi MatLab® (MatLab R2010b, Mathworks, Inc., Natick,
MA, USA). Vyvinuta metoda kombinuje analyzu pohybové aktivity psa s pozi¢nimi daty
a synchronizuje tak pasivni a aktivni faze pohybu s pohybovou trajektorii. V nasledném
kroku méii predem definované parametry trasy, jako jsou azimuty v konkrétnich mistech
pohybové trajektorie a vzdalenostni a casové hodnoty. V posledni fazi zpracovani

vypocitava a identifikuje bod navratu.

Metody matematického zpracovani pohybovych dat pfedstavené v této publikaci lze
Vv §ir§Sim méfitku pouzit pro rozpoznavani urcitych vzorcii chovani v ramei vyzkumu
chovani zvitat. Veskeré postupy (konkrétni skripty) pouzité pro zpracovani dat byly

poskytnuty védecké komunité K volnému vyuziti.
5.1.4 Hunting dogs bark differently when they encounter different animal species

Policht, R., Mat&jka, O., Benediktova, K., Adamkova, J., Hart, V.

Submitovano do Scientific Reports, IF 3,998

Bé&hem sbéru dat pro prostorovou orientaci byly zaznamenany rozdily ve vokalizaci pstu

podle druhu sledované zvéte. Pro pouzivand plemena loveckych psl je typické tzv.
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,»hlaseni‘ na stop¢€ zvére. To znamena, ze pes pii kontaktu s teplou (Cerstvou) stopou zvéie
zacne specificky stékat, ¢imz informuje majitele o ptitomnosti kofisti. Majitelé psu si
v8imli, Zze hlaseni ma jinou podobu v ptipadé¢ kontaktu napi. s divokym prasetem
V porovnani se zajicem. Protoze tyto rozdily v hlasovém projevu psa nebyly nikdy diive

popsany, provedli jsme experiment zaméfeny na otestovani této skutecnosti.

Ptedchozi vyzkumy ukazaly, Ze vokalizace pstit mize poskytovat informace smérem
k jejich lidskym spole¢nikiim. Zatimco v poslednim desetileti byly akustické signaly pst
intenzivné studovany, st€kani béhem loveckych aktivit ziistava prakticky neprobadané.
Cilem studie bylo otestovat na ctyfech druzich potencionalni kofisti pst (divoké prase,
liska, kralik a slepice) rozdily v hlaseni (St¢kani). Vysledky diskrimina¢ni analyzy
ukazaly, ze je mozné kategorizovat, na ktery druh psi (konkrétné jezevcici a teriéii)
zvitat, s divokym prasetem. Naopak, St€kani pii setkéni s liSkou bylo klasifikovano
podobn¢ jako $t€kani pii kontaktu s kralikem ¢i slepici, tj. druhy, které neptedstavuji pro
loveckého psa zadnou hrozbu. Dale bylo zjisténo, Ze pii kontaktu s divoc¢akem vykazuje
Stékani nizsi frekvenci a delsi trvani v porovnani s ostatnimu druhy. Zda se, ze variabilita

Stékani je spiSe projevem vnitiniho stavu psa nez funkéné referen¢nimi informacemi.

5.2.1 Dogs are sensitive to small variations of the Earth’s magnetic field

Hart, V., Novékova, P., Malkemper, E., Begall, S., Hanzal, V., Jezek, M., Kusta,
T., Némcova, V., Adamkova, J., Benediktova, K., Cerveny, J., Burda, H.

Frontiers in Zoology, 2013, IF 2,304 https://doi.org/10.1186/1742-9994-10-80

Jedna se o prvni praci, ktera potvrdila existenci magnetického smyslu u domacich psu.
Cast dat pro tento ¢lanek byla sbirana v ramci bakalaiské prace. Vysledky této publikace
podnitily vznik mySlenky o mozném zapojeni magnetorecepce pii prostorové orientaci

loveckych psti a vedly ke vzniku jak diplomové prace, tak nasledné i této disertacni prace.

Spontanni zarovnavani osy téla (magneticky alignment) byl popsan u nékolika druht

savcu v ruznych kontextech chovani. Studium tohoto chovani se ukazalo jako vhodné
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paradigma pro sledovani vyskytu magnetosensitivity u riznych druhi zvifat. S ohledem
na tuto skutecnost bylo patrano po znamkach magnetického alignmentu u domécich pst
Vv kontextu jejich kazdodenniho chovani — znackovani teritoria. Bylo méfeno zarovnani
osy téla behem defekace a urinace u 70 pst 37 plemen. Analyzou vice nez 7000
pozorovani bylo zjisténo, ze psi preferovali zarovnani osy téla podél severojizni
magnetické osy, ale pouze v ptipadé klidného magnetického pole Zemé. V piipade
nestabilniho magnetického pole se zarovnavani stavalo vice nahodné a nevykazovalo
zadnou smérovou preferenci. Zjisténi, Ze jiz malé fluktuace zemského magnetického pole
vyvolavaji behavioralni reakce je velmi vyznamné a mélo by byt brano v potaz u dalSich

experimentu.
5.2.2 Directional preference in dogs: Laterality and “pull of the north.”

Adamkova, J., Svoboda, J., Benediktova, K., Martini, S., Novakova, P., Tuma,
D., Kucerova, M., DivisSova, M., Begall, S., Hart, V., Burda, H.

Plos One, 2017, IF 2,766 https://doi.org/10.1371/journal.pone.0185243

Pro potvrzeni vysledkt piedchoziho ¢lanku o schopnosti psti vnimat magnetické pole
Zemé a pro zjiSténi vlivu magnetického pole na pfirozené chovani psi byl pfipraven
jednoduchy experiment zalozeny na dvouvybérovém testu béhem ptirozeného chovani
pst, které predstavovalo krmeni ve venkovnim prostoru. Vysledky potvrdily zavéry
predchoziho ¢lanku o magnetosensitiveé psi, a navic poukazaly na novy fenomén, ktery

je nutno vzit v potaz pti behavioralnich experimentech se zvitaty.

Lateralita je u domacich psti dlouhodob¢ sledovana a dobte popsana. Zatim vSak nebylo
nikdy uvazovano o mozném vlivu laterality na magneticky alignment zvifat a opacné.
Byly testovany preference pst pii vybéru mezi dvéma miskami s potravou umisténé vzdy
nalevo a napravo od psa Vv kombinaci dvou sousednich kompasovych smérd (sever
a vychod, vychod a jih, jih a zapad, zapad a sever). Cast z 25 testovanych pst se ukdzala
byt pravoto¢ivymi, ¢ast levotoCivymi a ¢ast neméla vyhranénou lateralitu. V kombinaci
misek umisténych na sever a vychod se ukazala preference pro severné umisténé misky,
tzv. tah severu, bez ohledu na lateralitu psa. Lateralita a ,,tah severu jsou tedy jevy, které
by mély byt brany v tivahu nejen pii behavioralnich testech, ale i pfi experimentech

zaméifenych na prostorovou orientaci a navigaci.
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5.2.3 Turning preference in dogs: north attracts while south repels

Adamkova, J., Benediktova, K., Svoboda, J., Bartos, L., Vynikalova, L.,
Novakova, P., Hart, V., Painter, M. S., Burda, H.

Plos One, 2021, IF 2,74 https://doi.org/10.1371/journal.pone.0245940

Zjisténi, ze individualné konzistentni preference (nebo ne-preference) pro uréity smér je
narusovana ,,tahem severu®, vedlo k opakovani experimentu vV magnetické civce, kde

bylo mozno odfiltrovat vn&jsi podnéty a manipulovat s magnetickym polem.

Psi byli opét sledovani pfi dvouvybérovém testu, jak v pfirozeném magnetickém poli, tak
I v magnetickém poli posunutém o 90°. Ukazalo se, Ze tah severu se projevil
I v experimentalnim prostiedi. Psy ptitahoval nikoli topograficky, ale magneticky sever.
Podrobné analyzy navic odhalily, ze tento jev zahrnuje také ,,odpuzovani jihem*. Na
zakladé¢ téchto skute¢nosti se da usuzovat, ze preference otaceni by mohla byt vedena
dominantnim okem. Za ptedpokladu, Ze magnetorecepce psu je zalozena na mechanismu
radikalovych part, lze ocekavat konflikt v situaci, kdy je dominantni oko odvraceno od
severu, zatimco kontralateralni oko ,,pfitazlivy” sever vidi. U psa by mohla vzniknout
»potreba® nasmérovat dominantni oko k severu, coz by mohlo vyvolat zarovnani téla

podél severojizni osy.
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Magnetic alignment enhances homing
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and Fisheries, Faculty of Agrobiology, Food and Natural Resources, Czech
University of Life Sciences, Praha, Czech Republic; “Department of Biological
Sciences, Virginia Tech, Blacksburg, United States

Abstract Despite anecdotal reports of the astonishing homing abilities in dogs, their homing
strategies are not fully understood. We equipped 27 hunting dogs with GPS collars and action
cams, let them freely roam in forested areas, and analyzed components of homing in over 600
trials. When returning to the owner (homewards), dogs either followed their outbound track
(‘tracking’) or used a novel route ('scouting’). The inbound track during scouting started mostly with
a short (about 20 m) run along the north-south geomagnetic axis, irrespective of the actual
direction homewards. Performing such a ‘compass run’ significantly increased homing efficiency.
We propose that this run is instrumental for bringing the mental map into register with the
magnetic compass and to establish the heading of the animal.

Introduction

Homing, broadly defined as the ability to return to a known goal location (e.g. breeding grounds,
shelter sites) after displacement (Schmidt-Koenig and Keeton, 1978; Papi, 1992, Wiltschko and
Wiltschko, 1995), has been shown in a taxonomically diverse range of vertebrates that rely on a mul-
titude of cues, for example visual, olfactory, acoustic, celestial, magnetic, and idiothetic (Schmidt-
Koenig and Keeton, 1978; Papi, 1992; Wiltschko and Wiltschko, 1995; Cullen and Taube, 2017,
Lohmann, 2018; Mouritsen, 2018). However, designing systematic studies to characterize the navi-
gational strategies and underlying sensory mechanisms mediating homing behaviour in non-migra-
tory species, particularly in free-ranging mammals, have proven difficult, and our understanding of
large-scale navigation and homing remains incomplete (Poulter et al., 2018; Tsoar et al., 2011,
Wolbers and Wiener, 2014).

Anecdotal accounts of the impressive navigation abilities of dogs have been commonplace,
maybe best exemplified in World War | when ‘messenger dogs’ were used as couriers to deliver sen-
sitive information across battlegrounds (Richardson, 1920). Nearly a century ago, the first studies
designed to examine navigational abilities in dogs were performed, revealing homing success even
if displaced to unfamiliar sites (Schmid 1932, 1936 cited in Nahm, 2015). Decades later, a more
comprehensive study observed consistent homing success in a total of 26 dogs displaced without
exposure to visual cues in various geographic directions. Dogs often homed using novel routes and/
or shortcuts, ruling out route reversal strategies, and making olfactory tracking and visual piloting
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unlikely. Indeed, as previous authors have suggested, shedding light on the mystery of mammalian
homing may require unconventional research approaches that focus on ‘unusual’ senses
(Nahm, 2015).

Hunting dogs, particularly the so-called scent hounds, have been selected over generations to
detect and pursue tracks of game animals and, if not followed by the hunter, to return to the place
where the pursuit started, often over distances of hundreds or thousands of meters. How dogs pin-
point the owner’s location using novel routes of return in highly variable densely forested habitats
remains perplexing.

We expect that either dogs can find their way to the owner following their own scent trail back (a
strategy called ‘tracking’) or they can perform true navigation, the ability to home over large distan-
ces without relying on route-based landmarks or information acquired during the displacement, a
strategy we termed ‘scouting’, searching for a new way. While tracking may be safe, it is lengthy.
Scouting enables taking shortcuts and might be faster but requires navigation capability and,
because of possible errors, is risky.

Using GPS data complemented by video recordings by action cams, we analyzed orientation of
free-roaming scent hounds. We expected to find evidence for either tracking or scouting, to test the
predictions about the route length and duration, and to see indications for the type of decision
made at the turning point. Furthermore, we expected that should visual piloting (orientation towards
landmarks) take place there would be an effect of the height of the dog as higher (taller) dogs
should have better overview (farther horizon) than lower dogs.

Altogether, 27 hunting dogs from ten breeds were equipped with a GPS collar and in several
cases also with an action camera capturing a portion of the dog’s head, thus providing information
about its movement, behaviour, and the landscape in front of and around the dog (Figure 1,
Video 1). In total, 622 trials (excursions) were performed at 62 locations during diurnal walks in for-
ested hunting grounds in the Czech Republic from September 2014 to December 2017. Based on
the records, we determined turning points, dividing the whole excursion into the outbound and
inbound tracks, and we measured azimuths at particular points, length and speed of particular tracks
(Figure 2A).

Results

Return strategy

In 399 cases (59.4 %), dogs homed by following their outbound track (tracking strategy), and in 223
cases (33.2 %), dogs homed using novel route (scouting strategy). In 50 cases (8.0 %), dogs com-
bined both strategies during a single return (Figure 2B-C). In this study, we focus only on ‘scouting’.

Speed and track length

Scouting dogs were faster than tracking ones (Figure 3). As expected, taller dogs ran faster than
smaller ones, but the shoulder height did not affect length of the inbound track (Figure 4) and the
average speed of the inbound trajectory was faster when a portion of the return followed forest
paths (Figure 5). Inbound track length was significantly longer when forest paths were used (Fig-
ure 5). Shoulder height did not affect inbound track length (Supplementary file 1B- Table 2). As
expected, there was a positive correlation between direct (‘beeline’) distance between the turning
point and the owner and the average inbound track length (Figure 4, Supplementary file 1B- Table
2).

Azimuths and the ‘compass run’

The compass directions in which dogs started the excursions (Figure 2A, azimuth A) and at the turn-
ing point relative to the excursion start, and thus to the goal (Figure 2A, azimuth B) were random,
irrespective whether dogs were later tracking or scouting (Figure 6, Supplementary file 1E- Table
5). The direction in which the dogs started to return (Figure 2A, azimuth C) was random in tracking
dogs, but significantly aligned along the ~north-south magnetic axis in scouting dogs (Figure 7,
Supplementary file 1E- Table 5). Specifically, dogs homing by scouting started their return with a
short (average length 18.1 m, Supplementary file 1D- Table 4), ‘compass run’ aligned along
the ~north-south geomagnetic axis (Supplementary file 1E-F- Tables 5-6, Video 2).
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Figure 1. Still shots of a fox terrier (left column) and a miniature dachshund (right column) used in this study showing the tracking equipment and
habitat. Above: The GPS transmitter and antenna are fixed to a collar and fitted around the animal’s neck (note that for safety and comfort of the
animal, the collar is free to rotate). The black fabric harness is secured around the torso and chest and is used to attach the protective camera case
containing the camera and battery. Below: A typical field of view captured by the video camera that includes the dog’s head/neck, and provides a
detailed view of the surrounding terrain. An on-board microphone (not visible) is used to record audio.

To determine if the position of the owner influenced the orientation of the compass run, we parti-
tioned the data into four distributions (north, south, east, or west, + / - 45°%), according to the loca-
tion of the owner relative to the turning point. In all four distributions, the compass run was
significantly orientated along the ~north south geomagnetic axis, suggesting that its orientation was
independent of the direction to the owner (Figure 8, Supplementary file 1F- Table 6).
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Part of outbound trajectory: excursion start

Video 1. Example of all three phases of an excursion.
Labels of the left side of the video indicate the
segment of the excursion. The video begins with the
excursion start (i.e. the beginning of the outbound
trajectory) when the dog becomes separated by >100
m from the owner, at which point the owner remains
stationary in the forest. Shortly after, the dog detects
and follows the olfactory track of a wild game animal,
indicated by barking behaviour. After the outbound
trajectory, the dog begins the turning trajectory phase
of the excursion (see Materials and methods) and the
turning point is shown when the dog briefly pauses.
This location marks the beginning of the compass run
(=alignment run, azimuth C, initial inbound segment).

Ecology

There were no significant differences in axial
preference of the compass run between sexes
(Watson's U? test, U = 0.027, p>0.5) or between
familiar and unfamiliar areas (Watson's U? test,
U = 0.036, p>0.5).

The probability of exhibiting a scouting strat-
egy after compass run was aligned along the
north-south axis was almost four times higher
than the probability of exhibiting tracking (odds
3.60, p<0.0001) (Figure 7E
Supplementary file 1B- Table 2). No other fac-
tors appeared influential.

Importantly, when the compass
aligned along the ~north-south axis, homing was
more efficient, i.e., the ratio between the length
of the inbound track and the shortest distance

ratio =

’

run was

between the turning point and the goal was sig-
nificantly reduced compared to the ~east-west
compass runs (F = 6.47, p=0.01) (Figure 9
Supplementary file 1B- Table 2).

Effect of sex, breed and study site
familiarity

We partitioned the data by sex for all individuals
and used a Rayleigh test to determine if sex influ-
ence the orientation of the ‘compass run’ (Fig-

Lastly, the inbound trajectory is shown representing the
phase when the dog is homing back to the location of
the excursion start/owner.

ure 2, azimuth C) during scouting returns. There
was no significant difference between the two
resulting  distributions  (Watson's U2 test,
U = 0.027, p>0.5), and therefore, no sex differen-
ces in the orientation of the compass run.

Sex and breed did not influence the probabil-
ity of return strategy used during homing
(GLMM, p>0.05). Furthermore, we tested whether study site familiarity influenced the orientation of

https://elifesciences.org/articles/55080#video

the compass run. We grouped azimuth C into two groups, according to whether the dog had visited
the study at least one time prior to the excursion or if the dog was experiencing the study site for
the first time. No differences between the two distributions (familiar vs unfamiliar) were found (Wat-
son’s U2 test, U = 0.036, p>0.5).

Effect of sun

To test for an effect of sun and/or polarized light on the orientation of the compass run during scout-
ing returns, the sun position was determined by estimating the sun’s azimuth during the 15th day of
each month, therefore accounting for seasonal variation in azimuth position (sun position data was
taken from a central location in the Czech Republic, central to the locations of all test sites). Next,
the sun azimuth direction was recorded for each hour during the 15th day of each month, for all
available daylight hours. Thus, we created an average sun azimuth direction for each month of the
year, with one-hour resolution. For circular analyses, we pooled the orientation of azimuth C relative
to the sun position for each excursion, using the nearest hour of sun position according to each
excursion time. A Rayleigh test was used to determine if the distribution of azimuth C was non-ran-
dom when plotted relative to sun position. The position of sun, and thus polarization pattern, did
not significantly influence the orientation of azimuth C during scouting returns at the individual level
(n =251, u = 69°/249°, r = 0.04, p=0.673) or at the group level (n = 27, u = 146°/326°, r = 0.021,
p=0.989).
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Figure 2. Spatial features and return strategies derived from GPS data used in analyses. (A) Schematic illustration of total excursion track. Excursion
start marks location of owner when the dog is more than 100 m away, indicating that the dog is pursuing a game animal. Excursion start also marks the
approximate location where the owner remains hidden until the dog returns. Turning point represents the location where the dog initiated its return to
the owner. Azimuth A represents the magnetic direction of the initial outbound segment, calculated between the excursion start and the GPS point
recorded 5 s after the excursion start. Azimuth B represents the magnetic direction of the owner relative to the dog at the turning point. Azimuth C
represents the magnetic direction of the initial inbound segment, the ‘compass run’, calculated by measuring the direction between the turning point
and the point where the dog exhibits a distinct (>20°) deflection in track direction (magnified inset). See Materials and methods for additional details.
(B) GPS tracks showing examples of Tracking and Scouting strategies or combination of strategies. Solid white tracks show excursions. The turquoise
line shows the owner's track and the white dotted line shows the dog's track during non-excursion portions of the trial. (C) Examples of Tracking and
Scouting return strategies: Tracking: inbound return track falls within a = 30 m corridor limit (shown by small white dots flanking each side of the track)
of the outbound track. Scouting: the inbound return track is separated from the outbound trajectory by at least 30 m.
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Figure 3. Average speed increases in scouting compared to tracking. Predicted values of inbound speed (km/hour, LSMEANs + SE) according to return
strategy and independent of the direction of the compass run (azimuth C).
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Figure 4. Inbound speed and track length positively correlate with shoulder height and beeline excursion distance, respectively. Upper row: A bubble-
plot of predicted values of inbound speed (km per hour, LSMEANSs + SE) plotted relative to shoulder height (cm). The center of each bubble represents
the predictive value and bubble size represents the number of cases for that value. Size class scale is shown on the right. Bottom row: A bubble-plot of
predicted values of log-transformed total inbound track length (m, LSMEANSs + SE) as a function of direct (‘beeline’) distance between the turning point
and the owner. The center of each bubble indicates the predictive value and bubble size is equivalent to the number of cases, as shown in the box on
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path’), or if the return was completed without the use of a forest path (‘No path’). Right: Predicted values of log-transformed total inbound track length
(m, LSMEANS + SE) between returns when at least a portion of the inbound track followed a forest path compared to returns when no forest paths were

used.

Effect of wind

Wind direction was recorded at the study site for each excursion by the owner. To test for an effect
of wind direction, particularly in conditions when wind was blowing from the owner to the direction
of the dog at the turning point, we used a Rayleigh test to determine if the wind direction was non-
random across excursions when dogs used a scouting return strategy. In 55 cases (22 % of all scout-
ing excursions), no wind was detected and therefore these excursions could not be included in the
analyses. For the remainder of excursions (n = 196), Azimuth B (i.e. direction between the turning
point and owner) (Figure 2) was plotted relative to the wind direction.

Partitioning the circular data into eight equal bin sizes (each bin £22.5° and centered on the 45’s,
i.e. 0°, 45°, 90°, 135°, etc.), we found that the wind conditions in only 24 scouting returns (<10 % of
scouting returns) were suitable for olfactory piloting to the owner (i.e. <10 % of scouting returns had
wind conditions where the wind was blowing in the direction (£22.5°) from the owner to the dog at
the point of return/start of azimuth C.
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Figure 6. Circular distributions for azimuth A and azimuth B means grouped by return strategy. Circular distributions of magnetic orientation of the

direction of the turning point relative to the excursion start/owner (azimuth B) and the initial outbound segment (azimuth A) for scouting (left column)
and tracking (right column). The small schematics centered between each plot show the vector corresponding to the data in each distribution. The red
arrow indicates the angular vector () calculated over all angular means. The length of the mean vector (r) corresponds to the degree of clustering in

the distribution on a scale of 0.0-1.0, where the circular plot radius = 1.0. The inner circle marks the 0.05 level of significance limit computed using the

Rayleigh test.

Discussion

We found that dogs returning in a forest either follow back their outbound trajectory, a strategy
called tracking or chose a completely new route, a strategy called scouting. In this study, we ana-
lyzed only scouting events and found a conspicuous phenomenon. In most cases, dogs start their
return with a short (about 20 m long) run, called here compass run, mostly performed along the
north-south axis irrespective of the actual homeward direction.

It is unlikely that the direct involvement of visual, olfactory or celestial cues can explain the highly
stereotyped and consistent ~north south alignment of the compass run. For example, the forested
habitat and dense vegetation of the study sites make visual piloting unreliable and, in many cases,
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Figure 7. Alignment responses during the initial inbound return (= ‘compass run’) in free-roaming dogs. (A-D) Circular distributions showing
geomagnetic alignment responses during the initial inbound segment (azimuth C, ‘compass run’), when distributions are partitioned into Scouting (A,
B) and Tracking (C, D) return strategies. Grey bearings plotted on the periphery of the distributions represent the axial orientation of compass runs for
each excursion (A, C), each bearing treated as an independent data point, or (B, D) the axial orientation of compass runs when the mean orientation
was first calculated for each dog. All data are plotted relative to magnetic north, indicated at the top of each plot, and the red double-headed arrow
indicates the mean axial vector (u) for each distribution. The length of the mean vector (r) corresponds to the degree of clustering around the mean and
ranges from 0.0 to 1.0, with the radius of each plot = 1.0. Dashed red lines represent the 95% confidence intervals and the inner grey circle marks the
p=0.05 level of significance limit computed using the Rayleigh test. Results from Watson’s U tests are shown between distributions, revealing
significant differences in the compass run orientation between tracking a scouting return strategies. The small schematic centered between the plots
shows azimuth C and the axial direction of the red vector corresponds to the orientation data plotted in each distribution. (E) Predicted values of the
probability that dogs will exhibit a compass run along the ~north south geomagnetic axis (£45°) during the initial inbound segment (LSMEANs + SE)
according to return strategy.

not possible. Furthermore, there was no effect of the body height (and thus the degree to which the
dog’s field of view of its surroundings was limited) on the probability of north-south alignment when
compared to east-west alignment, a fact which is not consistent with a visual piloting hypothesis.
Highly variable wind conditions, coupled with turbulence in the forest understory, rule out the use of
olfactory piloting during scouting. In many cases, the Sun’s disk was fully obstructed by cloud cover
and/or overhead vegetation, making it challenging to use a sun or polarized light compass. And,
although polarized light has been shown to calibrate the magnetic compass in bats (Greif et al.,
2014), detection of skylight polarization is not thought to be widespread in mammals (Horvath and
Varju, 2004; Marshall and Cronin, 2011). More generally, it is difficult to reconcile what advantage
a north-south orientation response would provide for any of the sensory modaities discussed above.
In contrast, the Earth’s magnetic field provides a stable, omnipresent cue, regardless of daily or
seasonal temporal variation, visual cue availability or weather conditions. The north-south alignment
of the compass run in dogs is consistent with a wealth of studies providing support for spontaneous
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Video 2. Example video showing the compass run
behaviour during a scouting strategy return. The GPS
track is shown on the right half of the video with the
red ‘bulls-eye’ tracker synced with the video shown on
the left. The bulls-eye tracker moves across the track
corresponding to the position of the dog in the video.
The checkerboard square represents the location
where the video ends, but does not represent any
relevant features/landmarks used for analyses.
Compass and GPS measurements are shown on the left
and are synced to the video and bulls-eye tracker.
Yellow labels appear superimposed on the right side of
the screen to indicate relevant features of the
excursion. Before reaching the turning point, the dog is
travelling in a ~ west northwest direction. As shown, the
compass run (=alignment run, azimuth C) starts at the

Ecology

magnetic alignment along the north-south mag-
netic axis in a range of vertebrates in the field
(reviewed in Begall et al., 2013;
Malkemper et al., 2016) as well as in the labora-
tory under controlled  conditions (e.g.
Burda et al.,, 1990; Phillips et al., 2002,
Muheim et al., 2006; Malkemper et al., 2015;
Painter et al., 2018).

While the functional significance of magnetic
alignment is not fully understood, magnetic align-
ment may help to organize and structure many
aspects of spatial behaviour (Begall et al., 2013).
This may help to explain the compass run at the
beginning of homing in scouting dogs. Indeed,
several recent studies have shown that dogs are
sensitive to magnetic cues (Hart et al., 2013,
Adamkova et al., 2017; Martini et al., 2018),
and behavioural studies show that Earth-strength
magnetic fields play a direct role in homing
responses also in the blind mole-rat, a subterra-
nean mammal (Kimchi et al.,, 2004). Taken
together, we propose that the compass run is
mediated by magnetic cues, and it helps to
increase the accuracy and reduce the complexity
of long-distance navigation across unfamiliar and/

turning point and the dog begins its initial inbound
segment in the ~north direction. The compass run is
terminated at 0:22 when the dog changes magnetic
direction by >20° (see Materials and methods) and the
inbound trajectory continues as the dog navigates back
to the owner (not shown).
https://elifesciences.org/articles/55080#video?2

or highly variable environments.

Noteworthy, scouting dogs in unfamiliar loca-
tions cannot use visual landmarks to recalibrate a
path integration system. Therefore, in the
absence of familiar landmarks, the compass run
may serve to recalibrate a path integration sys-
tem relative to Earth’s magnetic field, so that
errors accumulated during the outbound trajec-
tory are not incorporated into the estimate of the
homing direction. Importantly, dogs in our study
were not passively displaced as is usual in most homing experiments (Tsoar et al., 2011,
Ostfeld and Manson, 1996), and therefore, the involvement of path integration seems plausible,
and may be one of several reasons why the compass run has not been identified in previous studies.

Our findings clearly show the importance of further research on the role and involvement of mag-
netic cues in canine (and more generally mammalian) navigation. More specifically, the research sug-

gests that the magnetic field may provide dogs (and mammals generally) with a ‘universal’ reference
frame, which is essential for long-distance navigation and arguably the most important component
that is ‘missing’ from our current understanding of mammalian spatial behaviour and cognition.

Materials and methods

Study subjects

A total of 27 hunting dogs (10 M, 17 F) from ten breeds were used in the study (Supplementary file
1A- Table 1). All dogs come from breeds with pedigrees in hunting and animal tracking and were
regularly assessed by veterinarians throughout the study. These dogs innately detect and pursue the
olfactory tracks of game, and in rare cases, dogs were able to spot game animals from a distance (i.
e. >20 m) through the forest. However, the small breeds used in this study are unable to keep pace
with the much larger and faster game animals. Therefore, dogs were almost immediately left to rely
on olfactory tracking and never posed any physical threat to wild animals.
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Tracking equipment

Dogs were equipped with a Garmin T5 mini (or DC50) GPS collar (Garmin Ltd., USA) fitted around
the neck and programed to record GPS positions at 2.5 or 5.0 s intervals (GPS accuracy +4.2 m
based on ground-truth measurements collected at study site locations). A portion of the trials (31 %)
were carried out using a Garmin Virb Elite action camera (Garmin Ltd., USA) housed inside a non-
magnetic stainless steel mount fixed to the side of a custom-fitted fabric harness (Figure 1). The
camera captured a similar field of view to that of each dog (Figure 1), and thus provided information
about the dog's visual surroundings, including habitat characteristics. In addition, a portion of the
dog'’s head was also captured, providing information about the dog’s behaviour and movement
(e.g. activity, head scanning, head orientation) and an on-board microphone detected barking
behaviour, an indicator that the dog was in pursuit of a game track (Video 1). The customized har-
ness was designed to minimize discomfort and allowed full mobility for all dogs. Dog owners were
equipped with a handheld Garmin Alpha 100 or Astro 320 receiver (Garmin Ltd., USA) used to moni-
tor and record GPS tracks.

Experimental procedure

A total of 622 trials were performed in forested hunting grounds at 62 independent locations in the
Czech Republic from September 2014 to December 2017. All trials were performed with a single
dog (i.e. trials were not carried out with groups of dogs), in areas free from high voltage power lines,
paved roads or buildings, and at different times of day (daylight hours only) and different times of
year. Dogs were transported to each site by a car and were given a 10 min rest and acclimation
period in the close surroundings of the car (<20 m radius). Dogs were then equipped with the GPS
collar, and in some cases, the harness-camera setup, and walked off-leash alongside the owner into
the surrounding forest. Dogs could freely roam and explore the area to search for wild game tracks
using olfactory cues, as is an innate behaviour in this context for the breeds used in this study. The
following game animals are common in the study region: fallow deer (Dama dama), red deer (Cervus
elaphus), roe deer (Capreolus capreolus), wild boar (Sus scrofa), European hare (Lepus europaeus),
and red fox (Vulpes vulpes). During the search period, owners did not provide visual or acoustic
commands to instruct the dog. The handheld GPS device was programmed to indicate when the
dog had travelled >100 m from the position of the owner. At this moment (designated as ‘excursion
start’) the owners stopped walking and marked their location on the handheld GPS. Owners then
hid behind trees or dense vegetation within a 10 m radius from the ‘excursion start’ to minimize the
possibility of visual piloting by dogs in final stages of their inbound return (see below). The owners
remained at this place until the dog returned. The location of each trial, the dog's familiarity with
the location, and weather conditions (wind speed, wind direction, and temperature) were recorded.
Locations visited for the first time were considered to be unfamiliar, whereas dogs who had visited
the location at least once previously were considered familiar with the area. The entire trial, including
excursions (see below), lasted between 30 and 90 min.

Analysis of excursions

|dentifying excursion features

‘Excursions’ are defined as the track recorded between the excursion start (see above) and the point
when the dog started its return to the owner, staying at, or within 10 m from the excursion start (Fig-
ure 2). All excursions were analyzed using Garmin BaseCamp 4.6.2 software (Garmin Ltd., USA). In
very rare cases when dogs did not return to the owner, they were found via GPS position and
excluded from further analysis (n = 16, 2.4 % of all excursions).

Based on preliminary analyses of GPS tracks used to standardize the study protocol, excursions
were divided into three distinct phases: 1) outbound trajectory: from the excursion start to the point
where the dog terminates its pursuit of the game track; 2) turning trajectory: the part where the dog
initiates its return to the excursion start/owner; within this part, we narrowed the turning point; 3)
inbound trajectory: the return track to the owner (Figure 2A). We expected that turning trajectory
(and specifically turning point) would be characterized by slowing down, perhaps even short stop as
the dog orientates.

The whole excursion length (=100 %) was divided into ten equidistant segments (i.e. each seg-
ment encompassing 10 % of the total excursion length). The average speed over each segment was
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Figure 9. Compass run improves homing performance during scouting. Comparison of predicted values of the probability of log-transformed homing
efficiency index (LSMEANS + SE) between dogs exhibiting a compass run oriented along the ~north south (+45°) compared to orientation along the
east-west (+45") axis during scouting return strategies. The efficiency of homing is expressed as the ratio (%) between the length of the dog's inbound
trajectory and the direct (beeline) distance between the turning point and the excursion start/owner. Titles and legends to supplementary videos.
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calculated and the segment with the slowest speed was labelled as the turning trajectory. If the so
determined place seems to be improbable (either too close to the start/goal or the dog pauses rela-
tively long at one point) we checked the situation at video to exclude the possibility that the dog
stopped to drink, bath, sniff at some interesting place or encountered difficult terrain. If this was the
case or video was not available, the second slowest segment was identified as the turning trajectory
(n = 26,<5 % of all excursions). If this segment was also located near the excursion start/owner, the
respective situation was again checked at the video if available, and/or the slower segment with the
farthest straight-line distance from the excursion start was labelled as the turning trajectory (n = 53,
8.5 % of all excursions).

Within the turning trajectory, the average speed was calculated between each successive GPS
point. The point-to-point path within the turning trajectory with the slowest speed was identified
and marked as the turning point, representing the specific location where the dog initiated its return
to the owner (Figure 2A, Video 2).

The focus of the current study was to evaluate long-distance navigation in free-roaming dogs,
and therefore, excursions shorter than 200 m were excluded from the analyses.

Identifying azimuths

All magnetic measurements used in the analyses were made using measurement tools in Garmin
BaseCamp 4.6.2 software and magnetic declination was taken into account. The magnetic direction
between the point of the excursion start and the GPS point recorded five seconds after the excur-
sion start was measured (i.e. the initial outbound segment) and is defined here as azimuth A
(Figure 2A). Azimuth B represents the magnetic direction of the owner relative to the dog at the
turning point (Figure 2A). The magnetic direction of the initial inbound segment, azimuth C
(denoted here as compass run), was determined by measuring the direction between the turning
point and the point where the dog exhibited a > 20" deflection in track direction without an immedi-
ate return to its preceding track heading (Figure 2A). These criteria helped to omit short-lived track
deviations often caused by obstacles (e.g. fallen trees, dense clusters of vegetation) and were
applied to all tracks. A criterion for classifying the compass run as either north-south or east-west,
was established by grouping runs into one of four sectors corresponding to a sector of +45° of the
cardinal compass axes, i.e. ~north (316°—45%),~east (46°—135"),~south (136°—-225°), or ~west (226°—
315)).

Return strategies
Based on preliminary evaluations from a subset of excursions, each inbound return was categorized
into two distinct return strategies:

1. Tracking: The inbound return trajectory followed the outbound trajectory, i.e. the dog 'simply’
followed its outbound track back to the owner (Figure 2). Here, the inbound return track is no
more than 30 m from the outbound track at any point along the return path (Figure 2).

2. Scouting: A novel route of return was taken to the owner (i.e. dog was not following its out-
bound trajectory) (Figure 2). Here, the inbound and outbound trajectories were separated by
more than 30 m (Figure 2).

In some cases, dogs exhibited a combination of return strategies, e.g. dogs began the inbound
return trajectory using a tracking strategy and later changed to a scouting strategy, or vice versa
(Figure 2). In these relatively rare situations (n = 50, 8.4 % of all excursions), strategies were divided
into two separate tracks and the initial inbound segments (azimuth C) were measured for each
strategy.

Importantly, the personnel responsible for identifying the spatial features of excursions (i.e. excur-
sion start, outbound, turning and inbound trajectory, turning point and owner position, see Identify-
ing excursion features) as well as partitioning tracks into return strategy type were unaware of the
directional data (azimuths A, B, C). Conversely, personnel responsible for measuring directional data
were unaware to which segments and strategies each measurement belonged. Therefore, the analy-
sis of all directional data was carried out using a double-blind protocol.
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Statistical analysis

Circular statistical analyses were carried out with Oriana 4.02 (Kovach Computing Services). Before
evaluation, all directional responses were grouped by return strategy. Magnetic headings for azi-
muth A and azimuth B were treated as angular data. However, preliminary results for azimuth C
revealed a strong bimodal response within individuals, and therefore, azimuth C was treated as axial
data (Batschelet, 1981). The Rayleigh test was used for circular statistics to determine if distribu-
tions were indistinguishable from random at the p<0.05 significance level. To test for non-random
orientation, all responses were evaluated at the individual level (i.e. measurements from excursion
treated as an independent bearing) and at the group level by calculating mean directional response
from each dog then calculating a grand mean vector. A Watson's U2 test was used to test for differ-
ences between distributions (Batschelet, 1981).

Non-circular data were analyzed using SAS System (version 9.4). Associations between inbound
speed and return strategy, as well as homing efficiency and geomagnetic alignment (N-S or E-W)
were tested using a multivariate General Linear Mixed Model (GLMM, PROC MIXED), with inbound
speed or homing efficiency as a dependent variable. A homing efficiency index was expressed by
calculating the ratio (in %) between the track length of the inbound trajectory (i.e. track length of
dog between turning point and excursion start) and the direct distance (i.e. beeline) between the
turning point and excursion start. Additional analyses (i.e. alignment or return strategies as depen-
dent variables) were performed using a GLMM with PROC GLIMMIX for binary distributions. Link
function was logit and the distribution of error terms was binomial in the GLMM. Since models with
PROC GLIMMIX did not converge due to an effect with considerably larger classes (dog ID and/or
breed), we applied the procedure with Method = Laplace (Kiernan et al., 2012).

Models were constructed by entering the predicted effects, i.e. return strategy for dependent
variables, inbound speed and alignment (modelling the probability that geomagnetic alignment = N
s); and dependent variable for homing efficiency index. Each model was checked with additional fac-
tors that could affect the model predictions (see Supplementary file 1C- Table 3 for list of factors).
Factors which did not contribute (i.e. factor significance p>0.05) were dropped from the model.
Interaction terms were tested and all tests were treated as two-tailed distributions.

The effects used in the analyses were continuous variables and classes are listed in
Supplementary file 1. C - Table 3. Where appropriate, variables were log-transformed to improve
normality of residuals and to reduce skewness. All fitted models included the dog’s identity as a ran-
dom effect to account for the use of repeated measures across the same individuals.

Least-squares means (LSMEAN) were computed for each class and differences between classes
were tested using a t-test. Associations between the dependent variable and time were estimated
by fitting a random coefficient model using PROC MIXED (Tao and Littell, 2002). Predicted values
of the dependent variable were calculated and plotted against the fixed effect with predicted
regressions for each group. Where more than one value was plotted in the same position, a bubble
plot was generated to represent the data.

To compare the probability of an event between two groups, an odds ratio was calculated
(Stokes et al., 2012). Odds ratios greater than one imply that the event is more likely to occur in the
first group, while an odds ratio less than one implies that the event is more likely to occur in the sec-
ond group.
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 Supplementary file 1. Information on subjects studied, parameters included in the analyses, and
results of circular statistics. (A) Table 1 Information about dogs used in the study. Owner = initials of
owner accompanying dog during walks, Age = age or age-range during the study period,
Nout = number of outbound trajectories, Ny = total number of inbound trajectories, Nt = number
of inbound returns using a tracking strategy, Ns = number of returns using a scouting strategy. (B)
Table 2 Factors in the final GLMMs for the dependent variables (in bold). a) probability for N-S align-
ment (+45°) during the initial inbound segment (i.e. ‘compass run’); b) probability for scouting strat-
egy; c) efficiency of return; d) speed of inbound trajectory; e) inbound track length. (C) Table 3
Effects used in General Linear Mixed Models. (D) Table 4 Length parameters during different phases
of the excursion (data from combined strategies are excluded). (E) Table 5 Circular analyses of indi-
vidual (‘raw’) and grouped means for azimuth A, B and C during scouting and tracking strategies,
and when a scouting strategy was used as the second return strategy (tracking used as a second
return strategy not shown). Means were calculated by averaging directional headings for each dog,
then calculating a grand mean from all individuals. Raw data were calculated by treating each azi-
muth as an independent bearing. Note that due to the bimodal preference found within individual
dogs for azimuth C, these bearings were treated as axial data. See Figures 6-8. (F) Table 6 Axial
analyses of azimuth C (=orientation of the compass run) partitioned into four groups to test for an
influence of the owner on the orientation of the compass run during scouting strategy returns. Each
analysis corresponds to the orientation of the compass run when the owner was located in one of
four cardinal compass directions (+45°) relative to the turning point. Therefore, owner positions rela-
tive to the turning point are: owner = magnetic ~ north (316°—45°),~east (46°—135°),~south (136°—
225°%), or ~west (226°—315°). All data are treated as independent bearings. (See Figure 8).

« Transparent reporting form

Data availability
The raw source data are provided as Source Data 1.
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Abstract—The aim of this paper is to introduce in detail
methods for processing of visible-light digital camera records
of animals in their natural environment to study animal
movements. Two types of recordings have been used — videos
from a stationary camera and videos from wearable camera on
animal body. For this reason, two different data processing
procedures are introduced. The first method allows determine
the position of the animal in the space using a stationary
camera. The second method allows determine the intensity of
the animal’s movement using wearable camera. The methods
have been tested. The movement of cattle and dogs was
recorded by cameras. A software has been designed in
MatLab® to process videos and preprocess motion data for
further study. A part of the work’s results is thus a
presentation of a method for monitoring and preprocessing
animal’s movements. The described methods and procedures
have been developed according to the specific requirements for
recording of animal movements. The assumption for the future
is the application of methods and movement parameters for
studying the function of the nervous system.

Keywords—camera, animals,
kinematics, movement

visible-light,  recording,

1. INTRODUCTION

Past studies have already introduced the uniform methods
of processing the visible-light camera records of the animal
movement. The methods rely on the evaluation of videos
from a stationary visible-light digital camera and videos from
wearable visible-light digital camera. First measurements
were carried out by stationary camera placed above the
subject and recording the movement of animals. The method
is based on an already established animal movement
measurement methodology, see Table I. The method
assumes a random or specific stationary location of the
camera in front of the monitored subjects. These studies of
the movement of animals in their natural environment

This work was done in the framework of research project
SGS17/108/OHK4/1T/17 sponsored by Czech Technical University in
Prague. The work presented in this article has also been supported by the
Czech Republic Ministry of Defence (University of Defence development
program ‘“Research of sensor and control systems to achieve battlefield
information superiority”).

brito@fbmi.cvut.cz

usually serve to develop pharmacology or study the function
of the nervous system [11]. In general, however, it is
problematic to automatically process the video recordings
captured by visible-light digital camera. Based on this, most
of the recordings made with a visible-light digital camera are
evaluated manually, see Tab. I. Usually, motion recording is
performed in artificial environments using specialized
camera-based motion capture (MoCap) systems in which, for
accurate recording, active or passive markers are placed on
the anatomical points of the animal’s body segments [12].
These systems typically require a complex calibration before
use and the specific placement of the cameras in space, i.e.
environment. However, these specialized systems can’t
usually be used in the natural animal’s environment. Also,
such MoCap systems typically require the use of multiple
cameras and are therefore extremely costly [13]. Other
limitations of such systems are their specificity in.
application offering limited versatility for measuring
different species of animals [14].

In order to make animal movement measurements by
visible-light digital camera more flexible, processing
methods have been developed with MatlLab software
(MatLab R2010b, Mathworks, Inc., Natick, MA, USA) in
which the body movement is recorded using common

TABLE L. TABLE OF VISIBLE-LIGHT DIGITAL CAMERA
APPLICATIONS AND PROCESSING METHODS

Type of Camera Method of Studied

recording placement processing animal Reference

stationary random manual Raven [1]
camera

stationary random manual Flamingo [2]
camera

stationary above manual Wood [3]
camera mouse

stationary above manual Carp [4]
camera

stationary above manual Pheasant [5]
camera

stationary above manual Hamster [6,7]
camera

stationary above manual Mole-rat [8]
camera
satellite tbove manual Cattle, 9, 10]
camera Deer
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visible-light digital camera. These methods allow the
evaluation of body movement as a whole on small or big size
animals. The method, designed in accordance with the
requirements made by Faculty of Forestry and Wood
Sciences, Czech University of Life Sciences, shall be
described in this article. To describe and test the methods,
different animal species has been chosen since it is a
representative sample of subjects for future research.

II. METHODS

A. Movement Recording by Stationary Digital Camera

For the study of the animal movement, it is best to use
a “open field” test, as in [15], ideal for the animal to move
freely. And for the observation of the movement in the
vertical and horizontal plane, it is advisable to scan the
planes separately. Of course, the entire scene of motion in
both vertical and horizontal plane can be observed with one
static camera. However, in this case, is necessary to
transform the image which is, in the natural environment of
the animal, a quite impossible task to achieve and thus, to
accurately calculate the position of the animal. Therefore, the
number of monitored motion parameters is also reduced.

B.  Movement Recording by Wearable Digital Camera

For the study of the movement activity of animals by
wearable camera placed on the animal body, it is necessary
to place the camera on the body segment whose motion
activity we want to evaluate. This placement must be done in
such a way that the camera is able to record the movement of
the surroundings in relation to the body segment of the
animal. If we want to observe the movement in the vertical
and horizontal plane, it is necessary to place the camera and
its optical axes firmly on the body segment in accordance
with the vertical and horizontal axis of the ground. However,
for recording only general movement activity of a body
segment, it is not necessary to meet this requirement. If you
want to evaluate the physical activity of the whole body, it is
necessary to place a wearable camera close to the center of
gravity of the body, i.e. in case of a dog on the dog's trunk.
To simplify the calculation, we can consider the trunk as a
rigid object and neglect movements in the trunk.

C. Processing of Records Captured by Stationary Digital
Camera

MatLab software can be used for image processing,
which contains many useful functions and algorithms for
image motion detection as well as image transformation,
which is necessary if we want to convert animal position into
specific defined planes using a single camera record. After
the video is loaded, it is convenient to convert images to
gray-scale images for further processing, which is done with
the “rgb2gray” function. If we are interested in an animal
movement only in the specific area of the picture, we can use
the function of “roipoly” to specify polygonal region of
interest (ROI). Select the region of interest using “roipoly”
(similar to “imcrop”, but ROI is a polygon) can be region in
which the movement can be monitored. After that, ROIs of
images recorded at time t, and tn+1 are loaded using
VideoReader and ReadFrame functions.

For the motion detection in the image, the most
commonly used method is the differential method where the
individual images are subtracted from each other, i.e.

difference by simply subtracting the ROIs of the frames
recorded at time f, and #.+1 is calculated. Due to time and
computational limitations, we set the reading of the pictures
to 2 Hz. The difference obtained by simply subtracting the
ROIs is then converted to the opposite brightness value, [16].
The differential method of motion detection is inherently
inapplicable; it must be combined with other methods, such
as the method of thresholding, as also described in [17].
That’s why thresholds in the algorithm must be applied.

Among the image processing techniques, we also suggest
the remotion of the noise and an overall adjustment of the
difference obtained. The difference obtained is converted to
awhite area of detected difference in image using the
“im2bw” function. The “rgb2gray” function is used to
convert the image into grayscale image while the
thresholding of the converted image is made by “im2bw”.
The “im2bw” function requires setting a threshold value that
we have experimentally determined as 0.03 for our
applications.

The MatLab software provides various features that
determine the rate of erosion and dilation, resulting in
sharper edges in the image obtained after the threshold. We
suggested using the “imopen”, “strel”, “imerode” and/or
“imdilate” MatLab morphological functions that covers both
these image adjustments. Both of these modifications
provide the “imopen” function, the input of which is the
white area of detected difference and the variable with the
“strel” function. The “strel” function determines the rate of
erosion and image dilation to remove the noise and simplify
the shape of the image of difference.

Another step is to define the center of the pixel clusters
that represent the acquired difference in the animal position.
The “regionprops” function was used for the calculation of
the center of the pixel cluster of white area of detected
difference. The position of this center is different at each
reading, so we get the center coordinates of the x and y axes.
Coordinates represent a change in the position of a point
representing a moving of a subject over time.

Differential method has the disadvantage that if the
animal stops moving, we lose information about its position
in image. This problem has been resolved using the
“isempty” function and matrix, which contains the unknown
coordinates when the subject was not detected. Then, these
coordinates were set to the last detected values of
coordinates. The output is the coordinate matrix of animal
position.

If we are interested in whether the animal is moving or
not moving and at what movement intensity, we can again
use the MatLab SW tools. If the change in position is not
identified, i.e. no movement is detected, and we know that
the animal is in the area of interest (according to the latest
detected body position coordinates), we assume the animal
does not move. This way, it can distinguish the resting and
movement phases. In the case of movement, it can determine
the intensity of movement. In the case of motion, it can
determine the intensity of movement that is given by the
difference in the position of the body (i.e., coordinates) in
consecutive frames. If we do not know the real dimensions
of the space in which the animal is moving, the intensity of
the movement is determined by the distance of the
coordinates (in pixels) in consecutive frames.
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Fig. 1. Example of processing of records captured by stationary digital
camera for measuring movement of animal; a) Animal under shetler in
predefined bounding polygon (rectangle), b) Animal outside the shetler,
i.e. outside the predefined bounding polygon.

The animal movement can also be monitored not only in
the whole picture, but also in its parts. By using the digital
cut of a certain area of pixels in the image, we can determine
the movement of the animal in the defined areas (i.e.
bounding polygons) in each picture by the above methods.
For easier analysis, each bounding polygon can be resized
and crop and analyzed separately.

D. Processing of Records Captured by Wearable Digital
Camera

As in the case of processing of records captured by
stationary digital camera, we can select the region of interest
by using the Imcrop MatLab sw function. The selection of
ROI is according to the part of the image that records the
movements of the surroundings around the animal’s body.
After that, ROIs of images recorded at time f, and #u+1 are
loaded using VideoReader and ReadFrame functions. Due to
time and computational limitations and the presumed
accuracy of physical activity identification, we set the time
step to 0.1 s. Next, we calculate the difference by simply
subtracting the ROIs of the frames recorded at time # and
ta+1. Then, the low pass filter function is used to obtain the
resulting difference vector of ROIs (smooth function, in
MatLab SW, parameter set to 50). With respect to the
evaluation of motion activity during locomotion,
normalization of the resulting vector Y to the range of
measured values can be applied:

__Vemined] (1)

max(Y)-min(Y)

After normalization, it is possible to use a fixed threshold
or any adaptive threshold to a normalized motion vector Ynorm
to distinguish locomotion phases (rest, movement, etc.). For
example, zero values in the vector of movement activity can
be used after application of threshold to distinguish low
movement activities, which correspond to rest locomotion
phases.

Fig. 2. Example of processing of records captured by wearable digital
camera for measuring movement of animal; a) Frame recorded at time ¢,
of animal, b) Frame recorded at time #+1 of animal, ¢) Result of
subtracting the frames recorded at time #, and #,+1 (differences are in white
color).

E.  Evaluation Methods of Data Captured by Stationary
Digital Camera

After the image processing is completed, the x and y
coordinates of the animal’s positions in the image over time
are obtained. If animal is monitored in its natural
environment by a single camera and it is not possible to
transform the animal position into individual planes (e.g. the
Earth or animal body coordinate system) it is possible to
determine the intensity of the animal’s movement.
Mathematical operations implemented in MatLab software
can also be used to determine the time spent resting or
moving. Also is possible to find out the moments the animal
was in predefined areas in the image.

In order to determine the time spent at rest, zero values in
the vector of changes of animal position in the image are
used. Durations of the zero values in vector is assumed for
other statistical analysis. In order to further statistically
process the results, it is necessary to normalize the data, so
that the calculated times (i.e. duration of the rest or
movement) are divided by the total duration of the record.

F.  Evaluation Methods of Data Captured by Wearable
Digital Camera

After the image processing is completed, as well as the
stationary cameras, the normalized motion vector informs
about the intensity of movement of the relevant body
segment. Mathematical operations implemented in MatLab
software can be used to determine the time spent in rest or
movement, or to find out the time the animal was in
predefined areas in the image.

To determine the time spent at rest, zero values in the
vector of movement activity of animal are used. Durations of
the zero values in vector is assumed for other statistical
analysis. In order to further statistically process the results,
we can apply same methods as in the case of the evaluation
of data captured by stationary camera.
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III. EXPERIMENTS

A. Selection of Subjects

In accordance with the requirements of Faculty of
Forestry and Wood Sciences Czech University of Life
Sciences, the cow movements were monitored with a
stationary digital camera. The aim of the technical proposal
was to monitor the position of the cow, i.e. where the cow is
located in the enclosure area.

In case of the movement recording by wearable digital
camera, dogs with camera placed on the trunk were
monitored. The aim of the technical proposal was to monitor
the intensity of the animal’s movement using wearable
camera and identify stops and movement sections during
locomotion.

B.  Application of Stationary Digital Camera

The cows were placed in hutch and video recordings
were captured by visible-light digital camera. The purpose of
the study was to monitor whether the cow is under shelter or
not and whether it is moving or not. One camera recorded
pictures of space outside and inside the shelter, see Fig.l.
Each picture of camera recording was digitally (by MatLab
SW) divided in two areas. One area corresponded to the
space inside the shelter and the other to the outside of the
shelter. Areas are predefined by bounding polygons
(rectangles). After that, a threshold was applied to see clearly
the cow, see Fig.l. After, we used the above-described
methods applied in the MatLab environment to identify the
position and movement of animals.

C. Application of Wearable Digital Camera

The wearable camera was placed on trunk of the animal’s
body behind head of a dog. The camera allows you to
monitor the environment in which the dog moves. The goal
of this study was not to precisely track the movement in the
horizontal and vertical axis, thus, the optical axis of the
camera does not follow the exact directions. Each picture of
camera recording was digitally processed by MatLab SW.
We used the above-described methods applied in the MatLab
environment to identify the intensity of animal movement,
see Fig. 2.

IV. RESULTS

In accordance with the aim of this paper, the output from
the custom written software created in MatLab environment
is the information on all mentioned parameters to
quantitatively describe the movement activity of animals.
Considering the application of stationary digital camera, the
Fig. 3 shows an example of diagrams of measuring animal
activity. The graphs show passive and active phases of
animal behavior, and location of animal (i.e. animal is inside
or outside the shelter). From the Fig. 3 it is obvious the both
graphs are corresponding to each other. This is because
under the shelter the animal usually rests and sleeps, but the
animal less often rests outside the shelter. However in some
cases artifacts appear as in case of 395 s (Fig. 3a). These
artifacts may be caused by movements of other animals, such
as flies, near the camera or by the movement of specific parts
of the cattle, for example tail. Diagrams (i.e. vectors of
movement activities and location) were used to determine the
ratio of the time of occurrence of the animal inside and

a.
1 —
0 |
0 200 400
time [s]
J
| L
200 400
time [s]

Fig. 3. Example of output from method for processing of stationary digital
camera records; a. Identification of animal under shelter (1-animal inside
the shelter, 0- animal outside the shelter), b. Identification of animal
activity (1-animal is passive, 0- animal is active).

outside the shelter, and the ratio of the time of rest and the
time of the animal’s movement.

In the case of the application of wearable digital camera
and the camera record processing described above, the Fig. 4
shows an example of diagrams of measuring animal activity.
The graphs show passive and active phases of animal
behavior, and normalized intensity of movement. Diagrams
(i.e. vectors of normalized movement activities) were used to
determine the ratio of ratio of the time of rest and the time of
the animal’s movement.

V. DISCUSSION

A special method for a movement activities of animals
were designed, especially for quantitative evaluation of ratio
of the time of rest and the time of the animal’s movement by
stationary digital camera and wearable digital camera in
accordance with the requirements of Faculty of Forestry and
Wood Sciences, Czech University of Life Sciences.
Parameters of movement activity and animal location in
space, which are outputs from the custom written software,
are mentioned to further scientific research to develop
pharmacology or study the function of the nervous system.
Within the testing of the designed methods and procedures,
movement of the body of cows and dogs was measured
during daily activities of animals (movement for food,
hunting, etc.). The proposed methods of the camera record
processing enabled the desired indicators of movement
activity to be determined. Moreover, we can use the output

1
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LW NV i.w.M fﬁ"»’-'\"
| !t‘ { 1] ‘ {f “H" l(‘.i

0 50 100 150 200 250 300
time [s]

Fig. 4. Example of output from method for processing of wearable digital
camera records (1 - maximum movement activity, 0 - minimum movement
activity).
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graphs and vectors of activity for calculation of other
indicators. For example, in the case of the application of
stationary digital camera, the calculations can use both
graphs (Fig. 3) and we can calculate e.g. the ratio of rest and
the time of the animal’s movement outside the shelter.

If we compare the designed methods for processing of
records captured by stationary digital camera with other
methods, for example [2], the software we created enables
the calculation of new parameters automatically without
other software or specific type of camera (expensive cameras
based on active or passive markers, etc. [18, 19]), which
speeds up the processing of the record. If we compare the
designed methods for processing of records captured by
wearable digital camera with other methods, no designed
software currently allows the determination of movement
activity of animals automatically.

When comparing the camera applications with our
proposed procedures with other MoCap systems, specifically
accelerometers or GPS, stationary cameras, we get complete
information about what specific activity the animals
performed, and there is no need to use a complicated
algorithm, e.g. to calculate the location. This algorithm must
be used in an accelerometer system because of an integration
in the calculations when this measurement is long. Another
advantage is contactless motion sensing, such as
accelerometer, GPS etc. do not allow [20].

Of course, the use of camera systems by our proposed
procedures also has limitations, but these are mostly solved
as camera systems are used in medicine for the longest time
of all MoCap systems [21]. For example, in the case of low
illumination the environment can be illuminated by an
external source of light, or we can use infrared spectrum
cameras that do not affect the animal [22]. Of course, it is
possible to use different types of specific cameras, i.c.
camera systems. The applicability of the proposed methods
is not affected by the electromagnetic spectrum in which the
subjects are recorded.

VI. CONCLUSION

The article presents methods of processing the
visible-light camera records of animal movement. The
methods allow the evaluation of videos from a stationary
visible-light digital camera and videos from wearable
visible-light digital camera. The methods are dedicated to
measure movements of small animals within the scope of
veterinary and scientific use and enables determination of
pathological or unique states in attitude of the animal.
Therefore, there is an assumption of future testing of the
methods for movement evaluation of different animal species
in the natural environment for veterinary and scientific use.
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Abstract

Analysis of long (covering many hours to months) video and audio recordings of animal
behaviour require, even when employing commercial observational systems, the physical
presence of the observer to scan the records, diagnose and code the behavioural patterns of
interest. Here, we describe automatic methods for processing long video and audio recordings
combined with global position system (GPS) information, making the physical presence of the
observer in the scanning process unnecessary. We illustrate the solution on two study cases
involving videos from a stationary camera and a wearable camera mounted on the animal’s
body. Accordingly, two different data processing procedures are presented. The first method
allows determining the position of the animal within a defined space using a stationary
camera. The second method allows determining the intensity of the animal’s movement by the
animal-borne camera. The software to process motion data was designed using MATLAB.
The methods and procedures were developed under specific requirements related to the
recording of animal movements yet can be used more broadly in behavioural research.

Keywords: audio-video recordings, MATLAB software, movement, animal-borne
camera, automated behavioural analysis

Introduction

Ethological research is mainly based on the observation of animal behaviour and
analysis of observational data. This analysis consists of a qualitative part (recognition of
particular behavioural patterns and attribution to different behavioural categories) and a
quantitative component (determining and comparing the distribution of behavioural patterns
or categories in time and space). The ultimate aim of the ethological research is to make the
research well-documented and thus reproducible, representative (i.e., to collect large data

sets), and to make the analysis fast and objective (blind). Besides that, it may be important not
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to disturb or otherwise affect the animals by the very presence of the observer, or it is even
technically impossible to observe the animals personally all the time. To fulfil these goals,
visual and acoustic monitoring using cameras and recording devices (Bombara et al., 2017;
Huck & Watson, 2019; Moll et al., 2007; Rutz et al., 2007), collecting data from GPS, diverse
chips, and biologgers (Gerencsér et al., 2013; Painter et al., 2016; Walton et al., 2018; Yoda,
2019), by using satellite images (Begall et al., 2008; Burda et al., 2009; Slaby et al., 2013) are
methods of choice. Still, visual monitoring by digital photographs, continuous filming, time-
lapse photographing, or movement-induced phototrapping are the most common methods
employed in behavioural research (Capek et al., 2017; Hart et al., 2012; Malkemper et al.,
2015a; Malkemper et al., 2015b; Novakova et al., 2017; Palencia et al., 2019; Pleska¢ et al.,
2017). To evaluate (nota bene objectively) vast amounts of photos or video materials, several
custom-made (Christiansen et al., 2014; Dielenberg et al., 2006; Geldenhuys et al., 2015;
Ramazani et al., 2007), commercially available programs (Juszczak & Miller, 2016;
Napolitano et al., 2015; Young et al., 2019), or free software (Rutz et al., 2007; Samson et al.,
2015) have been used.

While the commercial systems have reached wide popularity and distribution in
ethological and psychological labs, they have higher financial costs and certain limitations.
We demonstrate these limitations on the example of two case studies from the Department of
Game Management and Wildlife Biology (Faculty of Forestry and Wood Sciences, Czech
University of Life Sciences in Prague), representing many other behavioural studies.
Moreover, we show the solution to these problems. We describe the processing methods we
have developed with MATLAB software (MatLab R2010b, Mathworks, Inc., Natick, MA,
USA) to evaluate animal movement from video recordings. A common denominator of both

studies was a tremendous amount of video material collected and to be surveyed and
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analysed. The scripts are free available for academic purposes (Supplementary Materials).
The data processing was carried out on a computer with parameters: Intel(R) Core(TM) i5-
8300H CPU @ 2.30GHz, 32 GB RAM, OS MS Windows 10.

Due to the challenges of monitoring animals, it seems inevitable to automate the
processes that sort and analyse the data, reducing the overall time required to process the
experiment’s results.

Methods and Results
Case study Nr. 1: Study of calves - Movement recording by a stationary digital video
camera
Starting situation

Altogether 16 calves have been housed for 35 days in individual boxes with enclosures
under control and experimental conditions (Figure 1), and salivary melatonin concentration
was analysed (Kolbabova et al., 2015). Besides that, all calves were continuously video-
recorded to analyse (as a part of a separate follow-up study) whether the sleeping/activity
distribution differed between the control and experimental groups and correlated with the
melatonin profile. It means that 13,440 hours of video recordings have to be surveyed, and
sleep/resting versus standing/moving behaviours have to be scored and coded into the data file
to calculate the frequencies of those behaviours. This task requires to be somehow automated.

It is advisable to scan the planes separately for observing the movement in the vertical
and horizontal planes. Although the entire scene of motion in both vertical and horizontal
planes can be observed with one static camera, in this case, it is necessary to transform the
image. The transformed image is needed for accurate calculation of the animal’s position. The

number of monitored motion parameters is reduced to achieve the highest possible accuracy.
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One camera recorded pictures of the space outside and inside the shelter. Each picture
of the camera recording was digitally divided (by MatLab software (SW)) into two areas. One
area corresponded to the space inside the shelter and the other to the enclosure outside the
shelter (Figures 2c and 2d). The areas were predefined by bounding polygons (rectangles)
(Figures 2a and 2b). Following that, a threshold value was applied to see the cattle clearly.
Finally, the below-described method for identifying the position and movement of animals
was used in the MatLab environment.

Figure 1

Calf Houses in the Individual Wooden Box

Figure 2
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Examples of Processing Records Captured by a Stationary Digital Camera for Measuring the

Animal’s Movement

d.

19-07-2014 21:08:0
‘]

Note. (a) Animal resting in a shelter in the predefined bounding polygon (dotted rectangle),
(b) Animal in the enclosure, i.e., outside the predefined bounding polygon (dotted rectangle).
Recorded pictures of the space inside (c) and outside (d) the shelter.

Video data

The results of the image processing completion are the x and y coordinates
determining the animal’s positions in the image over time. Even if the animal is monitored in
its natural environment by a single camera and its position cannot be transformed into
individual planes (e.g., the Earth or animal body coordinate system), the intensity of the

animal’s movement can be determined. Mathematical operations implemented in MatLab SW
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can also determine the time the animal spent resting or moving. It is also possible to detect the
animal’s moments within predefined areas of the image.

Zero values in the vector of changes of an animal’s position in the image demonstrate
the time spent at rest. The period of zero values in the vector is assumed to be used in other
statistical analyses. For further statistical processing, it is necessary to normalise the data so
that the calculated times (i.e., the period of rest or movement) are divided by the overall
duration of the record.

MatLab SW contains many useful functions and algorithms for image motion
detection and transformation, which is necessary if the animal’s position is to be converted
into specifically defined planes using a single camera recording.

After the video is loaded, it is convenient to convert the images to grey-scale images
for further processing. It is done with the” rgh2gray” function. If the researcher is interested
only in the movement in a specific area of the picture, the function” roipoly” specifying the
polygonal region of interest (ROI) can be applied. After the ROI has been selected by”
roipoly” (similar to “imcrop”, but ROI is a polygon), the movement can be monitored.
Following this step, ROIs of images recorded at time t, and ty+1 are loaded using VideoReader
and ReadFrame functions (Kutilek et al., 2018).

To detect motion in a particular image, in most cases, the differential method has been
used. When using this method, individual images are subtracted from each other, i.e., the
difference is calculated by subtracting the ROIs of the frames recorded at time t, and tn+1. Due
to time and computational limitations, the frame-capturing rate was set to 2 Hz. The
difference obtained by subtracting the ROIs was then converted to the opposite brightness

value (Ramazani et al., 2007). The differential method of motion detection is inherently
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inapplicable; it must be combined with other methods, such as thresholding (Dielenberg et al.,
2006). It is the reason thresholds must also be applied in the algorithm.

When applying image processing techniques, it is recommended to reduce the noise
and generally to adjust the difference obtained. The difference obtained is converted into a
white area in the image using the” im2bw” function. The” rgh2gray” function is used to
convert the image into the grayscale image, while the thresholding of the converted image is
done by” im2bw”. The” im2bw” function requires setting a threshold value that was
experimental for the needs of the application used, set to 0.03 (Kutilek et al., 2018).

The MatLab SW offers various functions for morphological transformation, such as
erosion (" imerode"), dilation (" imdilate™), morphological opening (" imopen") and closing ("
imclose™). These functions were used for noise reduction. The property of the morphological
transformation is determined by the structural elements generated by “strel”” function.

The next step was to define the centre of pixel clusters representing the acquired
difference in the animal’s position. The “regionprops” function was used to calculate the
centre of the pixel cluster in the white area of the detected difference. The position of this
centre was different at each reading. The coordinates on the x and y-axes show a change in
the position of a point representing the moving subject over time.

The differential method has a disadvantage: if the animal stops moving, information
about its position in the image is lost. This problem has been resolved using the” empty”
function and the matrix that contains the unknown coordinates when the subject is not
detected. These coordinates were then set to the last detected values of coordinates. The
output was a coordinate matrix of the animal’s position (Kutilek et al., 2018).

The MatLab SW tools can also be used to recognise whether the animal is moving or

not or the intensity with which it is moving. Suppose the change in position is not identified.
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In that case, i.e., no movement is detected. It is known that the animal is in the area of interest
(according to the latest detected body position coordinates); the researcher will assume that
the animal does not move. In this way, resting and movement phases can be distinguished. If
the animal is moving, the intensity of movement can be determined by the difference in the
body position (i.e., coordinates) in consecutive frames. Suppose the real dimensions of the
space where the animal is moving are unknown. In that case, the intensity of movement is
determined by the distance of the coordinates (in pixels) in consecutive frames. The animal’s
movement can be monitored not only as a whole picture but also in its parts. By using the
digital cut of a certain area of pixels in the image, it is possible to determine the animal’s
movement in the predefined areas (i.e., bounding polygons) in each picture by the above
methods. For easier analysis, each bounding polygon can be resized, cropped, and analysed
separately (Kutilek et al., 2018).
Output

The output from the customised software created in the MatLab environment provides
information about all parameters that quantitatively describe animals’ movement activity (the
sample input video file and the script are available in Supplementary file 1 and 2 for testing).

Figure 3 shows the diagrams of the animal activity, i.e., passive and active phases of
animal behaviour and position inside or outside the shelter. Both graphs correspond to each
other. When the animals are under the shelter, they usually rest or sleep, while this only rarely
happens outside a shelter. However, in several cases, some artefacts, which may have been
caused by other animal’s movement near the camera or the movement of a specific part of the
body (tail), are also visible in the image. Diagrams (i.e., vectors of movement activity and
location) were used to determine the ratio of an animal’s time inside to the time spent outside

the shelter, as well as the percentage of the time spent resting to the time spent moving. The
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188  graphic output represents the video file, where the passive and active phases are labelled
189  (Supplementary file 3). It takes ~10 min to process 30 min long-lasting video record.
190 Figure 3

191  Graphs Representing the Output from the Method for Processing of Stationary Digital

192 Camera Records
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193 Note. (a) Identification of passive (value zero on the y-axis) and active (value one on the y-
194  axis) phases of animal activity and (b) Identification of animal position in the shelter — inside

195  (value zero on the y-axis) or outside (value one on the y-axis)



196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

AUTOMATIC ANALYSIS OF LONG VIDEOS 11

Case study Nr. 2: Study of homing dogs — Movement recordings from an action camera
and GPS collar
Starting situation
In this study, 27 free-ranging hunting dogs were equipped with action cams and GPS
collars (Figure 4), and their homing behaviour was analysed (Benediktova et al., 2020). In this
way, 940 hours of audio-video recordings were sampled. One task, among others, was to find
in the video of each dog’s excursion a moment when the dog stops for a while and then
changes the direction to return home, the so-called turning point. It was also necessary to
check the dog’s behaviour at that point and exclude the possibility that it stopped, e.g., due to
drinking, bathing, and sniffing. While in the quoted study, the recordings were evaluated
“manually”, our research continues and expands, requiring automation of video evaluation.
For movement evaluation, video data, audio data, and GPS data were sampled.
Video data
The Garmin Virb Elite action camera (Garmin Ltd., USA) was mounted by means of a
custom-made harness on the side of the dog’s thorax. The camera focused on the side of the
dog’s head and the environment in front of it (Figure 4). It was not the goal of this study to
track the movement in the horizontal and vertical axes precisely. Therefore, the optical axis of
the camera does not follow the exact direction. MatLab SW digitally processed each picture
of the camera recording. Again, the below-described methods applied in the MatLab

environment were used to identify the intensity of the animal’s movement (Figure 5).
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Figure 4

The Dog Equipped with the Wearable Camera and the GPS Collar

Note. The camera is inserted in a stainless-steel non-magnetic mount and mounted utilising
a custom-made harness on the side of the dog’s thorax (left); the camera is focused on the

side of the dog’s head and the environment in front of it (right).
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Figure 5
Examples of Processing Records Captured by a Wearable Digital Camera for Measuring the

Movement of an Animal

Nactmor=a wyik: 1747 m

Note. (a) Frames recorded at time t, of an animal with high activity, (b) Frame recorded at
time tn+1 Of an animal with high activity, (c) Result of subtracting the frames a) and b)
recorded at time t, and tn+1. (d) Frame recorded at time t, of an animal with low activity, (e)
Frame recorded at time t,+1 of an animal with low activity, (f) Result of subtracting the frames

d) and e) recorded at time t, and tn+1.
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Similarly to the processing records captured by the stationary digital camera, the
region of interest can be selected by the Imcrop MatLab SW function. The ROI selection
depends on which part of the image records the movements of the animal’s surroundings.
Subsequently, ROI images recorded at time t, and tn+1 are loaded by VideoReader and
ReadFrame functions. Due to time and computational limitations and the presumed
identification of the accuracy of physical activity, the time step was set to 0.1 sec. Next, the
difference was calculated by simply subtracting the ROIs of the frames recorded at time t, and
tn+1. Following that, the low pass filter function was used to obtain the resulting difference
vector of ROIs (MatLab function” smooth” — moving average with a span of 50). For the
evaluation of movement activity in the phase of locomotion, it is possible to apply the
normalisation of the resulting vector Y to the range of measured values:

v _ Y —[min(Y)]
"o " max(Y) — min(Y)

In the next step, a fixed threshold or any adaptive threshold can be used to a
normalised motion vector Ynorm to distinguish between locomotion phases (rest, movement,
etc.). For example, zero values in the vector of movement activity can be used after applying a
threshold to distinguish low movement activities corresponding with rest or calm locomotion
phases (Kutilek et al., 2018).

Audio Data

Audio data for activity determination were used when the image data were not usable (i.e.,
poor light conditions at night or an unintentional shift of camera). In such a case,
activity/movement was evaluated using the sound channel with a sampling frequency of
44100 Hz. Similarly to visible-light video data in previous cases, the sound data was

normalised, and the Adaptive Threshold method was applied. The usability of audio data for
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the activity/movement determination was verified by Time-Frequency analysis and its
function Spectrogram Hanning window with the length of 2000 samples and an overlap of
50% (1000 samples).
GPS data

GPS data stored in the gpx format was used to display the pauses in a dog’s activity
(non-activity) and identify his turning point when the dog started returning to his owner. To
load the gpx format, the xmlread function and getElementsByTagName (“trkpt”) function
were applied. The baseline sampling frequency was set to 1 Hz, but a new position was stored
after 2 seconds in some cases. The experimentally detected sampling frequency was
approximately 0.933 Hz. Information about the time sample [s], longitude [°], latitude [°] and
altitude [m] was used for further analysis. The altitude in the gpx format was marked by <ele>
(elevation). To convert geodetic latitude, longitude, and altitude into a flat Earth position”
lla2flat” function with WGS84 ellipsoid model was used. The distance between the two points

was calculated using three-dimensional Euclidean space:

distance = \/(lontwr1 —lon,, )? + (lat,,,, — lat, )* + (alt,,,, — alt; )?

Similarly to the image processing from stationary cameras, the normalised motion
vector offers information about the intensity of movement of a relevant body segment.
Mathematical operations implemented in MatLab SW can determine the time spent at rest or
moving or identify the animal’s time in predefined image areas.

Zero values in the vector of movement activity of the animal determine the period
spent at rest. The period of zero values in the vector is expected to be used in other statistical
analyses. The same methods as evaluating data captured by a stationary camera can be applied

to further statistically processing results.
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The excursion was divided into ten equidistant segments to identify the turning point
of the dog. The slowest segment (i.e., the segment which took the dog the longest time) was
identified as the turning trajectory. The slowest point (the slowest average speed between two
points) of that section was identified as the turning point (Figure 9).

Output

Figure 6 shows the diagrams of the animal’s activity measured by the wearable digital
camera and visible-light camera data with the audio data processing described above. The
graphs demonstrate the passive and active phases of the animal’s behaviour and the
normalised intensity of movement. Diagrams (i.e., vectors of normalised movement activities)
were used to determine the time spent resting against the time spent moving.

Time-Frequency analysis of audio data demonstrating individual stops from the
wearable digital camera is shown in Figure 7. Figure 8 shows the Time-Frequency analysis
for high activity (sprinting), medium activity (relaxed running), and barking activity.

Figure 9 shows the information about pauses in the movement (green point — the start
of no activity; red point — the end of no activity), the turning trajectory (bold black line), and
the turning point (pink star) in the Earth Coordinate System. Information about altitude is
displayed in the appropriate colour. The video record analysis framework is described in
Box 1.

The graphical output represents the video file containing the dog’s stops (the active
movement’s phases are cut out) with the defined cutting length, i.e., the length of the record
left before and after stopping. The user can specify the cutting size according to the duration
of the dog’s stops (Supplementary file 4). It takes ~ 8 min to process a 6 min long-lasting
video record. It is important to note that the portion of human work is only ~ 1 min, while the

rest of the work appertains to Matlab SW, where the human presence is not necessary. In the
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case of 15 min record, the whole processing takes ~ 20 min with ~ 3 min of human work.
Thus, the time saved by the user is more than 80% (for more details, see Table 1). The sample
input files and scripts are available for testing (Supplementary files 2 and 5).

Box 1

The framework of video record analysis

® SOURCE N Video Recording (*.mp4) « Create new folder
7] DATA GPS File (.gpx) « Download files
Input;
v
- « Open Script 1
al | eriws B Marking B g Matlab File Audio « Set up number of files
g Sctipt-1 Cutouts of ROI Quiputy- Matlab File Video « Run Script 1
« Select ROI
Input
o
2
=
H v v
o « Create new folder
£ 2 « Copy and paste
g g o I L — Ma’g"‘gpew $ Outputs--| Matlab File Cut new outputs (2)
s|® 2 « Open and run Script 2
2 « Marking dog's stops
]
& Input
Input:
Inputs o Create new folder
v A A ) 4 « Copy and paste
. all outputs (3) and
: 2 Compiling Dog's : > original files (2)
g Script3 p----e----- Stops Into Output: « Open Script 2
One Video « Setup lenght of
H dog's stops
« Run Script 3
v
B ROCESSEDY Final video file (*.mp4)
i} DATA Matlab File Figure

Note. The schematic representation of the whole process of video record proceeding. The
rows show particular steps and input and output files. The right column shows the user’s

inputs.
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Table 1

Comparing the time consumed manually processing and by Matlab SW for records of

different duration

ID Duration Manually Number Matlab Matlab Matlab Time savings
(min) processing | of stops | processing Step 1 | processing Step 2 | processing Step 3 (min)
(min) (min) (min) (min)
PHW PMW PHW PMW PHW PMW

Gofil08 06:03 09:09 7 00:06 5:09 0:55 0:05 0:15 1:20 7:53 (86%)
Gofi70 15:05 31:40 28 00:06 13:00 2:25 0:05 0:15 3:47 28:54 (91%)

Note. PHW = portion of human work, PMW = portion of Matlab work (not necessary human

presence). The table shows the example of two different excursions and their time-

consuming processing and then compares the time need for every step divided into the

portion of human work and Matlab SW work. The saving time of the user is presented in the

last column.

Figure 6

Graphs Representing the Output from the Method for Processing of Wearable Digital

Camera Records

M ) "

1

0.8 1

0.6

min, 1 = max)

Movement activity

(0

0.2

0

arrows (labelled by numbers 1 — 4) demonstrate pauses in movement (minimum activity).

04 T

'1

ﬁ

100

|

150

200

Time (sec)
Note. 0 — minimum movement activity, 1 — maximum movement activity (y-axis). Black

!

1]

250

300

M

350




326
327

328
329
330

331
332
333

AUTOMATIC ANALYSIS OF LONG VIDEOS

Figure 7

Time-Frequency Analysis of Audio Data Taken by the Wearable Digital Camera
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Figure 9
GPS Data with Information about the Characteristics of Movement in the Earth Coordinate

System

400 < f end
- 350
. 300+
9 $~ ® =
) E ~—
:: 200 - 340 <
£ 3
= 1004 330 B
<
0 = 320
50.5915
50.591 14.856
50.5905 14.854 14.855
50.59 Ta8s1 14.852 14.853
50.5895 14.849 14.85 - | Segments of excursion
Longltude (o) 50.589 14.848 ) Latltude (o) mmmmmmm  Turning trajectory

* Turning point
@ No activity (start)
® No activity (end)

Note. The coloured line represents the excursion divided into ten equidistant segments. The

bold black line is the turning trajectory (i.e., the segment with the slowest average speed).
The turning point of the dog (the slowest average speed between two points) (pink star) is
identified within this segment. The pauses in the movement are marked by green points (the
start of no activity) and red points (the end of no activity). Information about altitude is
displayed with the appropriate colour on the right side.
Statistical evaluation

Statistical evaluation is based on comparing data obtained from randomly selected
camera recordings with the recordings evaluated by an expert. The method was designed to
minimise errors when any other automated process which is not applicable for camera

recording is used.
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Study of calves

Since the animals have to be monitored and recorded during extended periods (weeks
to months) to successfully evaluate the animals’ resting state, inter-frame analysis methods
were employed. Due to the relatively undemanding computing performance required, the
proposed method enables processing even longer data sets. The expert, however, examined
and evaluated only a part of the data records, namely, ten records, each with a duration of one
hour. The difference between the results obtained by the proposed method and the expert was
registered. The difference, i.e., the method’s error rate in the number of recorded rest states, is
about 2%-5% depending on the camera location, lighting conditions, and the type of
environment. No difference was observed between the results obtained by the proposed
method and the expert when evaluating the position outside and inside the shelter.
Study of homing dogs

Twenty records, each approximately 30 minutes long, were subjected to evaluation.
The differences between the results obtained by the proposed method and the expert were
registered. The method identifying the rest states both from video and acoustic records shows
an error rate resulting from failing to detect a rest stop of about 2%—5% depending on the
accuracy of the camera location, breed of dog, light conditions and type of environment (trees,
grass, etc.). The falsely marked rest stops can then occur in about 1%-3% of cases (again
depending on the conditions, for example, when the dog crawls under a fallen tree, when the
brightness suddenly decreases, or when the camera moves and partly captures the animal’s

coat, ear etc.).
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Discussion

The long-time monitoring of animals in their natural environment by recording
devices allows obtaining objective and valuable data not influenced by observers (Bombara et
al., 2017; Huck & Watson, 2019; Loyd et al., 2013; Rutz et al., 2007). On the other hand, it is
necessary to analyse vast amounts of data, which is almost impossible to evaluate manually
(Moll et al., 2007). Using commercially available programs or free software helps to increase
the efficiency of processing data, but there is always a significant portion of manual work
inevitable (watching the video and marking specific behavioural patterns) (Napolitano et al.,
2015; Rutz et al., 2007; Young et al., 2019). The proposed camera record processing method
enables the determination of movement activity indicators without long-lasting watching of
video records by scientists and speeds up the record’s processing.

The designed methods for the processing of records captured by a stationary digital
camera (study of calves) enable the calculation of new parameters automatically, without any
additional software or a specific type of camera recording (expensive equipment based on
active or passive markers, etc.) (Ren et al., 2008; Sellers & Hirasaki, 2014). Moreover, the
graphs and vectors displaying these activities can also be used to calculate other indicators.
For example, in the case of stationary digital camera applications, calculations can be used for
both graphs (Figure 4); thus, the ratio of time the animal spends resting and the time the
animal spends moving outside the shelter can be calculated.

Comparing this camera application and the proposed procedures with other Motion
Capture systems (e.g., accelerometer) reflects the complete, complex information about
specific activities performed by animals. There is no need to use a complicated algorithm,
e.g., for the calculation of locations. This algorithm needs to be used in an accelerometer

system because the calculations have to be integrated when the measurement is too long.
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Another advantage is contactless motion sensing, which is impossible when exploiting an
accelerometer (Kutilek et al., 2010).

The different situation occurs when evaluating audio-video records obtained by the
wearable digital camera system (study of homing dogs). Suppose the designed methods for
processing records are compared with other methods. In that case, no currently designed
software allows for the automatic evaluation of animals’ movement activity and capturing
particular behaviour while using the animal-borne camera.

In the study of homing dogs, we predicted that the change of behaviour would precede
the activity change. This change of a level of activity can be observed in many cases - e.g.,
predation by cats (Huck & Watson, 2019; Loyd et al., 2013), social contact among free-
roaming dogs (Bombara et al., 2017) or head movement of sea turtles (Okuyama et al., 2015).
This situation can also be recognised using bio-loggers (Gerencsér et al., 2013; Painter et al.,
2016). However, information about specific behaviour is lacking (e.g., kind of prey, type of
obstacle, particular behaviour during a stop, etc.) when the animals are out of sight (reviewed
in Yoda, 2019) or the recording of data is set up to long intervals (Bombara et al., 2017). In
addition, a bio-logger was not always used during the study for different reasons (Loyd et al.,
2013; Moll et al., 2007; Rutz et al., 2007).

Our customised software created in the MatLab environment allows automatic
analysis of audio-video data for the purpose to identify specific behavioural patterns (passive
and active phases and intensity of movement, pauses in motion, the ratio of time spent resting
or moving, the activity of barking) in a few simple steps (see Box 1 and Figure 6 — Figure 9).
In addition, the possibility to set up user’s parameters between particular steps and the graph
preview of motion activity enables capturing unusual behaviour and modifies the output video

(Box 1). In the case of using Matlab SW, human work is more or less constant regardless of
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the length of the record. Moreover, with increasing length, the time-saving is also growing.
On the other hand, during manual processing (without Matlab SW), the total processing time
grows significantly with increasing video length. Furthermore, the long-lasting video records
put enormous demands on attention which could cause errors.

The parameters of movement activities and location animals in space and time as the
outputs of Matlab SW could be used for follow-up scientific research. Moreover, this manner
of analysis fulfils the significant aim of the ethological study. To make the research well-
documented, reproducible, and to make subsequent analyses fast, comfortable, and objective
(blindly). The error rate of 5% compared to manual evaluation can be considered, in long-
term research, involving large datasets negligible.

Conclusion

This article presents methods used for automatically processing long-time records of
animal movements captured by cameras. The MatLab environment’s mathematical methods
enable identifying and recognising specific behavioural patterns automatically and evaluating
long videos from a stationary digital camera or a wearable digital camera, sparing the time
otherwise required for watching the videos and coding for behavioural patterns of interest
manually.
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Abstract

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. 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 Morton’s
motivation-structural hypothesis. We found that barks produced in contact with a wild boar
showed significantly lower frequency parameters and longest duration compared to other
barks. We also found differences in the energy profile between the beginning and end parts of
a signal duration. 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.
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Introduction

Relationships between people and dogs, which represent the earliest domesticated animals,
attract the attention of researchers in many ways 3. 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 “®. Domestication 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 8. 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 1213
and coyote 2, and the barks seem to have evolved from the low-frequency barks of wolves,
which are mainly produced during agonistic interactions 4. Barks changed quantitatively and
qualitatively during the domestication process *°. The complexity 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 3 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
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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 4192, 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 2. Some breeds have 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 223, 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 24, 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 2%,
Specific forms of barking produced by some hunting dogs are even requested in the dog breed
standards of international cynological organizations 4. Recent studies have also shown that
barks contain meaningful information based on context 1°262° individual identity 262%2°  inner
states 27, and emotionality 331,

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



95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

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) potentially
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.

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 °2¢, Barks during hunting should

vary with the demands of the situation, e.g. based on urgency or a common species-specific
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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 Morton hypothesis .
According to this hypothesis, signals containing high frequencies and tonality rather correlate
with affiliative behaviours (e.g. appeasement, submission and care-solicitation), while signals
with lower frequencies and noise components correlate with aggressive behaviours like
dominance and threat. Motivation-structural rules may be explained by the underlying
emotional state of the signaller during aggressive and friendly contexts 3 Muscular tension
and action of vocal apparatus accompanied by the specific emotional state of the caller can
influence the acoustic parameters of a bark; this is done in such a way that we can predict how
the acoustic parameters will change based on the arousal level or emotional state valence
(positive/negative) generated during agonistic interactions, e.g. signals with low frequencies,
longer durations, wider frequency ranges and little frequency modulations. On the contrary,
signals produced during nonaggressive interactions show a structure with higher frequencies

and modulations, shorter durations and less spectral noise ratio

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
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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 classification results (Table 3-4): the dachshund model (N =9, n = 810, 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 parameters, 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 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% respectively) (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).

Motivational-structural test
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From the measured acoustic parameters we selected four frequency parameters: F5 and Q1F
showing the proportion of the acoustic energy in low frequencies, and F 95 and Q3F showing
signal components in higher frequencies. We also selected six temporal parameters: Duration,
Center Time Rel, Time 5 Rel, Time 95 Rel, Q1T Rel and Q3T Rel. These parameters show
how acoustic energy is spread across a signal's duration. We aimed to test in which part of the

signal the information related to Motivational-structural role could be encoded.

Frequency parameters

Results from testing of frequency parameters were consistent with motivation-structural
theory.

Barks in response to a wild boar showed significantly lower frequency parameters (Figure 2):
F5 (GLM: F3,18=8.3, p<0.001), F 95 (GLM: F3,18 = 12.8, p <0.001), Q3F (GLM: F3,13 =
6.99, p =0.001). Q1F multiple comparison also showed significantly lower frequencies for
barks produced in the presence of a wild boar, although the overall model did not show a

significant effect of animal species (GLM: F313=1.52, p=0.222).

Temporal parameters

Temporal parameters revealed significantly the longest Duration (GLM: F 318 =32.4,p <
0.001), while the shortest Center Time Rel (GLM: F 315 =5.6, p = 0.003).

Barks produced in the presence of a wild boar showed non-significant difference at the
beginning part of the signal (Time 5 Rel: GLM, F 318 = 1.54, p <0.220; Q1T Rel: GLM, F 313 =
0.97, p = 0.418) and the significant difference at the end part of the signal (Q3T Rel: GLM, F

3,18 = 8.90, p < 0.001; Time 95 Rel: GLM, F 3,18 =9.80, p <0.001) could indicate the location
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of information at the end part of the signal, specifically around the section located 75-95%
through the signal duration. These two significant parameters were the shortest in barks at

wild boar.

Discussion

We aimed to test for potential differences in the barking of dogs when they encounter four
different animal species — 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 fox represents a
potentially dangerous species for small dog breeds, the provoked barks were not classified
with a much 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.
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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. 2%, 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
213035 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 Morton’s hypothesis, and we found that the acoustic structure of
barks really follows these structural-acoustic rules. Barks produced during contact with a wild
boar showed significantly lower frequency parameters and the longest duration. We also
found evidence to suggest that the key information is located towards the end of the signal
(close to the 95% quartile of bark duration). Within this part of the signal we found the
biggest differences in temporal parameters of barks produced in the presence of the wild boar

versus other animal species.

The motivational-structural rules theory has been previously documented in dog
barking as an association of the motivational states accompanying mobbing behaviour 7. In
our case, it seems that the variability of barking, which depends on the species of animal the
dog encounters, is an expression of a dog's inner state rather than functionally reference
information. In addition, the expression 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, fowl). This
phenomenon then appears to be innate, as it has been reported in the case of naive dogs,

without previous experience with wild boar.
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Both dog owners and non-owners, including adults and young children, are able to
categorize a dog’s emotional state and barking context above the level of chance 1262730,
Domestic dogs bark frequently in comparison to feral dogs, which produce barks relatively
rarely 3. This fact could indicate that barking is at least in some way used for communication
with humans 24, Some authors have considered barks to be an exaggerated by-product of the
domestication process that has no specific function 2. 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 communication of dogs has resulted from their association with
humans 3’. Recognizing dog barks may be advantageous in inter-specific interactions since
dog domestication occurred at least 30,000 years ago -0, 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 3, the ability of dogs to understand the communicative cues of

humans %4 or communication using eye gaze “>* | and the widely known ability of dogs to

understand human pointing gestures 4447,

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

11



267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

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.

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
terriers — 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
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naive, with no previous experience (Table 1). The dog owners were coauthors of this study,

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 experiments 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 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 minutes 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
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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 generated 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

acousticaparameters (Table 5).
Statistical analyses

From the measured parameters we excluded those that were highly correlated, 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 classified 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). The context of the bark
(provoked by a particular animal species) was 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 procedure 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
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(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.
Data Availability

The datasets generated during and analyzed during the current study are available from the

corresponding author on request.
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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).

Figure 2. Univariate GLM comparison of acoustic parameters for testing of Motivation-
structural theory.

Frequency parameters F5 and Q1F 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.

Temporal parameters show how acoustic energy is spread across a signal's duration (e-j).

Acknowledgements

The study was funded by Internal Grants of the Faculty of Forestry and Wood Sciences, Czech
University of Life Sciences Prague, reg. numbers B04_18 and A_19 13 and the European Social Fund
(Operational Programme Research, Development and Education, EVA 4.0). We also thank Frantisek

Sveda who was of great help during our experiments.

Author Contributions

R.P. and V.H. designed the study, R.P., K.B. and J.A. collected the data. R.P. and O.M. analyzed the

data. R.P. wrote the paper. All the authors read and approved the final manuscript.

Competing Interests Statement

The authors declare no competing interests.

19



521

522 Breed Subject Sex Weight Age Wild boar Red fox Rabbit Fowl
523  Dachshund Hurvinek M 7 6 30 30* 30* 30*
524  Dachshund Amalka F 5 4 0 30 30* 30*
525  Dachshund Terezka F 6 2 30 0 0* 0*
526  Dachshund Nikolka F 4 11 0* 30% 30% 30%
527  Dachshund Venda-Benda F 5 1 0 0 30* 30*
528  Dachshund Vendula F 7 10 30 30* 30* 30*
529  Dachshund Kacka F 5 4 30 30 30% 30%
530  Dachshund Pecka F 4 1 30 0 30* 30*
531  Dachshund Punta M 5 2 30 30 0* 30*
532 Fox Terrier Gofi F 7 2 0* 30* 30* 30*
533  Fox Terrier Hard M 10 1 30* 30* 30* 30*
534  Fox Terrier Gam M 9 2 30 30* 30* 30*
535  Fox Terrier Cita F 8 11 30* 30* 30* 0*
536  Fox Terrier Bessy F 8 7 30* 28%* 30* 30%*
537  Fox Terrier Cerbis M 10 3 30 30% 30% 30%
538  Fox Terrier Nerys M 9 9 0 30%* 30* 30%*
539  Fox Terrier Ypsa F 8 5 0* 30* 30* 30*
540  Welsh Terrier Cit M 7 3 30* 30* 30* 30*
541  Jagdterrier Ar M 10 2 30%* 30% 30%* 30%

542

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

545

546

547

548  Result model Classif Orig/Valid /a priori (%) DF1 (correlation) DF?2 (correlation)

549  Dachshund 532 519 25 Duration (r =-0.49) Q3T Rel (r=-0.43)
550  Terrier 52.8 511 25 Duration (r = 0.78) Time 5% Rel (r = 0.57)
551  Pooled 509 496 25 Duration (r =-0.69) QI1F Rel (r=10.58)

552

553  Table 2. The resulting discrimination function models. (Classif Orig/Valid /a priori) percentage of
554  correct classification based on stepwise DFA, cross-validated DFA and a priori probability (classification

555 by chance); (DF1, DF2) variable mostly correlated with the first and second discrimination function.
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556

557  Result model Rabbit Fowl Red fox Wild boar Prior probability
558

559  Dachshund

560  Rabbit 514 329 29 129 259
561  Fowl 213 521 146 121 29.6
562  Red fox 106 339 433 122 222
563  Wild boar 139 239 1.7 60.6 222
564  Terrier

565  Rabbit 463 193 273 7.0 27.9
566  Fowl 319 278 348 5.6 25.1
567  Red fox 236 148 562 54 27.6
568  Wild boar 105 14 7.6 80.5 195
569  Pooled

570  Rabbit 498 249 163 9.0 27.0
571  Fowl 339 357 192 112 270
572  Red fox 21.0 239 449 103 253
573  Wild boar 9.0 11.0 6.7 73.3  20.7
574

575

576  Table 3. Confusion matrix for the animal species categorization task. Percentage of correct
577 classification represents cross-validated results. A priori probability shows classification by
578  chance (weighted by the number of analyzed barks). Bold numbers represent the percentage
579  of correct classifications. Other values in rows show the percentages of incorrect

580 classifications — that is, the percentage of barks wrongly classified as barks at another animal
581  species.

582

583

584

585

586
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587

588 Categ No categ Breed N Dogs Method Classif Chance Differ Reference
589  Animal 4 Dachshund 9 DFA valid 51.9 25.0 282 This study
590 Animal 4 Terriers 10 DFA valid 51.1 25.0 26.9 This study
591 Context 7 Mudi 8 k-nearest 55.5 143 41.2 >t

592 Context 6 Mudi humans listening 65-70 50 17.5 %

593 Context 6 Mudi 14 machine learning 43 18 25 2

594

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

599
600
601
602
603
604
605
606
607
608
609
610
611

612
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613

614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661

Abbreviation Name Description Units DFA model

Duration Duration. Signal duration (s) LILHI

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

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

QLT Rel First quartile time relative. The point in time that divides  (Rel) I
the signal into two time intervals containing
25% and 75% of the energy

Q3T Rel Third quartile time relative. The point in time that divides (s) 111
the signal into two time intervals containing
75% and 25% of the energy

F5 Rel Frequency 5% relative. The frequency that divides the (Rel) 1,11
signal into two frequency intervals
containing 5% and 95% of the energy
relative to frequency range

F5 Frequency 5%. The frequency that divides the signal intotwo  (Hz) 11,111
frequency intervals containing 5% and 95%
of the energy

F 95 Rel Frequency 95% relative. The frequency that divides (Rel) I

the signal into two frequency intervals
containing 95% and 5% of the energy
relative to signal duration

F 95 Frequency 95%. The frequency dividing the signal into  (Hz) I
two frequency intervals containing 95%
and 5% of the energy

Q1F Rel First quartile frequency relative. The frequency that divides (Rel) LI 11
the signal into two frequency intervals
containing 25% and 75% of the energy
relative to frequency range

Q1F First quartile frequency. The frequency that divides the signal (Hz)
into two frequency intervals containing 25%
and 75% of the energy

Q3F Third quartile frequency. The frequency that divides the signal (Hz) 11l
into two frequency intervals containing 75%
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662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687

688

689

690

and 25% of the energy

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

CT Rel Center time relative. The point in time that divides a signal into (Rel)
two time intervals of equal energy

IQRBW Inter-quartile Range. The difference between the 1stand 3rd  (Hz) 1II
Quartile Frequencies

BW90 Bandwidth 90%. The difference between the 5% and 95% (Hz) 1II
frequencies.

Agg Entropy Aggregate Entropy. The aggregate entropy measures the disorder (Bits) 1,111
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 to the overall disorder in the sound.

Avg Entropy Average Entropy. The average entropy measures the average  (Bits) 11,111
disorder in a sound. Describes the amount of disorder for a typical
spectrum within the signal

Max Entropy Maximum Entropy. This entropy is calculated by finding the  (Bits) 11,111
entropy for each frame in the signal and then taking the maximum values

Min Entropy Minimum Entropy. This entropy is calculated by finding the (Bits) 1
entropy for each frame and taking the minimum values

Table 5. Measured acousticparameters. Measurements based on the Raven Pro manual.

DFA model: (I) for dachshunds, (1) for terriers, and (111) pooled data of both breeds.
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Dogs are sensitive to small variations of the
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Abstract

Introduction: Several mammalian species spontaneously align their body axis with respect to the Earth’s magnetic
field (MF) lines in diverse behavioral contexts. Magnetic alignment is a suitable paradigm to scan for the occurrence
of magnetosensitivity across animal taxa with the heuristic potential to contribute to the understanding of the
mechanism of magnetoreception and identify further functions of magnetosensation apart from navigation. With
this in mind we searched for signs of magnetic alignment in dogs. We measured the direction of the body axis in
70 dogs of 37 breeds during defecation (1,893 observations) and urination (5,582 observations) over a two-year
period. After complete sampling, we sorted the data according to the geomagnetic conditions prevailing during
the respective sampling periods. Relative declination and intensity changes of the MF during the respective dog
walks were calculated from daily magnetograms. Directional preferences of dogs under different MF conditions
were analyzed and tested by means of circular statistics.

Results: Dogs preferred to excrete with the body being aligned along the North-South axis under calm MF
conditions. This directional behavior was abolished under unstable MF. The best predictor of the behavioral switch
was the rate of change in declination, i.e, polar orientation of the MF.

Conclusions: It is for the first time that (a) magnetic sensitivity was proved in dogs, (b) a measurable, predictable
behavioral reaction upon natural MF fluctuations could be unambiguously proven in a mammal, and (c) high
sensitivity to small changes in polarity, rather than in intensity, of MF was identified as biologically meaningful. Our
findings open new horizons in magnetoreception research. Since the MF is calm in only about 20% of the daylight
period, our findings might provide an explanation why many magnetoreception experiments were hardly replicable
and why directional values of records in diverse observations are frequently compromised by scatter.

Keywords: Magnetoreception, Magnetosensitivity, Magnetic field, Magnetic storm, Magnetic alignment, Dog, Canid,

Mammal

Introduction

Magnetic alignment, i.e., spontaneous alignment of the
body with respect to the magnetic field lines, when other
determinants (e.g. wind direction, sun position, curiosity)
of the body position are negligible, has been demonstrated
in several species of mammals in diverse behavioral con-
texts: in grazing and resting cattle, roe deer and red deer
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[1-4] and hunting red foxes [5] as well as in several other
mammalian species (under preparation). Magnetic align-
ment proved to be a suitable paradigm to scan for the
occurrence of magnetosensitivity across animal taxa with
a heuristic potential to contribute to the understanding of
the mechanism of magnetoreception and identify further
functions of a magnetic sense apart from navigation [1-9].
With this in mind we decided to look for examples of
expression of magnetic alignment in dogs. Expecting
magnetoreception in dogs is reasonable given the extraor-
dinary homing abilities of dogs [10] and closely related
species like red foxes, coyotes and grey wolves [11-13].
Wolves, as the progenitors of domestic dogs, possess
extraordinary large (about 150—-200 km?) home ranges

© 2013 Hart et al, licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited. The Creative Commons Public Domain Dedication

waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise

stated.


mailto:hynek.burda@uni-due.de
http://creativecommons.org/licenses/by/2.0
http://creativecommons.org/publicdomain/zero/1.0/

Hart et al. Frontiers in Zoology 2013, 10:80
http://www.frontiersinzoology.com/content/10/1/80

[14], suggesting superior orientation abilities. Further-
more, strong indications for magnetosensation in the red
fox [5] add on to the growing evidence.

A discovery of magnetoreception in dogs would open
totally new horizons for magnetobiological research:
Dogs are widely available experimental subjects all over
the world and can easily be trained to react on diverse
sensory stimuli [15]. In addition, as dogs are still readily
used as experimental animals in a wide array of biomedical
applications [16], the discovery of a new sense would have
far reaching consequences also in this sector.

Having been inspired by our hitherto observations in
other animals [1-3,5-8,17], we monitored spontaneous
alignment in dogs during diverse activities (resting, feeding
and excreting) and eventually focused on excreting
(defecation and urination incl. marking) as this activity
appeared to be most promising with regard to obtaining
large sets of data independent of time and space, and at
the same time it seems to be least prone to be affected
by the surroundings.

Results
Circular analysis of the distribution of all values of all
dogs irrespective of the magnetic field conditions revealed
significant but highly scattered axial orientation during
defecation (Table 1). This orientation was, however, not
confirmed by the grand mean vector (calculated over the
dogs’ mean values, Figure 1, Table 1). Since no significant
differences between males and females and since no angu-
lar preferences during defecation were found (not shown
here), we only present the axial analyses combined for
both sexes here.

After the data were sorted according to the magnetic
field conditions (specifically, Kp-index, relative changes
of magnetic field intensity or of declination) at the time

Table 1 Analysis of body orientation during defecation
(all records, i.e., no differentiation between different
magnetic conditions)

Defecation: all records

Variable Pooled Pooled Means Means
(n>5) (n>5)
Data type angular axial angular  axial
Number of observations 1,893 1,893 49 49
Mean vector (u) 133°  157°/337° 80° 148°/328°
Length of mean vector (1) 0.013 0.052 0.043 0.209
Circular standard deviation 169° 70° 144° 51°
95% Confidence interval (—/+) - - - 121°-174°
for
99% Confidence interval (—/+) - - - 112°-183°
for
Rayleigh test (2) 0.307 5.203 0.091 2.143

Rayleigh test (p) 0.736 0.006 0914 0117
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Defecation

W = 148°/328°
r=0.209
p=0117
n=49

u = 173°/353°
r=0.598
p=6.2x10*
n=43

u = 104°/284°
r=0.283
p=0.055

n =236

1| o0

180°

W= 96°/276°
r=0.194
p=0.233
n=39

1807

Figure 1 Analysis of dog body alignment during defecation.
Axial analysis of mean vectors of dogs with more than 5
observations. Total data and observations from three different
categories of relative changes of the declination of the Earth’s
magnetic field are shown from top to bottom (0%, 0.1-2%, >2%).
Each pair of opposite dots indicates the axis of the mean vector of
all observations of a single dog. The direction () and length (r) of
the (grand) mean vector and the p-value of the Rayleigh uniformity
test as well as the sample size are given next to each diagram.
uand rare indicated by the direction and length of the blue arrows,
respectively. Small inner circles indicate the 5%-significance level of
the Rayleigh test. Circle segments at the outer circle represent the
95%-confidence intervals (red circle segments indicate intervals
that could not be calculated with confidence due to large circular
standard deviations). Statistically significant differences between
the distributions according to the Mardia-Watson-Wheeler test are
indicated by asterisks (*** =p < 0.001). A significant N-S axial
orientation (i.e.,, 95%-confidence interval includes the N-S axis) can
only be seen under conditions of zero declination change. See
Tables 1-2 for further details on statistics.
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Table 2 Axial analysis of alignment during defecation in all dogs (pooled data or mean vectors of particular dogs
sorted into three categories according to the rate of changes of magnetic field declination)

Pooled raw data

Means per dog (n > 5)

Declination rate 0% 0.1-2% >2% 0% 0.1-2% >2%
Number of observations 607 542 744 43 36 39
Mean vector () 176°/356° 111°/291° 109°/289° 173°/353° 104°/184° 96°/276°
Length of mean vector (r) 0216 0.106 0.03 0.598 0.283 0.194
Circular standard deviation 50° 61° 76° 29° 45° 52°
95% Confidence interval (—/+) for u 168°-183° - - 164°-182° 81°-127° -
99% Confidence interval (—/+) for u 166°-185° - - 161°-185° 74°-134° -
Rayleigh test (2) 28.248 6.133 0672 15353 2.891 1464
Rayleigh test (p) <10"? 0.002 0511 6.20-10® 0.055 0233

of recording, a differentiated picture emerged. The rela-
tive declination change proved to be the best predictor
of alignment, i.e.,. sorting the data according to this
parameter provided the most significant results. Analysis
of pooled recordings as well as of mean vectors of record-
ings in dogs sampled during calm magnetic field condi-
tions (relative change in declination = 0%; minimum of 5
observations per dog) revealed a highly significant axial
preference for North—South alignment during defecation
(for 0% declination change: p=173°/353°+ 9° (mean vec-
tor orientation angle; 95% confidence interval), r = 0.598
(mean vector length), Rayleigh test: n =43, p=6.2.10%,
Z =15.353; second order (weighted) statistics: weighted
mean vector (WMV): 175°/355°, r = 0.253, Hotelling test:
n=43, p=102.107, F = 24.463; Tables 2 and 3, Figures 1
and 2). With increasing relative declination changes the
distribution of dogs’ body orientations became more scat-
tered and in the category “> 2%” the distribution was ran-
dom, and no directional preference was apparent (Table 2,

Figure 1). The distributions of dogs’ body orientations in
the intervals of relative declination change “0.1%-2%" as
well as “> 2%” were significantly different from the distri-
bution at 0%, both, when pooled raw data and when
means per dog were analyzed (Mardia-Watson-Wheeler
test, p<0.001, Figure 1). The same dependence of the
directional preference on the relative changes of the
magnetic declination appeared when males and females
were treated separately (not shown here).

Analysis of the alignment during defecation under
conditions of stable magnetic declination (0% changes)
revealed no significant effect of sex. There may be a
slight effect of age: dogs in the age category 2.5-7 years
showed a clearer preference than younger or elder dogs
(not shown). The effect of the dog breed could not be
tested because of small sample sizes.

Circular analysis of the distribution of the pooled raw
data demonstrated a significant deviation from random
distribution also in urinating dogs (Table 4). Analyzing

Table 3 Alignment during defecation in dogs (females and males) in two-hour periods

Variable All records  Quiet MF  All records  Quiet MF  All records  Quiet MF  All records  Quiet MF
20:01-08:00 20:01-08:00 08:01-12:00 08:01-12:00 12:01-16:00 12:01-16:00 16:01-20:00 16:01-20:00
Number of observations 442 173 599 188 396 109 455 144
Mean vector (u) 157°/337° 177°/357° 152°/332° 178°/358° 12°/192° 170°/350° 147°/327° 173°/353°
Length of mean vector (1) 0.042 0.239 0.073 0.2 0.074 0.26 0.088 0.176
Circular standard deviation 72° 48° 65° 51° 65° 47° 63° 53°
95% Confidence interval (—/+) 112°-202° 165°-190° 130°-174° 163°-192° 345°-39° 155°-184° 126°-168° 155°-192°
for u
99% Confidence interval (—/+) 98°-217° 161°-193° 123°-181° 159°-106° 337°-48° 151°-189° 119°-175° 149°-198°
for
Rayleigh test (2) 0.769 9.866 317 7.533 2.145 7.367 354 4474
Rayleigh test (p) 0463 0.000052 0.042 0.000535 0117 0.000632 0.029 0.011

Columns denoted “quiet MF (magnetic field)” give statistic values based on analysis of those data from the respective column “all values” which were collected
under conditions of stable declination (0% change). Due to small sample sizes for single dogs, the data of all observations done in the given period are pooled.
Pooling is justified in this case because samples for respective dogs have comparable sizes and because males and females show comparable posture and
alignment during defecation. The data were not sorted here according to months but the distribution of observations during respective months of the year is
comparable, so that the distribution of the data (and resulting analysis) would not change if winter and summer observations were further separated. Note
random circular distribution of the alignment when all data for respective time periods are analyzed, but highly significant preference for the North-South axis

when only observations made under quiet magnetic field are considered.
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all observations

observations during quiet MF

Figure 2 Alignment during defecation in dogs (females and males) in different day periods. Columns denoted “quiet MF (magnetic field)"
give statistic values based on analysis of those data from the respective column “all values” which were collected under conditions of stable
declination (0% change). Due to small sample sizes for single dogs, the data of all observations done in the given period are pooled. Pooling is
justified in this case because samples for respective dogs have comparable sizes and because males and females show comparable posture and
alignment during defecation. The data were not sorted here according to months but the distribution of observations during respective months
of the year is comparable, so that the distribution of the data (and resulting analysis) would not change if winter and summer observations were
further separated. Note random circular distribution of the alignment when all data for respective time periods are analyzed, but highly significant
preference for the North-South axis when only observations made under quiet magnetic field are considered.

this data for males and females separately we found a
slight difference in the patterns between sexes: Pooled
data (without the dog M07) and mean values of all males
with at least 5 observations revealed a significant angular
preference for North-West heading during urination
(Table 5). The male borzoi MO07 contributed approxi-
mately one third of the urination data and was analyzed
separately (Table 6); the results were similar to the pooled
data of all other males. In contrast, females showed an
axial preference for approximately the North—South axis

during urination (Table 7). As in the case of defecation,
sorting the data according to the relative changes of
declination revealed a significant effect of this factor
and a significant axial North—South alignment only under
calm MF conditions (for 0% declination change: p =167°/
347° +16°, r =0.343, Rayleigh test: n=49, p=0.003, Z =
5.766; second order (weighted) statistics: WMYV: 173°/353°,
r=0.165, Hotelling test: n=49, p=5.08-10"* F=8.952;
Figure 3, Tables 5, 6, 7). The raw data distributions during
changing declination were significantly different from the

Table 4 Angular and axial analysis of body orientation in dogs during urination

Urination: (all records)

Data type Angular Axial
Pooled Means (n>5) Pooled Means (n>5)

Males Mo7 Females Males Females Males Mo7 Females Males Females
Number of observations 1,402 2478 1,702 24 35 1,402 2478 1,702 24 35
Mean vector () 312° 298° 13° 292° 331° 154°/334°  175°/355°  5°/185°  89°/269° 11°/191°
Length of mean vector (r) 0.048 0.105 0.03 0213 0.213 0.037 0.196 0.132 0.101 0.292
Circular standard deviation 141° 122° 152° 101° 101° 74° 52° 58° 61° 45°
95% Confidence interval (=/+) for u 268°-356° 283°-313°  309°-78°  217°-8°  269°-34° 125°183° 171°-179° 358°-12°  9°-169°  348°-33°
99% Confidence interval (—/+) for u 254°-10°  278°-318° 288°-08° 193°-31° 249°-53° 116°-192° 169°-180° 356°-15° 343°-194° 341°-40°
Rayleigh test (2) 3.215 27.075 1.517 1.088 1.584 1.875 94.735 29.524 0.246 2.99
Rayleigh test (p) 004  17410" 0219 0.341 0.206 0153 <10 <10 0.786 0.049
Rao’s spacing test (U) 307.618 354479 339271 140383 131675 325.078 357.094 346675 134.75 145.847
Rao’s spacing test (p) <0.01 <0.01 <0.01 >0.1 >0.1 <0.01 <0.01 <0.01 >0.1 >0.1

Data for the male dog MO07 are presented in a separate column due to large sample size.
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Table 5 Angular analysis of alignment during urination in all males (pooled data without dog M07 and mean vectors
of all males sorted into three categories according to the relative changes of magnetic field declination)

Pooled raw data

Means per dog (n>5)

Declination rate 0% 0.1-2% >2% 0% 0.1-2% >2%
Number of observations 491 256 655 22 15 22
Mean vector (u) 203° 12° 84° 291° 355° 195°
Length of mean vector (r) 0.129 0.08 0.006 0.367 0.349 0.07°
Circular standard deviation 116° 129° 182° 81° 83° 132°
95% Conf. interval (—/+) for u 265°-321° 310°%-74° - 246°-335° 290°-61° 315°%-76°
99% Conf. interval (—/+) for u 256°-329° 290°-94° - 232°-349° 270°-81° 239°%-151°
Rayleigh test (2) 8.17 1619 0.028 2959 1.828 0.109
Rayleigh test (p) 28310 0.198 0.973 0.05 0.162 0.899
Rao's spacing test (U) 260.285 281.656 283.053 148.258 147.139 127.188
Rao’s spacing test (p) <001 <001 <0.01 >0.1 >0.1 >0.5

distribution under calm magnetic conditions (Mardia-
Watson-Wheeler test, p < 0.05, Figure 3).

Discussion

Dogs rely much on their owner, and for many tasks they
might anticipate the demanded behavior by reading their
owner’s facial expression and make use of unintentional
experimenter-given cues [18-20]. This adds a bias-trap
to any research relying on behavioral studies and par-
ticularly conditioning. However, this is certainly not a
confounder in our study because the dogs do not have
to fulfill a certain task, but perform everyday routine
behavior.

The study was truly blind. Although the observers
were acquainted with our previous studies on magnetic
alignment in animals and could have consciously or
unconsciously biased the results, no one, not even the
coordinators of the study, hypothesized that expression
of alignment could have been affected by the geomagnetic

Table 6 Angular analysis of alignment during urination in
male borzoi (M07)

Declination rate 0-1.7% 1.8-33% >3.4%
Number of observations 957 818 703
Mean vector (p) 310° 285° 280°
Length of mean vector (r) 0.154 0.08 0.078
Circular standard deviation 111° 129° 130°
95% Confidence interval (—/+) for u = 294°-327°  250°-320°  241°-318°
99% Confidence interval (=/+) for = 289°-332°  240°-331°  229°-331°
Rayleigh test (2) 2264 518 5517
Rayleigh test (p) 147.10' 0006 0015
Rao's spacing test (U) 345.705 344.156 341.565
Rao’s spacing test (p) <001 <001 <001

Data are sorted into three categories according to the relative changes of
magnetic field declination. Limits of the categories were chosen so that
sample sizes are comparable.

situation, and particularly by such subtle changes of the
magnetic declination. The idea leading to the discovery of
the correlation emerged after sampling was closed and the
first statistical analyses (with rather negative results, cf.
Figure 1) had been performed. Also, the acquisition of
data on magnetic declination was carried out without
knowledge of heading values on the respective time and
date.

We found no differences in alignment of females and
males during defecation and of females during urination,
which might be related to a similar posture the animals
are adopting during defecation (in all dogs) and urination
(in females). Urinating males have a slightly different
preference to orient their body axis than urinating fe-
males (cf. Figure 3); this could be caused by leg lifting
during urination in males. Indications of different direc-
tional tendencies depending on which leg (left or right)
is lifted are currently under study. All recordings were
made outside on open fields, and routes of walks were
routinely changed to exclude or limit pseudoreplications
which would arise when dogs are defecating or urinating
at just a few places within their kennel or house yard.

Natural fluctuations of the Earth’s magnetic field [21,22]
have previously been suggested to disturb orientation in
birds [23-25], bees [26] and whales [27]; and even to affect
vegetative functions and behavior in humans [28,29],
reviewed also in [22].

In this study, we provide the first clear and simply
measurable evidence for influence of geomagnetic field
variations on mammal behavior. Furthermore, it is the first
demonstration of the effect of the shift of declination,
which has to our knowledge never been investigated be-
fore. Previous studies of the effect focused mainly on the
variations in field intensity. Although intensity and declin-
ation changes are mostly concomitant, declination change
was a better predictor of dog alignment. Interestingly, the
rate and direction of the changes disturb more effectively
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Table 7 Axial analysis of alignment during urination in all females (pooled data and mean vectors of particular dogs
sorted into three categories according to the relative changes of magnetic field declination)

Pooled raw data

Means per dog (n>5)

Declination rate 0% 0.1-2% >2% 0% 0.1-2% >2%
Number of observations 603 396 703 27 20 29
Mean vector () 5°/185° 2°/182° 11°/191° 0°/180° 7°/187° 23°/203°
Length of mean vector (r) 0.208 0.131 0.068 0434 0.159 0.134
Circular standard deviation 51° 58° 66° 37° 55° 57°
95% Conf. interval (—/+) for u 357°-12° 347°-17° 349°-33° 163°-196° 312°-63° 328°-78°
99% Conf. interval (—/+) for u 354°-15° 342°-22° 342°-40° 157°-201° 294°-80° 311°-95°
Rayleigh test (2) 26.146 6.839 3.251 5.085 0.503 0.52
Rayleigh test (p) 441101 0.001 0.039 0.005 0.61 0.598
Rao’s spacing test (U) 312836 330 339.004 156.975 135.002 129.554
Rao’s spacing test (p) <0.01 <0.01 <0.01 >0.05 >0.1 >0.5

than absolute values. Here, for the first time the response
can be attributed to the rate of magnetic field changes.
Typically, the daily declination comprises westward-
shifts in the morning and eastward-shifts in the after-
noon, while the magnetic field is rather stable at night
[21,22]. This calls for necessity to test whether the dog
alignment is not actually influenced primarily by time of
the day and most probably by position of the sun on the
sky. We can, however, exclude this alternative. First, days
when the magnetic field parameters change erratically
and unpredictably (i.e., magnetic storms) are quite fre-
quent. These changes have been well studied by others
and are described in the literature (cf. [21,22] for re-
views). Second, the data collection was not biased to

either morning or afternoon (Table 8). Third, periods of
sampling under conditions of quiet magnetic field were
rather evenly distributed in the course of the day.
Fourth, and most importantly, alignment during excret-
ing was apparent under conditions of quiet magnet field,
irrespective of the time of day or month. Time of day
per se was not a reliable predictor of expression of align-
ment (Figure 2, Tables 3, 9). Fifth, generally, there are on
average 1,450 sunshine hours per year at maximum in
the Czech Republic and in Germany, on localities where
measurements were done. Even if we would assume that
these sunshine hours were evenly distributed over the
daylight period and the year (as our observations were),
there would only be a probability of 33% that the

Urination

H = 167°/347°
r=0.343

p =0.003
n=49

90°

Figure 3 Analysis of dog body alignment during urination. Axial analysis of mean vectors of dogs of both sexes with at least five
observations. Observations from three different categories of relative changes of the declination of the Earth’s magnetic field are shown from left
to right (0%, 0.1-2%, >2%). Each pair of opposite dots indicates the axis of the mean vector of all observations of a single dog. The direction (1)
and length (r) of the (grand) mean vector and the p-value of the Rayleigh uniformity test as well as the sample size are given next to each
diagram. p and r are indicated by the direction and length of the blue arrows, respectively. Small inner circles indicate the 5%-significance level
of the Rayleigh test. Circle segments at the outer circle represent the 95%-confidence intervals (red circle segments indicate intervals that could
not be calculated with confidence due to large circular standard deviations). A significant N-S axial orientation (i.e, 95%-confidence interval
includes the N-S axis) can only be seen under conditions of zero declination change. See Tables for further details on statistics.

u =90°/270° - p =15°/195°
r=0.013 r=0.104
p=0.994 p=0.579
n=35 n=51
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Table 8 Proportion of observations made under different
conditions of the Earth’s magnetic field expressed in rate
of changes of declination during the sampling period

Declination changes (%) Proportion of observations (%)

0 18
0.1-1.0 6
1.1-20 19
2.1-30 17
3.1-4.0 16
4.1-50 12

5.1-6 3
6.1-8.0 6
>8.1 3

observation was made when the sun was visible. Hence,
with high probability (67%) most walks during the day-
light period were made when it was cloudy.

Last but not least, the argument that the dogs might
orient with regard to sun position so that they turn with
their back to the sun in order to avoid dazzling by
sunshine during such a sensitive and vulnerable act as
excretion can be questioned. This argument is not
plausible for urine marking, which is a brief act. We
doubt that a dog that cares of not being attacked would
always make sure to be turned away from the sun. The
dog will likely look in that direction from where danger
can most probably be expected - and this is for sure
not always the direction away from the sun. In contrast
to a human, the dog is relying also on its nose and its
ears (in some breeds even more than on its eyes) when
monitoring its surroundings - so we may expect that
the dog heads with its nose and pinnae against the

Table 9 Proportion of measurements of alignment
sampled during 2 hrs-periods (and during the night) and
proportion of measurements (from the total) sampled in
respective periods under conditions of quiet magnetic
field (i.e., with no changes in declination)

Period (time) Proportion of all

observations (%)

Proportion of observations
under quiet MF (%)

05:01-07:00 2.2 1.6
07:01-09:00 9.9 12.2
09:01-11:00 26 185
11:01-13:00 16.8 6.3
13:01-15:00 11.5 12.8
15:01-17:00 136 208
17:01-19:00 103 58
19:01-21:00 79 18
21:01-23:00 13 28
23:01-05:00 0.5 1.2
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wind or in the direction of interest. Directing the
pinnae and the nose may take priority over eyes. One
can also often observe that dogs (especially during
defecation) align in a certain direction, which is actu-
ally a different one from the direction of interest and
they turn their head then in that other direction. Also
we have to take into account that dogs are smaller than
humans, they look at a different angle over the horizon
and even in situations when we are dazzled, they might
be not. Quite important: note also that the preference
is axial - there are many cases when the dog actually
looks southwards. There is no evidence for shift of the
alignment axis during the day.

It is still enigmatic why the dogs do align at all,
whether they do it “consciously” (i.e., whether the mag-
netic field is sensorial perceived (the dogs “see”, “hear”
or “smell” the compass direction or perceive it as a hap-
tic stimulus) or whether its reception is controlled on
the vegetative level (they “feel better/more comfortable
or worse/less comfortable” in a certain direction). Our
analysis of the raw data (not shown here) indicates that
dogs not only prefer N-S direction, but at the same time
they also avoid E-W direction. The fact that larger and
faster changes in magnetic conditions result in random
distribution of body directions, i.e., a lowering of the pref-
erences and ceasing of the avoidances, can be explained
either through disturbing or conscious “shutdown” of
the magnetoreception mechanism. From the two puta-
tive mechanisms that are discussed in birds and other
vertebrates (radical-pairs and single-domain or super-
paramagnetic particles [30,31]) both might account for
the observed alignment of the dogs and their sensitivity
to declination changes.

An answer may lie in the biological meaning of the
behavior: if dogs would use a visual (radical-pair based)
magnetic map to aid general orientation in space as has
been proposed for rodents [32], they might have the
need to center/calibrate the map now and then with re-
gard to landmarks or a magnetic reference. Aligning the
map and the view towards North (or South) facilitates
reading the map. Furthermore, calibration only makes
sense when the reference is stable and reliable. We
might think of this the same way as a human is stopping
during a hike to read a map. When the map is blurred
or the reference (perceived magnetic direction) is dis-
persed or moving due to magnetic disturbances, however,
calibration is impossible. In the case of the dogs it thus
would totally make sense to not pay attention to magnetic
body alignment any more under conditions of a shifting
magnetic field.

Conclusions
We demonstrate, for the first time (a) magnetic sensitivity
in dogs, (b) a measurable, predictable behavioral reaction
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D = declination of the Earth’s magnetic field. In the given time period (marked by a rectangle in the lower graph), declination was changing
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of compasses illustrates the effect of the declination change in a highly exaggerated manner at different times of the day shown in the example.
In reality, the changes in MF direction were much smaller. Note that even though the daily declination changes show some regularity (cf. ref. 22)
they are not reliably predictable as illustrated by the frequent highly erratic changes, which are exemplarily shown in the two upper graphs.
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upon natural magnetic field (MF) fluctuation in a mam-
mal, and (c) high sensitivity to small changes in polarity,
rather than in intensity, of the MF. Our findings open new
horizons in magnetoreception research. The newly intro-
duced animal model (dog), paradigm (alignment during
excretion) and parameter (relative declination change)
open new horizons for biomagnetic research. Particularly
the findings that already small fluctuations in Earth’s mag-
netic field elicit a behavioral response and the fact that
“normal” magnetic conditions under which dogs express

their orientation behavior occur only in about 30% of all
cases call for caution. When extrapolated upon other ani-
mals and other experiments and observations on animal
magnetoreception, this might explain the non-replicability
of many findings and high scatter in others. Behavioral
scientists need to revise their former experiments and
observations and consider the phenomenon in their current
and future experiments. The phenomenon challenges
biophysicists to formulate testable hypotheses for mecha-
nisms responsible for magnetoreception of inconsistencies
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Table 10 List of recorded female dogs and respective numbers of records
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ID dog Breed Reporter (Abbrev.) Age (years) Weight (kg) n defecation n urination
1. F22 Airedale Terrier Hanz 4 25 39 14
2. FO6 Beagle Nova 3 10 0 7
3. F29 Beagle Krej 7 10 92 52
4. FO1 Bearded Collie Niets 11 25 102 30
5. F23 Border Terrier Hanz 13 7 15 2
6. F69 Bouvier des Flandres Elli 1 34 4 6
7. F35 Dachshund Hart 25 7 22 110
8. F37 Dachshund Faif 4 9 33 36
9. F48 Dachshund Bene 11 7 31 21
10. F54 Dachshund Bene 6 4 16 8
11. F55 Dachshund Bene 35 10 0 21
12. F57 Dachshund Bene 1 4 18 9
13. F58 Dachshund Bene 10 4 17 91
14. F60 Dachshund Bene 1 4 11 7
15. F82 Dachshund Bene 55 6.5 0 0
16. F83 Dachshund Bene 13 6 0 0
17. F90 Dachshund Dohm 2 4.5 5 42
18. F40 Dalmatian Kriv 14 20 64 153
19. F21 English Springer Spaniel Hanz 1 20 58 18
20. F81 English Springer Spaniel Zdar 7 21 0 0
21. F77 Entlebucher Mountain Dog Hron 4 18 0 34
22. F41 Fox Terrier Smooth Adam 12 8 37 75
23. F42 Fox Terrier Smooth Adam 2 6.5 33 39
24. F43 Fox Terrier Smooth Adam 6 85 20 65
25. F44 Fox Terrier Smooth Adam 2 10 16 16
26. F36 German Spaniel Faif 3 13 46 33
27. F13 German Wirehaired Pointer Cuko 4 30 5 0
28. F14 German Wirehaired Pointer Cuko 7 30 3 0
29. F20 Golden Retriever Hanz 10 30 29 16
30. F39 Irish Terrier Tres 1.5 15 15 16
31. F24 Jack Russell Terrier Jura 3 7 0 32
32 F75 Mix Hron 12 20 4 79
33 F66 Mix: Lhasa Apso/Jack Russell Terrier Rick 4 X 22 0
34. FO9 Rhodesian Ridgeback Nova 5 30 0 59
35. F71 Small Mnsterldander Pali 10 24 24 50
36. F32 Standard Schnauzer Posp 12 6 34 125
37. F45 Tibetan Spaniel Hegl 6 5 14 101
38. F70 Transylvanian Hound Zema 0.7 30 0 10
39. FO8 Weimaraner Nova 6 30 2 71
40. F10 West Highland White Terrier Nova 3 7 0 42
41. F34 West Highland White Terrier Hart 8 7 56 212
42. F11 Yorkshire Terrier Garc 6.5 2 30 0
records/dogs 917 1702
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of the direction of the MF direction. Finally, it forces biolo-
gists and physicians to seriously reconsider effects magnetic
storms might pose on organisms.

Methods

Alignment of the body (along the thoracic spine) in
direction towards the head (heading) was measured in
freely moving dogs (i.e, not on the leash) in “open field”
(on meadows, fields, in the wood etc., i.e., unconstrained,
and uninfluenced by linear structures, such as walls and
fences) away from the road traffic, high voltage power lines,
and conspicuous steel constructions during defecation and
urination by a hand-held compass (Figure 4). Dog breed,
sex, age, body mass, condition, dog-ID were protocolled as
well as date, time, locality, and further circumstances of
recordings (e.g. within the home range, in unfamiliar sur-
roundings etc.). Thanks to the commitment of altogether
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37 dog owners/reporters and the involvement of 70 dogs
(28 males, 42 females) belonging to 37 breeds (Tables 10
and 11) we collected data on heading during defecation
(n=1,893 observations; 55 dogs) and urination (n = 5,582;
59 dogs) from December 2011 till July 2013. The samples
were collected in the Czech Republic and in Germany.
After sampling and the first analysis (which yielded
negative or at least ambiguous results) had been com-
pleted, we decided to sort the data according to the geo-
magnetic conditions predominating during the respective
sampling times. Correlative values on Earth’s magnetic
field strength and direction for all the particular times of
recordings were obtained from the Geomagnetic Observa-
tory Furstenfeldbruck (Munich, Germany): http://www.
geophysik.uni-muenchen.de/observatory/geomagnetism
Data on K and C values expressing the magnitude of
disturbances in horizontal intensity of the Earth’s magnetic

Table 11 List of recorded male dogs and respective numbers of records

ID dog Breed Reporter (Abbrev.) Age (years) weight (kg) n defecation n urination
1. M27 Beagle Krej 4 10 95 53
2. M28 Beagle Krej 10 92 53
3. M33 Beagle Posp 3 10 14 39
4. M04 Bernese Mountain Dog Leu 5 40 29 0
5. M76 Border Terrier Hron 7 8 0 37
6. M07 Borzoi Nova 4 40 96 2478
7. M31 Coton de Tulear Acke 4 4 11 106
8. MO5 Dachsbracke Cerv 7 15 54 127
0. M26 Dachshund Komi 5 7 46 92
10. M52 Dachshund Bene 7 5 0 23
1. M53 Dachshund Bene 8 4 10 43
12. M59 Dachshund Bene 1 4 20 19
13. Mé1 Dachshund Bene 12 6 2 50
14. Mé62 Dachshund Bene 1 6 15 16
15. M65 Dachshund Faif 3 7 10 7
16. M74 German Spitz Hron 35 5 0 36
17. M72 Hanoverian Hound Krau 55 45 15 0
18. MO3 Irish Red Setter Gros 3 30 47 0
19. M80 Mix: German Shepherd x Schnauzer Spor 10 35 71 85
20. Mé3 Mix: Husky-Australian Shepherd Rick 5 25 46 0
21. M16 Norfolk Terrier Kust 3 9 48 245
22. M73 Norwich Terrier Hron 3 8 0 36
23. M4a6 Old English Sheepdog Baum 4 45 38 122
24. M19 Pug Plac 3 9 66 60
25. M25 Rhodesian Ridgeback Jura 3 30 0 34
26. M02 Schapendoes Kour 1.5 25 86 84
27. M30 Styrian Coarse-haired Hound Kubi 7 15 45 19
28. M38 Transylvanian Hound Klem 0.5 30 20 16
records/dogs 976 3880
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Jenny Ricken.

Figure 5 Body orientation in dogs during defecation or urination was measured as a compass direction of the thoracic spine (between
scapulae) towards the head. (We included the photo just to illustrate the measurement. Owing to the photographer's effort to shoot the photo
with the sun from behind and to demonstrate the way of measurement, the dog on the photo looks away from the sun.) Photo Credits go to

field were obtained from: ftp://ftp.ngdc.noaa.gov/stp/
geomagnetic_data/indices/kp_ap/.

Relative declination and intensity changes during the
respective dog walks were assorted into the categories
according to the relative changes (in percent) calculated
from graphs by dividing the difference between the ini-
tial and end (minimum/maximum) values by the dur-
ation (in minutes) of the respective period of changes
(Figure 5).

Circular statistics were carried out with Oriana 4.02
(Kovach Computing). Both pooled individual data and
means of particular dogs or walks were considered and
analyzed. We performed angular and axial analysis on
the measurements of each dog. Second order analysis
was performed on the data which yielded the higher sig-
nificance in the first order analysis (angular or axial).
Only dogs with at least five measurements were ana-
lyzed. Statistically significant deviations from random
distributions were investigated using the Rayleigh test of
circular statistics. Differences between distributions were
tested for significance with the Mardia-Watson-Wheeler
test. Level of significance was set at 5%. Since about 44%
data on urination under control conditions originated
from one dog (MO07, male borzoi) we also performed
analyses for this particular dog separately.
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Abstract

Laterality is a well described phenomenon in domestic dogs. It was shown that dogs, under
calm Earth’s magnetic field conditions, when marking their home ranges, tend to head about
north- or southwards and display thus magnetic alignment. The question arises whether
magnetic alignment might be affected or even compromised by laterality and vice versa. We
tested the preference of dogs to choose between two dishes with snacks that were placed
left and right, in different compass directions (north and east, east and south, south and
west or west and north) in front of them. Some dogs were right-lateral, some left-lateral but
most of them were ambilateral. There was a preference for the dish placed north compared
to the one placed east of the dog ("pull of the north"). This effect was highly significant in
small and medium-sized breeds but not in larger breeds, highly significant in females, in
older dogs, in lateralized dogs but less significant or not significant in males, younger dogs,
or ambilateral dogs. Laterality and “pull of the north” are phenomena which should be con-
sidered in diverse tasks and behavioral tests with which dogs or other animals might be con-
fronted. The interaction and possible conflict between lateralization and "pull of the north"
might be also considered as a reason for shifted magnetic alignment observed in different
animal species in different contexts.

Introduction

Laterality, i.e. the predictable, non-random preference for using one side of the body (limbs,
brain hemisphere, sensory organs) spontaneously or if forced or restricted to choose between
two sides has been intensively studied and is well described in humans but it seems to be also a
widespread phenomenon among animals. Laterality may be inborn, imprinted or entrained
and has to be taken into account in maze and behavioral two-choice animal experiments [1-
5]. The laterality effect is often tested (and excluded) by counting the animals’ choice for either
side of a T- or Y-maze under control conditions (e.g. without a stimulus or reward) and/or
under conditions where the stimulus or reward is randomly alternating between both arms

of the maze. While such a behavioral test for laterality (and the exclusion of its effect) is a
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standard in two-choice-experiments of this kind, potential preference for a certain (magnetic)
compass direction remains usually unconsidered, and this in spite of the fact that magnetic
compass preference (displayed in the so-called magnetic alignment) has been documented in a
wide array of animal species in diverse behavioral contexts, reviewed in [6-10]. On the other
hand, however, laterality effects should be considered also in studies dealing with compass ori-
entation and navigation [9].

Recently, we have shown that dogs, under calm Earth’s magnetic field conditions, when
marking their home ranges tend to head about north- or south-wards and display thus mag-
netic alignment [10]. In that particular study, a test for laterality was not relevant and not nec-
essary to exclude the existence and significance of magnetic alignment. Nevertheless, we
cannot exclude that laterality played a role under some circumstances and could have influ-
enced the angularity of the response—e.g. does a "left-handed" dog turn southwards if it comes
from east but northwards if it comes from the west? Laterality in dogs was examined behavior-
ally in more than 20 studies e.g. [11-23]. The most commonly used motor test was the so-
called “Kong test”, in which the preference for a paw holding a Kong (a toy stuffed with food,
KONG Company) is recorded. This laterality test is most probably not influenced by magne-
toreception, cannot be masked by it but, at the same time, cannot be used to address the ques-
tion whether laterality affects directional preference in the context of long-distance locomotor
spatial orientation. However, there are also some other tests of lateralization—e.g. preference
to approach food items placed either right or left of the dog [12] and studies of performance
requiring movement in a prescribed direction [23] which can theoretically be affected or even
be compromised by magnetic alignment.

Materials and methods

No permits were required for the described study, which complied with all relevant regula-
tions. All the dog owners were informed about the study, consented with the set-up and use of
their dog(s) and were present at trials.

Altogether 25 dogs (12 M, 13 F) of 14 breeds, aged on average 5.3 (SD 3.3, 1-12) years were
tested in the Czech Republic (12 dogs) and in Germany (13 dogs) (Table 1, S1 Table). The 12
dogs in the Czech Republic were tested at altogether 23 localities (distinct cities and country
districts, each dog in 36 test series at each locality), the dogs in Germany were tested at alto-
gether eight localities, each dog in 20 test series at each locality. At each locality, the dogs were
tested at at least two different sites. Test series were performed at different places at each site,
at different days over several months, at different times of the day, so that tests with each dog
evenly covered all daytimes. In all the cases, study sites were open fields, away from communi-
cations, buildings, high voltage power lines and conspicuous landmarks. Altogether 1,088 test
series were performed.

Each test series involved 4 trials where the dog should make a choice between two identical
dishes placed in front of it, at a distance of 2-6 m, according to the size of the dog, so that it
could not look into the dishes from its starting point. The dishes were placed in an angle plus
and minus 45° from the starting point, so that one dish was e.g. eastwards of the dog and the
second one was placed southwards. Each test series involved four trials (test combinations):
north versus east, east versus south, south versus west, and west versus north. The sequence of
the tests was changed randomly. Both dishes contained identical dog snack. The dog could not
see the preparation of the test, i.e. the placement of the dishes. The dog was brought to the
starting point and waited to get permission to go to the dish (of its choice). Two experimenters
were involved in this test. The first experimenter was setting up the test, while the dog owner
(who was uninformed about the actual directions of the dishes and gave the voice command)

PLOS ONE | https://doi.org/10.1371/journal.pone.0185243  September 25, 2017 2/11


https://doi.org/10.1371/journal.pone.0185243

@° PLOS | ONE

Directional preference in dogs

Table 1. Survey of the tested dogs and their factors.

breed

borzoi

labrador retriever

wirehaired pointer

beagle

cocker spaniel

cocker spaniel

foxterrier

foxterrier

foxterrier

dachshund

dachshund

dachshund

border collie x munsterlander
bullterrier

flat-coated retriever

labrador retriever

labrador retriever x rottweiler
labrador retriever x rottweiler
labrador retriever

labrador retriever

jack russel terrier

chihuahua

chihuahua

chihuahua

yorkshire terrier

subject

Hen
Mon
Aja
Azi
Bar
Nel
Fre
Gof
Bes
Ter
Can
Ven
Paa
Gis
Fie
Lor
Jim
Sam
Pal
Lot
Jac
Att
Ger
Hen
Bri

country size sex age laterality n 1] M
test series (1st locality) (2nd locality)
Cz L M 1 left 36 + 36 225° 135°
Cz L M 12 ambi 36 72° X
Ccz L F 4 ambi 36 + 36 220° 305°
Cz M M 4 right 36 + 36 354° 45°
Ccz M F 2 left 36 + 36 353° 18°
Ccz M F 8 ambi 36 + 36 281° 278°
Ccz M F 1 left 36 + 36 54° 333°
Ccz M F 1 left 36 + 36 45° 62°
Ccz M F 6 right 36 + 36 18° 349°
Ccz S F 4 ambi 36 + 36 270° 257°
Ccz S F 6 ambi 36 + 36 323° 315°
Ccz S F 9 right 36 + 36 349° 333°
GER L F 9 ambi 20 146° X
GER L F 10 ambi 20 135° X
GER L M 2 ambi 20 270° X
GER L M 3 ambi 20 180° X
GER L M 3 ambi 20 90° X
GER L M 3 ambi 20 135° X
GER L M 5 ambi 20 101° X
GER L F 7 left 20 54° X
GER M M 12 left 20 31° X
GER S M 3 right 20 72° X
GER S M 4 right 20 0’ X
GER S M 5 ambi 20 0’ X
GER S F 10 ambi 20 31° X

Size: L =large, M = medium, S = small, Sex: F = female, M = male, Age is given in years, laterality: ambi-, left- or right-lateral, n = number of test series (in
each test series 4 trials were performed), y = mean vector in * at the first locality and, if tested, at the second (distant) locality; at each of those distant
localities 36 test series were performed., x = the dog was not tested at the second locality. The column “subject” refers to the first three letters of the
respective dog’s name. See the supporting information (S1 Table) for further detail.

https://doi.org/10.1371/journal.pone.0185243.t001

was either standing behind the dog, and had no eye contact with it, in the Czech Republic (Fig
1), or had dark sun glasses and stood on the opposing side of the dishes, facing the dog, in
Germany.

All the dog owners were informed about the study, consented with the set-up and use of
their dog(s) and were present at trials. The owners in the Czech Republic were coauthors of
this study, their colleagues, and friends; the dog owners in Germany were approached via dog-
training clubs.

Only the direction of the first choice was recorded. The dog was allowed to visit and take
the snack also from the other dish. Apart from the chosen first direction in a given combina-
tion, the sequence of tested combinations within the trial, the dog’s and owner’s identities,
locality, place, date, daytime, weather (sunny, cloudy, overcast, rainy), wind strength and
direction were recorded. (However, no tests were performed on windy days.)

From the recorded choices, preferences for either left or right turn were calculated for all test
combinations (N-E, E-S, S-W, W-N) within each trial, and the sum for all trials for each dog.
Index of laterality was then calculated for each dog according to the formula (R-L) / (R + L) x
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Fig 1. Photo illustrating the study setup.

https://doi.org/10.1371/journal.pone.0185243.9001

100, where R and L is the preference for using the right and left side, respectively [11]. Signifi-
cance of lateralization was tested by chi-square test.

Independently, mean directional compass preference based on the frequency of first choices
at a given locality in all pooled trials (at different day times, different days, different places within
the locality) was calculated for each dog using circular statistics with Oriana 4.02 (Kovach Com-
puting). Grand mean vectors were then calculated on the base of those mean dog/locality vectors
for all the dogs, and subgroups with respect to laterality, breed, body size, sex, and age.

Results
Laterality

In dish-choice trials, altogether six dogs were identified as left-sided, five dogs as right-sided
and 14 dogs were ambilateral based on the choices the respective dogs made in approaching
one of the dishes placed left and right in front of them. There was no clear effect of breed and
sex on laterality.

Compass preference

Testing the circular distribution of mean vectors of all dogs, as well as of dogs of a particular
lateralization, body size, sex, and age revealed that there was an apparent preference for the
north ("pull of the north") which was highly significant in small and medium-sized breeds but
not in larger breeds, highly significant in females, in older dogs, in lateralized dogs but less sig-
nificant or not significant in males, younger dogs, or ambilateral dogs (Table 2, Figs 2-5).
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Table 2. Circular statistics for frequencies of choices of a dish placed in north or east or south or west in front of a dog in dual choice experiments
where the dog chose between north or east, east or south, south or west, west or north.

Variable all males | females small- and large- | ambi- left- right- <3years | >4years
dogs medium-sized sized lateral | lateral lateral

Number of observations 36 14 22 23 13 18 10 8 13 23
Mean vector () 11° 68° 345° 356° 142° 274° 37° 9° 65° 350°
Length of mean vector (r) 0.328 | 0.362 0.457 0.686 0.405 0.128 0.578 0.862 0.322 0.432
Circular standard deviation 86° 82° 72° 50° 77° 116° 60° 31° 86° 74°
Rayleigh test (Z) 3.868 | 1.832 4.593 10.821 2.135 0.294 3.338 5.939 1.351 4.295
Rayleigh test (p) 0.017 | 0.161 0.009 48x107° 0.118 0.750 0.031 6.79x10™ 0.264 0.012

Each compass direction was offered with the same frequency. The number of observations refers to the number of dogs and localities. Mean vectors in this
table represent thus grand mean vectors.

https://doi.org/10.1371/journal.pone.0185243.t1002

Testing the frequencies of compass preferences combining always two neighboring test
combinations centered at one compass direction (e.g. triad W-N-E combined results of tests
W-N and N-E, and frequency of choices 25-50-25% would be expected if there were no pref-
erences and no laterality) revealed statistically significant difference from random distribution
in tests involving North and East (W-N-E, N-E-S, chi-square p = 0.0001 and 0.0022, respec-
tively) but not in both other combinations (E-S-W, p = 0.5011; S-W-N, p = 0.1446).

N

small and
medium-sized dogs

Fig 2. Mean preference for compass direction of a dish with snacks of the first choice. Angular means over dogs of small, medium-sized, and
large breeds. The arrow indicates the grand mean axial vector (u) calculated over all angular means. The length of the mean vector (r) provides a measure
of the degree of clustering in the distribution of the mean vectors. The inner circle marks the 0.05 level of significance border of the Rayleigh test. See

Table 2 for statistics.

https://doi.org/10.1371/journal.pone.0185243.9002

large dogs
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males females

Fig 3. Mean preference for compass direction of a dish with snacks of the first choice. Angular means over males and females separately. The
arrow indicates the grand mean axial vector (u) calculated over all angular means. The length of the mean vector (r) provides a measure of the degree of
clustering in the distribution of the mean vectors. The inner circle marks the 0.05 level of significance border of the Rayleigh test. See Table 2 for statistics.

https://doi.org/10.1371/journal.pone.0185243.9003

N N N

left-lateral right-lateral ambilateral

Fig 4. Mean preference for compass direction of a dish with snacks of the first choice. Angular means over dogs of different lateralization types.
The arrow indicates the grand mean axial vector (u) calculated over all angular means. The length of the mean vector (r) provides a measure of the degree of
clustering in the distribution of the mean vectors. The inner circle marks the 0.05 level of significance border of the Rayleigh test. See Table 2 for statistics.

https://doi.org/10.1371/journal.pone.0185243.9004
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< 3 years > 4 years

Fig 5. Mean preference for compass direction of a dish with snacks of the first choice. Angular means over dogs of different age categories. The
arrow indicates the grand mean axial vector (u) calculated over all angular means. The length of the mean vector (r) provides a measure of the degree of
clustering in the distribution of the mean vectors. The inner circle marks the 0.05 level of significance border of the Rayleigh test. See Table 2 for statistics.

https://doi.org/10.1371/journal.pone.0185243.9005

Discussion

We tested the preference of dogs to choose between two dishes with snacks that were placed
left and right, in different compass directions (north and east, east and south, south and west
or west and north) in front of them. Some dogs were right-lateral, some left-lateral but most of
them were ambilateral. There was a preference for the dish placed north compared to the one
placed east of the dog ("pull of the north"). This effect was significant in small and medium-
sized breeds but not in larger breeds, significant in females, in older dogs, in lateralized dogs
but not significant in males, younger dogs, or ambilateral dogs. None of the extrinsic factors
which might have influenced the directional choice, but the Earth’s magnetic field, was stable
in space and time. All other factors (possible hints from the owners, landmarks, sun position,
weather, homing direction) were stochastically changing and could not have systematically
influenced the observed "pull of the north".

His master’s voice?

The test was performed by several different dog owners. We do not see any possibility how the
dogs might have been systematically (i.e. in one common direction and only in a compass
combination involving north and east) influenced in their decision by their owners. The dogs
had no eye contact with their owners. In fact, every choice was rewarded, and the dogs were
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allowed to take also the reward from the second dish, so that effective learning, e.g. on some
landmark in the surroundings, was not possible. Besides that, the next trial occurred at another
place, or site or even at another locality, at another day, another day-time, and the sequence of
tested compass direction pairs changed.

Effect of sun?

"Pull of the north" could be theoretically explained as avoidance of blinding sun. This expla-
nation is rather anthropomorphic and does not consider the fact that dogs are lower than
human and that the dishes were placed on the ground. Moreover, this argument would be
valid only in the choice test "north x east” on sunny mornings in spring and autumn when
sun is low. Analogously, however, preference for the north would be expected also in the
choice test "north x west" in the evening on sunny days. Furthermore, dogs would be ex-
pected to avoid south during midday on sunny days. Larger (higher) dogs are expected to
be more prone to blinding than smaller (lower) dogs. Apart from the fact that actually there
was never a choice test "north x south” or "east x west" where sun avoidance could be actu-
ally realized, none of these possible explanations for the results was supported. Circular
analysis of the tests performed in "lateral” dogs in the morning (grand mean vector p1 = 42°,
r=0.510, SD = 66, Rayleigh test p = 0.041, N = 12) and in the afternoon (grand mean vec-
tor p=22°, r = 0.650, SD = 53, Rayleigh test p = 0.0006, N = 16) revealed no differences
(99% confidence interval for pu a.m. 343°-100°, for p.m. 347°-57°). Also "ambilateral” dogs
displayed no differences between morning and afternoon choices (morning: y = 286°,

p =0161, N = 12; afternoon = 269°, p = 0.488, N = 15). There were no significant differen-
ces between whatever combination of directions (N x W, Nx E, Sx E, S x W) tested in the
morning and in the afternoon, respectively.

Note also that in Central Europe, Czech Rep. and Germany, where the experiments were
done, the sun hours make on average only about 35% of the light hours—so, if the experiments
are randomly and evenly distributed throughout the year and daytimes, the probability of
being blinded by the sun (if one lifts the head or the sun is low and one looks into it), is 35%.
The probability that one actually has problems to recognize where on the sky the sun stands is
65%. Note also that according to the hitherto knowledge dogs do not perceive polarized light.

Other possible effects?

The Earth’s magnetic field parameters in both countries are comparable. The declination in
Essen (Germany) is 1.5°, the declination in Prague (Czech Rep.) is 3.5°, and the difference is
thus only 2°. The dogs had to decide, however, for one of the two directions which were 90°
apart. Most importantly, directions in the field in both countries were measured by means of a
compass which shows always a direction to the magnetic pole, i.e. not by means of a geograph-
ical map which would show direction to the geographic pole.

Although in Germany relatively more larger dogs were represented in the sample than in
the Czech Republic, there was no apparent country bias if smaller versus larger, lateral versus
ambilateral, etc. dogs in the two countries, were compared. In spite of the large dataset, the
subgroups (breeds, age, sex, lateralization) were still rather small and heterogeneous and did
not enable us to reliably test which of those facts was most decisive. We have also no idea why
larger breeds "failed" in the compass test. It should be noticed that this category was composed
mainly of (labrador) retrievers but it would be preliminary to claim that this breed is ambilat-
eral and/or "magnet-blind". The fact that older dogs oriented more towards the north than
younger dogs might correlate with their experience and established orientation strategies.
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We have purposely performed the experiments outdoors because the magnetic field in
buildings might be disturbed and because dogs tested indoors might orient with respect to
geometry of rooms. Since it cannot be excluded that dogs might orient with respect to land-
marks also outdoors, care was taken when selecting the testing place that its surroundings
were free of any landmarks within the radius of at least 30 m, a condition which could not be
complied with indoors.

Conclusions and prospects

The here presented two-dish choice test widens the range of tests reviewed in [12, 24] suitable
for assessment of lateralization in dogs. At the same time it shows that laterality plays a role
not only in intrinsic kinesthetic reactions but also in directional goal-oriented decisions.
Moreover there is an apparent "pull of the north", which is particularly strong in the test com-
bination "north—east". Laterality and "pull of the north" are thus phenomena which should be
considered in diverse tasks (and behavioral tests) with which dogs or other animals might be
confronted. On the other hand, the phenomenon of laterality should be likewise considered in
studies of spatial orientation and navigation. The interaction and possible conflict between lat-
eralization and "pull of the north" might be also considered as a reason for shifted magnetic
alignment observed in different animal species in different contexts [9]. It might prove to be
significant for understanding the putative (and thus far unknown) mechanism of magnetore-
ception that the field observations and laboratory experiments in diverse animal species con-
sistently show a shift of directional preference from north or south to the east after a treatment
with a strong magnetic pulse e.g. [25-26]. Moreover, roe deer were found to prefer to escape
northwards but to avoid escaping eastwards [27]. These (and further own unpublished) obser-
vations indicate some sensory interaction between perceiving north and east directions.

Supporting information

S1 Table. Information on tested dogs, particulars of trials and their results. Age is given in
years, the choice for a dish in the respective combination in compass degrees.
(XLSX)
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Abstract

It was shown earlier that dogs, when selecting between two dishes with snacks placed in
front of them, left and right, prefer to turn either clockwise or counterclockwise or randomly
in either direction. This preference (or non-preference) is individually consistent in all trials
but it is biased in favor of north if they choose between dishes positioned north and east or
north and west, a phenomenon denoted as “pull of the north”. Here, we replicated these
experiments indoors, in magnetic coils, under natural magnetic field and under magnetic
field shifted 90° clockwise. We demonstrate that "pull of the north" was present also in an
environment without any outdoor cues and that the magnetic (and not topographic) north
exerted the effect. The detailed analysis shows that the phenomenon involves also "repul-
sion of the south". The clockwise turning preference in the right-preferring dogs is more pro-
nounced in the S-W combination, while the counterclockwise turning preference in the left-
preferring dogs is pronounced in the S-E combination. In this way, south-placed dishes are
less frequently chosen than would be expected, while the north-placed dishes are appar-
ently more preferred. Turning preference did not correlate with the motoric paw laterality
(Kong test). Given that the choice of a dish is visually guided, we postulate that the turning
preference was determined by the dominant eye, so that a dominant right eye resulted in
clockwise, and a dominant left eye in counterclockwise turning. Assuming further that mag-
netoreception in canines is based on the radical-pair mechanism, a "conflict of interests"
may be expected, if the dominant eye guides turning away from north, yet the contralateral
eye "sees the north", which generally acts attractive, provoking body alignment along the
north-south axis.

Introduction

Dogs in two-choice experiments, when selecting between two dishes with snacks placed in
front of them, 90° apart, left and right, prefer to turn either clockwise (“right-preferring”) or

PLOS ONE | https://doi.org/10.1371/journal.pone.0245940 January 28, 2021

1/15


https://orcid.org/0000-0002-1655-6906
https://orcid.org/0000-0003-2618-818X
https://doi.org/10.1371/journal.pone.0245940
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0245940&domain=pdf&date_stamp=2021-01-28
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0245940&domain=pdf&date_stamp=2021-01-28
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0245940&domain=pdf&date_stamp=2021-01-28
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0245940&domain=pdf&date_stamp=2021-01-28
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0245940&domain=pdf&date_stamp=2021-01-28
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0245940&domain=pdf&date_stamp=2021-01-28
https://doi.org/10.1371/journal.pone.0245940
https://doi.org/10.1371/journal.pone.0245940
https://doi.org/10.1371/journal.pone.0245940
http://creativecommons.org/licenses/by/4.0/

PLOS ONE

Turning preference in dogs

KB, HB, VH, MSP; the Grant Agency of the Czech
University of Life Sciences in Prague, CIGA (Project
No. 20174319) to JA, HB, KB, VH, PN, JS, LV; the
grant of the Ministry of Agriculture of the Czech
Republic MZE-R00718 to LB.

Competing interests: No authors have competing
interests.

counterclockwise (“left-preferring”) or randomly in either direction (“irresolute”). This turn-
ing preference (or non-preference) is individually consistent in all trials but it is biased in favor
of north if they choose between dishes positioned north and east or north and west, a phenom-
enon we denoted as “pull of the north” [1]. This phenomenon was particularly pronounced in
older dogs, females, smaller and medium-sized breeds, dogs exhibiting a turning preference,
and especially in the north-east choice. We suggested that “pull of the north” represents a fur-
ther indication of magnetoreception in dogs, the other being non-random directional align-
ment during marking [2], which was, however, significantly changed when exposed to bar
magnets [3], the ability to find a bar magnet [4], or the existence of the so-called "compass run"
exhibited during homing [5].

We are, however, aware that for the ultimate evidence of magnetoreception, experiments in
defined manipulated magnetic field and/or under conditions of disturbed magnetoreception
are necessary. Moreover, the proximate reason for “pull of the north” remains unclear and
should be at least hypothesized.

Laterality, i.e. a predictable, non-random preference for using one side of the body (limbs,
brain hemisphere, sensory organs) spontaneously or if forced or restricted to choose between
two sides, is a known phenomenon in humans and animals. Laterality may be inborn,
imprinted, or entrained and has to be taken into account in maze and behavioral two-choice
animal experiments [6-10].

Laterality in dogs has been intensively studied with regard to the motoric (efferent) aspect
(paw laterality, Kong-test: [11-15]; sensory (afferent) aspect [16-18]; cognitive [19], and emo-
tional aspects [20-22]. Interestingly, and contrary to studies in humans, turning (directional,
rotational) preference has remained understudied.

Most people are right-handed, yet tend to instinctively veer to the left upon entering a new
space [23]. Interestingly, the counterclockwise action goes also for most athletic tracks, horse
and car races, and for baseball players running the bases [24]. There is even evidence that the
chariot races at ancient Rome’s Circus Maximus ran counterclockwise, too [25,26]. So, in
sports, where competitors enter the field of play from the outside of a traced circle, a right-
directional choice would lead to a counter-clockwise motion. But when entering the field of
action from within the circle—walking out of your apartment to take the dog for a walk, and
encountering intersections—right directional choices would tend towards tracing a clockwise
path [23]. Interestingly, in the countries, where people drive on the left side of the road, retail
shoppers tend to turn counterclockwise—when navigating store aisles, while in the countries,
where people drive and keep on sidewalks right, veer clockwise [23]. Tendencies of people to
turn either direction are known to architects who use them to design shopping galleries to fun-
nel shoppers in the wished direction [23].

While the preference to turn in a certain direction can be explained by individual inborn
laterality (handedness) and experience (facilitation), or-e.g. in the context of our experiment
of choice between two dishes, which is a visually guided task, through visual laterality—the
“pull of north” is expected to have a magnetoreceptive ground. Examination of this phenome-
non has a heuristic potential in getting insight into the very seat and mechanism of magnetore-
ception, which still remain enigmatic [27].

Sensory laterality (or asymmetry) has been described also in the context of spatial orienta-
tion in general and magnetoreception in particular. It has been found that homing pigeons
rely more on the right olfactory system in processing the olfactory information needed for the
operation of the navigational map [28]. An earlier study [29] has shown that the magnetic
compass of a migratory bird, the European robin (Erithacus rubecula), was lateralized in
favour of the right eye/left brain hemisphere. However, it has been later demonstrated [30]
that the described lateralization is not present from the beginning, but develops only as the
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birds grow older. In another study [31], it was shown that pigeons can perceive and process
magnetic compass directions with the right eye and left brain hemisphere as well as the left eye
and right brain hemisphere. However, while the right brain hemisphere tended to confuse the
learned direction with its opposite (axial response), the left brain hemisphere specifically pre-
ferred the correct direction (angular response). The findings thus demonstrated bilateral pro-
cessing of magnetic information, but also suggested qualitative differences in how the left and
the right brain deal with magnetic cues.

Based on the hitherto knowledge and the above arguments,

1. We hypothesize that if “pull of the north” is due to magnetoreception (and indeed no other
explanation is apparent), it should be demonstrated also in an artificial magnetic field
shifted by magnetic coils, i.e. the artificially shifted magnetic North should exert the same
effect as the natural geomagnetic North.

2. We expect that, consistently with results of the previous study [1] “pull of the north” is
more pronounced in “lateralized” dogs and more in the North-East (N-E) combination
than in the North-West (N-W) choice.

Furthermore, following questions can be raised (and should be tested) to get insight into
the nature of the turning preference:

3. Does the directional preference for turning correlate with motoric laterality (such as paw-
laterality, i.e. “handedness”)?

4. Is pull of the north a) symmetrical (bilateral, i.e. of the same strength in the clockwise as
in counterclockwise direction), or b) asymmetrical (unilateral, i.e. stronger in one partic-
ular direction)?

Material and methods
Ethics statement

The study did not involve any disturbance or discomfort to the study subjects. The Profes-
sional Ethics Commission of the Czech University of Life Sciences in Prague has decided that
according to the law and national and international rules, this study has not a character of an
animal experiment and does not require a special permit.

Subjects

Altogether, 23 domestic dogs Canis familiaris (11 M, 12 F) from six breeds with pedigree and
an average age of 4.8 (£ 2.8) years (Table 1) were used in this study. The dogs were pets living
in households. All the dog owners were present with their dogs at trials.

Experimental equipment

The experiment took place in a magnetic coil at the field research station Truba, Kostelec nad
Cernymi lesy, (N 50°0.40480’, E 14°50.11145’), a detached workplace of the Faculty of Forestry
and Wood Sciences, Czech University of Life Sciences in Prague, Czech Republic. The mag-
netic coil (a Merritt coil, built according Kirschvink [32]) was 4 x 4 x 4 m and was located in a
separate special building. It was shielded from radiofrequency waves. It was controlled from a
separate building next to the coil building. The magnetic field in coils was manipulated by a
MagFieldG control software through a GMP4 RJ4.01 control unit and three current amplifiers,
each for the Bx axis, the By axis and the Bz axis. The generation system for GMP4 3D coil
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Table 1. List of the tested dogs and resulting indices of directional preference.

Dog Owner Breed Sex Age Paw motorical laterality Initial turning preference Mean turning preference
Amalka KB Dachshund D F 51 17 46
Arthur ES Dachshund N M n.m. -32 -45
Azizi JS Beagle M 6 6 -4 19
Barca LS Fox Terrier F 12 67 42
Bertik KB Dachshund D M 6 -29 -48
Bessy JA Fox Terrier F 8 26 22 42
Figy KB Dachshund D F 5 9 -4 8
Gofi JA Fox Terrier F 3 -70 -95 -96
Hard JA Fox Terrier M 2 -46 22 2
Hugo KB Dachshund D M 3 n.m. -25 -17
Hurvinek KB Dachshund D M 7 51 -46 -45
Jimmy ES Dachshund N M 2 n.m. 60 35
Kacka KB Dachshund D F 5 25 -17 -18
Kuky KB Dachshund D M 7 27 50 40
Naty ES Miinsterliander M 3 n.m. -45 -62
Offi JS Beagle F 9 -3 8 6
Pecka KB Dachshund D F 2 -44 17 29
Plysak KB Dachshund D F 2 10 -37 -60
Punta KB Dachshund D M 3 -1 -8 -34
Roxxy JS Beagle F 9 100 62 67
Shedy ES Weimaraner M 5 n.m. 27 40
Sisi KB Dachshund D F 3 n.m. 12 42
Zofka KB Dachshund D F 2 -20 54 46

Paw motoric laterality = laterality index based on the Kong test; Initial turning preference Turning preference index in the first trials of each dog. Mean turning
preference = = mean turning preference index over all trials of each dog. The value of the index can range from -100 to -25 (= left-turning dog) to 25-100 (= right-

turning dog). Sex: F = female, M = male. Age is given in years. Dachshund N = normal-sized dachshund, Dachshund D = dwarf-sized dachshund, n.m. = not measured.

https://doi.org/10.1371/journal.pone.0245940.t001

system was used to create a defined direct and slowly changing magnetic field and it served to
drive the coil system to create a defined magnetic field.

Magnetic induction values in the Cartesian coordinate system (axis Bx = -3225 nT; axis
By = 17800 nT; axis Bz = 45448 nT) were set for the experiment, thereby rotating the magnetic
field by 90° magnetic North was shifted to the topographic (= geomagnetic) East. The mag-
netic field strength and inclination were maintained as for geomagnetic values for local geo-
graphic conditions. The magnetic coil space was used also for the control experiment to test
the dogs under local geomagnetic conditions, while other experimental conditions were pre-
served identic, i.e. shielding of radiofrequency waves, avoiding other influences (wind, sun,
outside sounds). The coil room was equipped with cameras (AXIS P5624-E 50HZ—PTZ IP
camera, TD / N, 18x zoom, HD 720p, IP66, PoE +) for video recording of the entire experi-
mental space, network speaker with SIP, PoE support (AXIS C3003-E NETWORK HORN
SPEAKER, Double—sided audio) and microphone (AXIS T8353A MICROPHONE 3.5MM)
at the control station to secure communication of the leading experimenter in the control
workplace with two experimenters in the coil.

Experimental procedure

Dogs were tested indoors, in a room housing the magnetic coils, and should make the choice
between two identical dishes. The dishes were placed at a distance of 2.9 m from the point of
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release of the dog, always a plus and minus 30° from the starting point. Both dishes contained
the same treats and dogs were always allowed to empty both. After placing the dishes, the dog
was ready for the starting point and waited to obtain a permit to go to a dish. The dogs could
not see the placement of the reward dishes. Three experimenters were involved in the experi-
ment; two were present in the magnetic coil (the owner was guarding the dog and prohibited
it from seeing the preparation procedure, and the other was preparing the placement of the
rewarded dishes), the third experimenter was in the control room using a microphone and
headsets to communicate with the two other colleagues, changed the experimental magnetic
conditions (switching between control and experimental conditions) according to a random-
ized schedule and recorded the results (direction of dog first choice) (Fig 1). Note that this per-
son was the only one who knew the actual position of the magnetic North inside the coil.

Each dog was tested in three to five test series under the control conditions with the mag-
netic North (mN) being 0°, and in the same number of test series in an artificially shifted mag-
netic field with mN = 90° (where magnetic north was set on topographic east). The order of
the test series (control first, shifted field second or shifted field first, control second) was taken
into account. Tests series were performed at different days, at different daytimes, evenly dis-
tributed over the whole day.

Because a series included four trials in each dish combination alignment (i.e. N-E, E-S,
S-W, and W-N), individual dogs experienced either 48 or 80 trials (in 12 or 20 complete series)
in which their turning preference (first dish choice) was recorded under control conditions
and the same number of records was gathered for experiments in the shifted magnetic field.
The difference in the number of series and trials experienced by individual dogs was given by
their availability for our study.

In addition, the dog’s identity, date, time, sequence of trials combinations, and the order of
the trials in the respective series were recorded.

Paw preferences

To determine paw preference (motoric laterality of dogs), a modified Kong test [e.g. 12,16,33]
was used. In this test, it is recorded with which paw (left or right) the dog holds a Kong, a dog
toy (KONG Company) when trying to get the food stuffed inside. A plastic yoghurt cup was
used instead of Kong. The inner walls and bottom of the cup were covered with a dog’s deli-
cacy such as lard, cream cheese. Each dog was tested at home in an open area for 10 minutes
while the dog played with the cup and tried to lick it out and the number of touches with either
paw was recorded. Simultaneous touches with both paws were also recorded but were not
included in the calculation of the index of laterality. The dogs who did not touch the cup dur-
ing test of paw preference are excluded from the analysis of the Kong test.

Data analyses

From the recorded choices for each dog, in each trial, the left and right turning preferences
were summed, for all four combinations (W-N; N-E; E-S; S-W) separately. For data analysis,
the turning preference index was calculated in tests performed in the control and shifted mag-
netic field. The formula (R-L / R + L) x 100 was used, where the R = right and L = left sides are
the total numbers of the first choice of left or right dishes. The laterality index for the paw
preference (Kong test) was calculated using the same formula. The value of the index can
range from -100 to -25 (= left-pawed dog) to 25-100 (= right-pawed dog). Dogs with index val-
ues between -24 and 24 were considered ambilateral. For the turning preference, altogether
ten indices (LI) were calculated; one for each dish combination alignment (N-E, E-S, S-W, and
W-N), i.e. four altogether in the control conditions and four altogether in the shifted magnetic
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Fig 1. Experimental setup as monitored from above by a camera placed at the ceiling of the room, showing the sequence from release of the dog (A) to its choice of one of
two dishes (D).

https://doi.org/10.1371/journal.pone.0245940.g001

field conditions. Furthermore, we calculated one mean index for control conditions and one
mean index for shifted magnetic field (S1 Table). The dogs were divided in turning preference
left-preferring, right-preferring or irresolute (ambilateral) preference according to [33] based
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on results of the first trials (Initial turning preference in Table 1). Generalized Linear Model
(GLM) contained the interaction between Magnetic field and Turning preference classes.

From the recorded choices, preferences for either left or right turn were calculated for all
test combinations (N-E, E-S, S-W, W-N) within each trial, and the sum of all trials of each
dog. Index of directional preference was then calculated (according to the above formula) for
each dog.

All data were analyzed using the SAS System (SAS, version 9.4). For calculating Spearman
correlation coefficient we used PROC CORR. To analyze the factors affecting the directional
preference index (dependent variable) we used a multivariate Generalized Linear Mixed
Model (GLM, PROC MIXED). We constructed two GLMs. The models were applied as a
fixed-effect models designed for the repeated measures, i.e., in SAS, with REPEATED = order
of testing and the SUBJECT = Name of the dog with compound symmetric covariance struc-
tures for repeated measures (TYPE = cs). The first GLM was constructed with the predicted
fixed factors Magnetic coil in an interaction with the Turning preference classes, and then we
added other variables listed in S2 Table in case they could affect the directional preference
index. None of these variables appeared significant and therefore we will not mention them in
the text any more. Least squares means (LSMEANs) were calculated for the categorical fixed
effects by computing the mean of each treatment and averaging the treatment means. These
means of means were then used to compare the factors.

The second model was designed to estimate repeatability of the directional preference
across experimental conditions. The GLM contained the only fixed factor Magnetic coil. We
calculated repeatability as the intraclass correlation coefficient [34] by adding the RCORR
option to the REPEATED.

Independently, mean directional compass preference based on the frequency of first choices
in a given combination in all pooled trials was calculated for each dog using circular statistics
with Oriana 4.02 (Kovach Computing). Grand mean vectors were then calculated on the base
of those mean dog vectors for all the dogs, and subgroups with respect to turning preference,
experimental condition, sex, and age.

Results
Paw preference (motoric laterality, Kong test)

Following the a priori set criterion, out of altogether 17 dogs tested, 3 dogs were classified as
left-lateral, 6 as right-lateral, and 8 as irresolute (ambi-lateral) (Table 1). There was no apparent
effect of sex, age, breed or owner on this type of laterality. The correlation between the Kong
and overall turning preference tests was rather weak (r, = 0.317, P = 0.22).

Turning preference under the control (mN = 0°) and experimental
(mN =90°) conditions

Following the a priori set criterion, out of altogether 23 dogs tested, 6 dogs were classified as
clockwise-preferring (right-lateral), 7 dogs as counterclockwise-preferring (left-lateral), and 10
as irresolute (ambi-lateral) (Table 1). There was no significant difference in turning prefer-
ences of individual dogs between control conditions (mN = 0°) and the shifted magnetic field
conditions (mN = 90°) (Fig 2). There was a variation in the turning preference index according
to the magnetic north direction and Turning preference classes (F3, 131) = 4.59, P<0.0001,
Figs 2 and 3). For the dogs with clockwise turning preference, there was a trend towards
increasing the turning preference index from NE, SE, SW and NW. In other words, the clock-
wise turning dogs exhibited the lowest turning preference index in the combination North-
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Fig 2. Turning preference index. (Least Square Means * SE) for clockwise-preferring (left), counterclockwise-preferring (middle), and irresolute (right) dogs under the
conditions of the magnetic North (mN) = 0° (control) and mN = 90° (shifted magnetic field) for the four particular combinations of the placement of dishes.

https://doi.org/10.1371/journal.pone.0245940.9002

East. However, only the difference between NE vs NW and between NE and SW, and only in
the shifted magnetic field, reached the level of significance (P = 0.05) (Fig 2 left). For the dogs
with counterclockwise turning preference, the most intensive counterclockwise preference
was shown in SE orientation in comparison with NW and partly NE, while the weakest prefer-
ence was in shown in the NW combination. Significant differences were achieved in the shifted
magnetic field in SE vs NW, and under control conditions in NE vs SE, SE vs NW, SW vs NW
(Fig 2, middle). No trend nor differences were detected for dogs showing irresolute turning
preference (Fig 2, right).

There was significant bias from the overall turning preferences in the eastern hemisphere,
expressed as the "pull of the north", in that a dish placed eastwards was more frequently chosen
than a dish placed southwards and a dish placed northwards more frequently chosen than a
dish placed eastwards, resulting in an average (theoretical) preference for NNE (Fig 4,

Table 2). In a more differentiated view, this result was due to a dominant preference of females
and/or clockwise preferring dogs for North (over East) and to an additional weaker pull of the
East over South in males and/or counterclockwise preferring dogs. "Pull of the north" in irreso-
lute dogs was indicated but not significant (Table 2, Figs 2 and 3).

Repeatability of turning preference. A single factor of Magnetic coil was not significant
(F1, 22 = 1.16, P = 0.86). On the other hand, Repeatability was high (r = 0.76).

Discussion

Turning preference did not correlate with the motoric paw laterality (Kong test). Apparently,
both types of preferences are controlled by different proximate mechanisms / pathways. This
conclusion is consistent with earlier findings [35] showing that visual (sensory) and paw
(motoric) laterality in dogs are independent of each other. None of the dogs had any previous
experience with emptying cups (i.e. Kong-type tests). None of the dogs used in this study had a
history of being trained "Heel" to come and follow the master at her/his left (or right) side.
Consequently, their turning preferences can be considered natural, spontaneous, inborne, and
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Clockwise turning preference Counterclockwise turning preference

0«

Fig 3. Numbers in each quadrant (in the respective four compass combinations: N-E, E-S, S-W, W-N) show mean values of turning preference indices calculated
from individual dogs and pooled across all trials (both control and shifted magnetic field conditions). The value of the index can range from -100 to -25 (= left-
turning dog) to 25-100 (= right-turning dog). Data were partitioned by turning preference (left figure shows clockwise turning preference, right figure shows
counterclockwise turning preference; irresolute dogs were not calculated. The green arrow over the dog’s head in the centre of the circle indicates the direction of view of
the (supposedly) dominant eye which guides turning direction, while the red arrow shows the direction of view of the contralateral eye, supposed to exert "pull of the
north" if heading northwards. Green arrow outside the circle designates the preferred direction of turning, the shorter red arrow designates "pull of the north".

https://doi.org/10.1371/journal.pone.0245940.9003

not entrained. Accordingly, there was no significant difference in the turning preference in
particular dogs between the first and second experimental series and there was no effect of the
respective owner. Interestingly, among the dogs who turned clockwise there were more
females, while among the dogs turning counterclockwise there were more males. The sample
was, however, too small to allow any general conclusion with regard to the effect of sex on
turning preference. In fact, no clear effect of sex on turning preference was found in a previous
study (with a different composition of the study sample) [1].

Consistently with results, of the previous study in open field [1], the turning preference was
consistent for each particular dog for all combinations of placement of dishes also in an inte-
rior with uniform walls, no apparent landmarks, and no sun or wind cues. Concordantly with
the results of the previous study, this preference was slightly, yet significantly disturbed (or
pronounced) in that the north-placed dishes were more frequently chosen than would be
expected according to the average turning preference of each particular dog. Most important
in the context of the present study is the finding that, magnetic and not topographic, north
affected the mentioned bias.

The detailed analysis shows, however, that the "pull of the north" is a more complex phe-
nomenon, involving also "repulsion of the south". These effects are unilateral: the clockwise
turning preference in the right-preferring dogs is more pronounced ("accelerated") in the S-W
combination, while the counterclockwise turning preference in the left-preferring dogs is
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Fig 4. Mean preference for compass direction of a dish with snacks of the first choice. Angular means over dogs preferring to turn clockwise, those preferring to turn
counterclockwise, dogs which were irresolute in their preference, and over all dogs. The arrow indicates the grand mean axial vector (p) calculated over all angular means.
The length of the mean vector (r) provides a measure of the degree of clustering in the distribution of the mean vectors. The inner circle marks the 0.05 level of significance
border of the Rayleigh test. See Table 2 for statistics.

https://doi.org/10.1371/journal.pone.0245940.9004

"accelerated" in the S-E combination. On the other hand, N-E combination decreases ("decel-
erates") clockwise turning preference in the right-preferring dogs, while in the N-W combina-
tion, the counterclockwise turning preference in the left-preferring dogs will be reduced. In

PLOS ONE | https://doi.org/10.1371/journal.pone.0245940 January 28, 2021 10/15


https://doi.org/10.1371/journal.pone.0245940.g004
https://doi.org/10.1371/journal.pone.0245940

PLOS ONE

Turning preference in dogs

Table 2. Circular statistics for frequencies of choices of a dish placed in different cardinal compass directions in front of a dog in dual choice experiments, where

the dog chose between north or east, east or south, south or west, west or north.

Variable

Number of dogs tested

Mean vector ()

Length of mean vector (r)

Circular standard deviation

95% Confidence interval (-/+) for p
99% Confidence interval (-/+) for p
Rayleigh test (Z)

Rayleigh test (p)

Variable

Number of dogs tested

Mean vector ()

Length of mean vector (r)

Circular standard deviation

95% Confidence interval (-/+) for p
99% Confidence interval (-/+) for p
Rayleigh test (Z)

Rayleigh test (p)

All trials mN =0° mN = 90° 1st series 2nd series
23 23 23 23 23
21° 43° 350° 22° 17°

0.485 0.557 0.464 0.347 0.566
69° 622° 71° 83° 61°
349°-53° 16°-70° 316°-23° 335°-68° 351°-44°
339°-63° 7°-78° 305°-34° 321°-82° 342°-52°
5.402 7.134 4.945 2.766 7.378
0.004 4.92E-04 0.006 0.061 3.68E-04
males females clockwise preferring counterclockwise preferring irresolute
11 12 6 7 10
44° 0° 6° 48° 3°
0.517 0.529 0.637 0.655 0.356
66° 65° 54° 53° 82°
358°-90° 318°-42° 318°-53° 9°-90° 279°-87°
344°-105° 304°-56° 303°-68° 354°-103° 252°-113°
2.939 3.357 2.431 3.005 1.268
0.049 0.031 0.084 0.043 0.288

Each compass direction was offered with the same frequency. Mean vectors in this table represent thus grand mean vectors. Cf. Fig 4.

https://doi.org/10.1371/journal.pone.0245940.t002

this way, in the total, south-placed dishes are less frequently chosen than would be expected,
while the north-placed dishes are apparently more preferred. Since "rotational deceleration" is
stronger in N-E than the N-W combination, while the "acceleration" is stronger in the S-E
than in the S-W combination, the resulting theoretical mean preference is for Northeast.

It may be of relevance and significance in this context that the analysis of published results
on magnetic alignment behaviour in a variety of vertebrate species revealed that magnetic
alignment typically coincides with the north-south magnetic axis, however, the mean direc-
tional preferences of an individual or group of organisms is often rotated clockwise from the
north-south axis [36-38]. The deviation from the magnetic north-south axis could originate at
different levels in the sensory hierarchy: it could be related either to asymmetries at the sensor
level or to functional brain asymmetries, i.e. central processing.

Although the mode of the perception of the magnetic compass direction in animals remains
enigmatic [27], findings from behavioral, histological, neuroanatomical, and electrophysiolog-
ical studies have led to several physically viable theoretical models that might also apply to
dogs. Two mechanisms are most widely discussed in the literature: the magnetite-based mech-
anism and the radical-pair mechanism.

Perhaps the most intuitively appealing mechanism to explain magnetosensitivity in animals
is the idea of a small permanent magnet inside the animal that acts like a compass needle [39].
Magnetite-based sensors may be located anywhere in the body, they do not need to be concen-
trated in (paired) organs and they can be very tiny.

Another proposed mechanism for magnetoreception in animals is based on an effect of the
magnetic field on the quantum spin states of a photo-excited chemical reaction that forms
long-lived, spin correlated radical pair intermediates (radical pair mechanism; [40,41]. It is
believed to occur in the specialized retinal cells [42,43]. It is assumed that the magnetic field
may generate a “visual” pattern of varying light intensity, color, and/or contrast superimposed
on the normal visual scene [40,44,45]. The model suggests that north or south “patterns” are
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more clearly recognizable and easier to be followed than east or west “patterns”. Accordingly,
and alternatively, the “pull of the north” could be also interpreted as a “deflection / repellence
by the east or west”.

Given that the choice of a dish in our experiment was visually guided, we may postulate
that the turning preference was determined by the dominant eye, so that a dominant right eye
resulted in clockwise, and a dominant left eye in counterclockwise turning. Assuming further
that magnetoreception in canines is based on the radical-pair mechanism [46,47], a "conflict of
interests” may be expected, if the dominant eye guides turning away from north, yet the con-
tralateral eye "sees the north", which generally acts attractive, provoking body alignment along
the north-south axis. To test this hypothesis, visual dominance (eyedness) in particular dogs
should be studied in an independent test, e.g. sensory jump test [35].

Magnetic alignment might have an adaptive function in that it provides a global reference
frame that helps to structure and organize spatial behavior and perception over many different
spatial scales. For example, one possibility is that magnetic alignment helps to put the animal
into register with a known orientation of a mental (cognitive) map, reducing the complexity of
local and long-distance navigation, and reduces the demands on spatial memory [44]. This
would be analogous to strategies used in human orientation; it is much simpler and intuitive
to navigate when the navigators align themselves with a physical map (i.e. the users rotate their
body direction to coincide with the alignment of the physical map), rather than to navigate by
mentally rotating the physical map to align with the user’s orientation. Therefore, we suggested
that the mental map in animals is fixed in alignment with respect to the magnetic field [2,38].
Indeed, important component(s) of the cognitive map may be derived from the magnetic field
(see below) and spontaneous magnetic alignment behavior may help to place the animal into
register with this map. This relatively simple alignment strategy would help animals to reliably
and accurately ‘read’ their cognitive map and/or extend the range of their maps when explor-
ing unfamiliar environments. Accordingly, animals of different taxa were frequently reported
to prefer to head about northwards when feeding (reviewed in [36-38]).

We suggest that the described simple turning test has a high heuristic potential and should
be extended for tests of visual laterality and be performed under a wider array of experimental
conditions to get more insight into the very mechanism, seat and function of
magnetoreception.

Supporting information

S1 Table. Indices of laterality each tested dog. ITP = index of turning preference; W-N desig-
nates the combination in which the test dishes were placed west and north; N-E = designates
the combination in which the test dishes were placed north and east; E-S designates the combi-
nation in which the test dishes were placed east and south; S-W = designates the combination
in which the test dishes were placed south and west, mN = 0° designates a control experiment;
mN = 90° designates an experimental condition with a shifted magnet field.
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Systematické studie zaméfené na navigacni strategie a na zapojeni konkrétnich smysli
béhem homingu u nemigrujicich zvitat (napt. August et al., 1989; Tsoar et al., 2011),
azvlasté u psovitych Selem (napt. Walton et al., 2018), nejsou zatim piili§ cCasté.
Navigacni schopnosti zvitat v jejich pfirozeném prostiedi jsou fascinujici, ale paradoxné
maji na svédomi obtize spojené s jejich poznavanim. Plné porozuméni vyzaduje ziskat
detailni informace jak 0 smyslovém vnimani a projevech chovani zvifat, tak i o prostiedi,
ve kterém se pohybuji (Kays et al., 2015; Moll et al., 2007). Zatimco diive byli védci
zavisli pouze na poznatcich ziskanych pfimym pozorovanim (napi. Schmid 1932, 1936;
Miiller 1965 citovano v Nahm, 2015), soucasny technologicky rozvoj (telemetrie, GPS,
bio-loggery, foto a video pasti), se soub&ézné probihajici miniaturizaci, umoznuje ziskavat
mnohem relevantnéjsi a detailnéjsi informace (Batsleer et al., 2020; Davidson et al., 2020;
Gerencsér et al., 2013; Kays et al., 2015; Lush et al., 2016; Painter et al., 2016; PaSukonis
et al., 2018; Walton et al., 2018; Yoda, 2019). I piesto stale narazime na nékteré limity.
Stacionarni zafizeni ,,nevidi® zvite mimo svij dosah (Kovacs et al., 2017), drony mohou
vyruSovat nebo jsou omezeny hustou vegetaci, GPS technologie a bio-loggery nemusi
poskytnou dostate¢né detailni informace o konkrétnich projevech chovani, pokud je zvite
mimo p¥imy dohled (Davidson et al., 2020). ReSenim mize byt pouziti minikamer
umisténych piimo na zviteti (Andersen et al., 2020; Moll et al., 2007; Rutz et al., 2007).
U volné Zijicich zvifat jsme stale limitovani malou vydrzi baterie a datového uloziste, ale
vhodnou alternativou by mohla byt domestikovana zvifata pod kontrolou ¢lovéka, ktera
maji moznost se voln¢ pohybovat (napi. psi a kocky) (Bombara et al., 2017; Huck &
Watson, 2019; Loyd et al., 2013).

Spojili jsme vyhody vySe uvedenych metod a z bézné komeréné dostupnych zatizeni
vyvinuli nositelny audio-video systém pro psy (wearable dog audio-video
system — WDAVS) kombinovany s GPS technologii (¢lanek v priprave). Kombinaci
malé outdoorové kamery s integrovanou GPS, ochranného pouzdra a oblékatelné vesty
jsme po otestovani pouzivali pro zkvalitnéni sbéru dat v ramci homingovych experimentt
se psy. Vyhody kombinovanych systémi jsou nesporné. Umoznuji systematicky spojovat
data o pohybu a chovani zvifat s udaji o okolnim prostiedim (Rosa, 2019). Nas systém

(WDAVS) je navic vyrazné levngjsi a bézné dostupny oproti systémim vyrabénym na

165



zakazku. Ty jsou bud’ drahé nebo vyzaduji rozsahlé znalosti o vyrobé a programovani
(Rosa, 2019). Na druhou stranu umoznuji systém Iépe pfizplsobit konkrétnim
pozadavkim vyzkumu Sohledem na napi. velikost sledovaného druhu a tim
minimalizovat piipadny vliv na pfirozené chovani zvitat (Yoda, 2019). WDAVS je sice
o néco t¢z8i nez doporuc¢ované 3 % hmotnosti zviie (3,2—6,4 % hmotnosti dle velikosti
psa), ale existuji i studie, kde hmotnost video systému tvotila az 9 % bez negativniho
vlivu na zvife (shrnuto v Moll et al., 2007). Na druhou stranu, psi WDAVS nosili pouze
po kratkou dobu (max. 90 min), ne dlouhodob¢ jako v jinych studiich, pro které byla
hodnota pocitana (napf. Bombara et al., 2017; Loyd et al., 2013). Béhem testovani nebyl
prokazan zadny negativni vliv na pohybovou aktivitu a homingové chovani psi. Do
budoucna by bylo vhodné cely systém doplnit jesté o bio-logger, ktery by ve spojeni
s WDAVS mohl poskytnout detailngjsi informace o chovani zvifat béhem homingu
a jeste vice urychlit a zkvalitnit nasledné zpracovani dat (Kutilek et al., 2018; Painter et
al., 2016).

Mnoho poznatkli o prostorové orientaci zvifat bylo ziskdno behaviordlnimi pokusy
Vv laboratofich, ale jak poukazuji Jacobs & Menzel (2014), laboratorni prostiedi je
ponékud problematické, protoZe neposkytuje zviratim dostatek pfirozenych podnétli pro
prostiedi muze vyrazné ovlivnit jejich chovani (Thorup & Holland, 2009). Dalsi
piekazkou je skutecnost, ze kazdy druh mize pouzivat zplsob orientace uzptisobeny své
zivotni strategii. Studium navigac¢nich mechanismi u co nejsir$i Skaly druhd je proto
nezbytné (Jacobs & Menzel, 2014). Zavedeni nového modelového druhu, kterym by pes
domaci mohl byt (jakoZto zastupce psovitych Selem) (Cooper et al., 2003) a jeho
sledovani v pfirozeném prostiedi (Adamkova et al., 2017; Benediktova et al., 2020; Hart
et al., 2013; Yosef et al., 2020), by mohlo posunout vyzkum prostorové orientace savct
novym smeérem. Psi jsou dobfe manipulovatelni, vyskytuji se témet po celém svéte a jsou
ochotni spolupracovat s clovékem (Miklosi, 2014; Serpel, 2017). Navic, stale existuje
skupina plemen pst, ktefi maji blizko k pfirodé a zachovali si dovednosti a schopnosti
blizké divokym piedkiim. Tou skupinou jsou loveéti psi pouzivani jako honiéi, ktefi jsou
charakteristicti vrozenou ochotou vyhledavat zvét, hlasité sledovat jeji stopu a nasledné
se vracet zpét ke svému majiteli. Pfitom jsou dostatecné samostatni, aby se vzdalovali

relativné daleko od majitele (i n¢kolik kilometrii), na druhou stranu maji s majitelem
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dostatecné blizky vztah, aby se ochotné vraceli zpét bez piivolavani (Brauer & Blasi,

2021).

Vyuzili jsme této vrozené vlastnosti loveckych pst, vybavili je GPS obojky a ¢astené
kamerami a sledovali, jakym zplisobem se psi (po ukonceni sledovani stopy) vraceli zpét
k majiteli (Benediktova et al., 2020). Vracejici se psi pouzivali pro navrat dva rozdilné
zpusoby. Navrat po své vlastni stopé (pojmenovany tracking) a navrat zcela novou trasou,

Casto s vyuzitim zkratek a lesnich cest (pojmenovany scouting).

Pii pouziti scoutingu byli psi schopni se vracet rychleji, nez kdyz pouzili tracking. Jednim
z divodl miize byt, Ze se pri scoutingu nezdrzovali sledovanim své vlastni stopy, kdy je
ukol nez samotné sledovani stopy (Hepper & Wells, 2005). Je otazkou, zda se pes pii
trackingu spoléha vyhradné na ¢ich. Z videozaznamd je patrné, ze neb&zi s nosem u zemég,
¢ehoz si v§imli i terénni pozorovatelé v piivodnich homingovych experimentech (Schmid,
1932 citovan v Nahm, 2015). Mohlo by se tak jednat i o piloting zalozeny na fad¢
orientacnich bodi, ktery byl u psti potvrzen, byt pouze v laboratornich podminkéch
(Fiset, 2007, 2009). Je vsak mozné, a Z naseho pohledu vysoce pravdépodobné, ze vyuziti
olfaktorickych a vizuélnich informaci je navzajem komplementarni a pes ob€ smyslové
modality kombinuje. Jak u pst, tak i u kocek bylo potvrzeno, ze i pies jejich vynikajici
¢ichové schopnosti preferuji v uréitych situacich vizualni vnimani (Mayes et al., 2015;
Polgar et al., 2015). Dalsi homingové experimenty by bylo mozné provadét napt. za tmy,

kdy by bylo vizudlni vnimani pst ¢aste¢né limitovano.

Dal$im diivodem pro rychlejsi navrat pfi pouZziti scoutingu mize byt vyuzivani lesnich
cest a p&Sin. Coz samotnou prichozi trajektorii sice prodluzovalo, ale zéaroven
zrychlovalo. Pro psy malych a stfednich plemen je z hlediska Setfeni energie vyhodné&jsi
pohybovat se po cesté ¢i vyslapané pésiné nez se prodirat hustym lesnim podrostem.
Podobné chovani bylo popsano i u vlka, ktefi timto zplisobem generovali efektivnéjsi
navratové trasy (Peters, 1978; Peters & Mech, 1975). Vyuzivani cest ve znamém terénu
je vsouladu s teorii o tvorbé kognitivnich map u zvitat (Tolman, 1948). Pozorované
pouzivani zkratek (Poulter et al., 2018), by rovnéz mohlo vysvétlovat rychlejsi navrat pii
pouziti scoutingu. Neni vsak jasné, jakym zpisobem dokazi psi vyuzivat cesty a zkratky

V neznamém terénu. VSimli jsme si, Ze psi piesné veédi, kdy maji cestu opustit, aby si
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zbyte¢né nezabéhli. Stejné tak vyuzivali jen cesty, které jim pomohly se pfiblizit k cili.
Schopnost vracet se novymi a ptiméj$imi trasami zcela nezndmym prostfedim byla dobte
popsana napf. u netopyrt, u kterych bylo navrzeno, ze jedno z voditek pii navigaci
neznamym terénem by mohlo poskytovat magnetické pole Zemé (Harten et al., 2020;
Toledo et al., 2020; Tsoar et al., 2011).

Obecné se da fici, ze tracking je spolehliva navratova strategie, ale delsi. Scouting
umoziuje pouzivani zkratek a je rychlejsi, vyzaduje vSak vyssi navigacni schopnosti a
kvili moznym chybam muze byt riskantni. PSi Scouting pouzivali o néco Castéji ve
znamém prostiedi nez v neznamém, coz je opét v souladu steorii kognitivnich map

(O’Keefe & Nadel, 1978; Tolman, 1948).

Jak jsme piedpokladali, psi vyssi kohoutkové vysky se v priméru pohybovali rychleji,
nemélo to vSak piekvapivé vliv na délku odchozi trajektorie. To znamena, Ze i mala
plemena pst, jako jsou napf. jezev¢ici, jsou schopna a ochotna se vzdalovat od majitele
stejn¢ daleko jako vétsi plemena pst. Rozdily mezi plemeny a ¢asto i mezi psy a fenami
jsou pii riznych typech kognitivnich tuloh diskutovany. Napiiklad pii testovani
olfaktorickych schopnosti byly meziplemenné rozdily potvrzeny (Miklési, 2014), naopak
nebyly potvrzeny v piipadé antipredacniho chovani (Samuel et al., 2020) ani v ptipadé
hledani ukrytého magnetu (Martini et al., 2018). V naSem ptipadé nebyly nalezeny
rozdily mezi plemeny ani mezi pohlavimi jak u homingového chovani pst (Benediktova
et al., 2020), tak béhem znackovani teritoria (Hart et al., 2013) ¢i pti dvouvybérovém
testu v magnetické civce (Adamkova et al., 2021). U dvouvybérového testu v pfirozeném
prostiedi (Adamkova et al., 2017) se sice objevily rozdily mezi velkymi a menSimi psy
i mezi pohlavimi, ale vzhledem k malym velikostem podskupin a jejich heterogenité
mohou byt vysledky zkreslené. Brauer & Blasi (2021) zminuji, Ze vétsi rozdily v chovani

pst lze najit spise v inter-individualni roving nezli v meziplemenné.

Detailnéj$im porovnanim navratovych strategii tracking a scouting bylo odhaleno vysoce
robustni a konsistentni chovani v poc¢atecni fazi navratu u pst vracejicich se scoutingem.
Konkrétng, v ptipadé scoutingu psi za¢inali sviij navrat kratkym béhem podél severojizni
magnetické osy, bez ohledu na aktualni polohu ukrytého majitele. Psi ve vétsing piipadi
z bodu navratu nevyrazeli rovnou smérem k majiteli, ale nejprve provedli zarovnany

dynamicky alignment, nazvany ,.kompasovy b&éh* a teprve poté se staceli smérem
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k majiteli. Naopak, v ptipad¢ pouziti trackingu se toto vysoce statisticky signifikantni
chovani neprojevovalo a psi z bodu navratu vyrazeli v ndhodnych smérech. Nejcastéji

smérem, odkud piib¢&hli.

Pouziti navratové strategie scouting bylo u pstt béhem homingu pozorovano jiz diive. Jak
u psu, ktefi byli vyuzivani jako kuryii béhem 1. svétové valky (Richardson, 1920), tak ve
dvou experimentech provedenych ve 30. resp. 60. letech minulého stoleti Bastianem
Schmidtem a Bernhardem Miillerem (shrnuto v Nahm, 2015). Od té doby zadné dalsi
experimenty zaméfené na homing pst provedeny nebyly. Zajimavou poznamku Ize najit
pohyb smérem k domovu. I kdyZ neni znamo nic o pfipadném sméru pohybu psa v této
fazi, Ize si predstavit moznou podobnost s kompasovym béhem loveckych pst vracejicich

se scoutingem.

Je nepravdépodobné, Ze by piimé zapojeni vizualnich, olfaktorickych nebo nebeskych
podnéti mohlo vysvétlovat vysoce stereotypni a konsistentni alignment kompasového
béhu pii scoutingu. Zalesnéné prostiedi a husta podrostova vegetace spolu s malou
vyskou pst nedovoluje vizualni pilotovani. Navic se potvrdilo, ze na kompasovy béh
nema vliv kohoutkové vyska (a tedy troven omezeni zorné¢ho pole), coz je v rozporu
S hypotézou vizudlniho pilotingu. Rovnéz Ize vyloucit olfaktorické pilotovani vzhledem
k vysoké variabilité povétrnostnich podminek béhem sbéru dat doprovazené lokalnimi
turbulencemi v podrostu. Ve 22 % ptipadi bylo uplné bezvétii a pouze v méné nez 10 %
ze zbylych 78 % by pes mohl hypoteticky vyuzit smér vétru, ktery foukal od majitele
k nému. To nevysvétluje vysoce signifikantni zarovnani kompasového b&éhu. Nekteré
studie dokonce naznacuji, Ze navzdory schopnosti Uspé$né fesit koly pomoci Cichu,
domestikovani psi ¢asto upfednostiiuji jiné kognitivni strategie (Polgar et al., 2015).
Podobné Ize vylougit polarizované svétlo. Sluneénich dni je v Ceské republice pomérmng
malo a vzhledem ke sbéru dat v riznych dennich i1 ro¢nich dobach, mnozstvi obla¢nosti
a husté vegetaci, pod kterou se psi pohybovali, se vyuziti polarizovaného svétla zda
nepravdépodobné. Obecné neni u savcl jeho detekce povazovana za prili§ rozsifenou
(Marshall & Cronin, 2011). Pes by pii navratu mohl teoreticky pouzit proces integrace
cesty (Etienne & Jeffery, 2004). Je ovSem znamo, Ze tento proces rychle hromadi chyby
linearniho i uhlového charakteru (Benhamou, 2014; Harootonian et al., 2020) a neni tak

pouzitelny pti pohybu na delsi vzdalenosti bez zapojeni externich smérovych informaci
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(Cheung et al., 2007, 2008). U pst bylo zjisténo, ze chyby v odhadu vzdalenosti se
pohybuji kolem 6 % a chyby v odhadu sméru dokonce 9 % pii vzdalenosti pouhych 20
az 30 metrti (Séguinot et al., 1998). Nasi psi se vraceli ze vzdalenosti ¢asto vétsi nez 1000
m, Vv mnoha ptipadech neznamym terénem, a presto polohu ukrytého majitele lokalizovali

velice pfesné.

V n¢kolika malo ptipadech lovecti psi predvedli zajimavé chovani. Po utéku se nevratili
K ukrytému majiteli ani k zaparkovanému autu, ale z bodu navratu zamifili rovnou na
misto, kde byli pfed zapocetim sbéru dat venceni, kdy venceni trvalo cca 20 min.
Vzdalenost mezi mistem venceni a mistem sbéru dat byla obvykle ptl kilometru.
Vzhledem k tomu, Ze mezi t€mito misty byli psi pfevazeni autem bez moznosti vyhledu
ven, pouziti integrace cesty Ize v téchto pripadech vyloucit, nebot’ psim chybi klicova

informace o jejich vlastnim pohybu (Etienne & Jeffery, 2004; McNaughton et al., 2006).

Teoreticky by mohlo byt zarovnani kompasového béhu podél severojizni magnetické osy
I reakci na pozici ukrytého majitele. Pokud by se majitel nachazel ¢asto na sever nebo na
jih od psa, nebo by pes Castéji v nékterych smérech od majitele utikal, logicky by se pes
timto smérem mohl zacit vracet. Nicméné vysledky statistické analyzy nic takového
nepotvrdily — pes vybihal od majitele v ndhodnych smérech a také pozice ukrytého
majitele vzhledem Kk vracejicimu se psovi byla nahodna. Na provedeni kompasového
béhu nemélo vliv plemeno psa, pohlavi, v€k ani znalost prostfedi. Navic, pokud psi zacali
svlj navrat pomoci kompasového behu, byla téméf Ctytikrat veétsi pravdépodobnost, ze se
budou vracet scoutingem nez trackingem. Shrnuto dohromady, je obtizné si piedstavit, Ze

by néktera z vySe uvedenych modalit méla zasadni vliv na provedeni kompasového béhu

.....

Naopak, zemské magnetické pole poskytuje stabilni, vSude dostupny a vzdy ptitomny
zdroj navigacnich informaci. Severojizni alignment kompasového be&hu podporuje
vysledky naSich pfedchozich studii o schopnosti psii vnimat magnetické pole. N&§ prvni
vyzkum zaméteny na magnetorecepci pst potvrdil preferenci pro zarovnani osy téla podél
severojizni magnetické osy pii znaCkovani teritoria, ale jen v piipadech klidného
magnetického pole (Hart et al., 2013). Dalsi potvrzeni magnetorecepénich schopnosti pst
pfinesly nase navazujici prace. Terénni studie zamétend na dvouvybérovy test preference

misek s potravou potvrdila, Ze psi v kombinaci severni a vychodni strany upfednostiiuji
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severn¢ umisténou misku (Adamkova et al., 2017). Studie stejného typu pifenesena do
magnetické civky ukézala, ze tzv. ,tah severu“ byl pfitomen jak v pfirozeném
magnetickém poli, tak 1 v magnetické poli oto¢eném o 90° (Adamkova et al., 2021).
U pst byla schopnost magnetorecepce potvrzena i dal§imi nezavislymi studiemi (Martini
et al., 2018; Yosef et al., 2020). Pfestoze byl magneticky alignment potvrzen u mnoha
druht zvitat v rozlicnych kontextech chovani (shrnuto v Begall et al., 2013; Burda et al.,
2020), stale neni zcela jasné, jaky adaptivni vyznam by mohl mit pro psy. Nicméné
psu, ktefi se rozhodli pro navrat scoutingem, lze ptedpokladat signifikantni vyhodu
takového chovani. Porovnanim pomeéru mezi délkou ptichozi trajektorie a vzduSnou
vzdélenosti z bodu navratu k cili (ukryty majitel) bylo zjiSténo, Ze kompasovy béh
zvySoval efektivitu navratu. Psi byli schopni se k majiteli vracet pfimé&;jsi, a tudiz kratsi
cestou, nez kdyz kompasovy béh na zacatku Scoutingu nepouzili. Rozdil v uc¢innosti se

pohyboval okolo 30 %.

Navrhujeme proto, ze kompasovy béh je prikladem pouziti magnetickych informaci.
Mohl by pomahat se zarovnanim mentalni mapy prostiedi podle magnetického kompasu
a tim k nastaveni spravného sméru k majiteli. Pouziti kompasového béhu zvysuje

pfesnost navigace, coz doklada zvysena efektivita homingu.

Kamery, které lovecti psi nosili béhem homingovych experimentl, pfinesly mnoho
doplilyjicich informaci a detaild o konkrétnim chovani a o prostfedi, ve kterém se psi
pohybovali. Napt. diivody ne¢ekaného zpomaleni €1 zastaveni, druh sledované zvéte a
jeji chovani, natocily zlodéje shozli apod. To vSe vidéno z perspektivy psa. Dale pomohly
s objektivnéj§im urcenim bodu navratu, ale hlavné s identifikaci chovani, které zatim
U psu, v souvislosti s prostorovou orientaci, nebylo nikdy diive popsano. Psi béhem
pohybu v terénu provadéli kratké zastavky. Tyto zastavky prokazatelné neslouzily
k odpocinku, protoze pes pfi nich zistal stat se vzty¢enou hlavou a zavienou mordou,
kratce se rozhlédl na jednu nebo na ob¢ strany a velmi €asto vybéhl ze zastavky novym
smérem. Toto chovéni je ndpadn€ podobné tzv. ,,Head scanningu® a chovani ,,Vicarious
trial and error®, které byly popsany béhem patraciho chovani a orientace potkani a jinych
zivocichu v souvislosti s rozhodovacimi procesy (Dupret & Csicsvari, 2014; Monaco et
al., 2014; Redish, 2016; Santos-Pata & Verschure, 2018; Tolman, 1948). Nicméng,

u vétsich savell jsou zaznamy z dGvodu nedostatku systematickych experimentd
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nekompletni (Kral, 2003). U ptakd byl head scanning pozorovan pii migrac¢nich
experimentech, kde bylo navrzeno, Ze skenovani slouzi k lokalizaci referenéniho sméru

poskytovaného geomagnetickym polem (Mouritsen et al., 2004).

Proto uvazujeme o dal$i mozné funkci kompasového béhu. Psi pohybujici se scoutingem
V nezndmém prostiedi nemohou pouzit vizualni znacky pro kalibraci integraci cesty.
Zapojeni magnetorecepce, zvlasté v neznamém terénu (kde jiny nez magneticky kompas
neni k dispozici), by se dalo piedpokladat. Kompasovy béh by tak mohl slouzit
k rekalibraci procesti spojenych s integraci cesty tim, ze by poskytoval globalni
referencni smér ve vztahu k magnetickému poli Zemé. CoZ by zvysilo dosah a presnost
integrace cesty (Cheung et al., 2007, 2008). Jak jiz bylo zminéno vySe, pokud psi béhem
scoutingu provedli kompasovy béh, jejich navratova trajektorie vedla pifimé&jsi cestou
k cili, nez kdyz ho neprovedli. Zapojeni magnetorecepce do procesti spojenych s integraci
cesty u podzemnich hlodavci vyrazné snizovalo akumulaci chyb, s rostouci vzdalenosti

se navic zvySovalo jeji zapojeni (Kimchi et al., 2004).

Otazkou zistava funkce head scanningu béhem homingu loveckych pst. Na zakladé
dostupnych znalosti (napt. Dupret & Csicsvari, 2014; Kral, 2003; Monaco et al., 2014;
R. Peters, 1978; Redish, 2016; Santos-Pata & Verschure, 2018) je jeho propojeni
s magnetorecepci pravdépodobné. At uz ve spojeni s integraci cesty (Cheung et al., 2007,
2008), detekci sméru (Mouritsen et al., 2004), ¢i pifimo s mechanismem vnimani

magnetického pole Zemé (shrnuto v Kobylkov, 2020).
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Navigacni schopnosti zvitat udivuji ¢lovéka od nepaméti. Zvlaste, kdyz nam je predvede

domestikované zvite, konkrétné pes domaci. Jak se psi orientuji, kdyz na rozdil od

¢lovéka nemaji v kapse mapu a kompas (v dnesni dob¢ spis ,,GPSku*), zistalo dlouho

zahaleno tajemstvim. V souvislosti s orientaci se v poslednich desetiletich hovofi

0 schopnosti zvifat ziskavat potiebné navigacni udaje z magnetického pole Zemé.

Piedkladana disertaéni prace predstavila moznosti studia zvifat v jejich pfirozeném

prostiedi, vcetné zapojeni modernich sledovacich zafizeni a nésledného zpracovani

velkoobjemovych dat. Cilem bylo ziskat nové poznatky o prostorové orientaci loveckych

pst v terénu a 0 mozném zapojeni magnetorecepce do procest spojenych s navigaci. Dale

byla zaméfena na vyhodnoceni vlivu magnetického pole na pozicni chovani psu:

Analyza pozi¢niho chovani psii pfi znackovani domovskych okrskli pfinesla
prvni diikaz o magnetosensitivé domacich psi a o vlivu pfirozenych fluktuaci
magnetického pole Zemé na jejich chovani.

Dvouvybérové testy, jak v piirozeném prostiedi, tak i v experimentalnim
prostiedi magnetické civky potvrdily vysledky pifedchozi studie
0 magnetorecep¢nich schopnostech doméacich pst.

Homingové experimenty potvrdily schopnost loveckych psi vyuZivat
magnetické pole Zemé i pro navigaci.

Sledovanim homingovych strategii loveckych psi Vjejich pfirozeném
prostiedi bylo zjisténo, Ze psi jsou ochotni a schopni se vzdalovat od majitele
1 na ne¢kolik kilometrii a vracet se spontanné bud’ po vlastni stop¢ (strategie
pojmenovana Tracking) nebo zcela novou trasou, €asto s vyuzitim lesnich cest
a zkratek (strategie pojmenovana Scouting).

Na ubéhnutou vzdalenost nema vliv velikost psa.

Pfi navratu scoutingem zacinali lovecti psi sviij navrat kratkym béhem podél
severojizni magnetické osy, tj. provedli tzv. dynamicky alignment nazvany
,kompasovy béh*.

Pouziti kompasového béhu pfi scoutingu zvysilo efektivitu navratové trasy,
psi byli schopni bé&zet rychleji a pfimocateji, nez kdyZz kompasovy bch

nepouZzili.
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- Vyvinuty a do praxe zavedeny WDAVS (nositelny audiovideo systém pro
psy) umoznil kvalitativné i kvantitativné rozsifit sbér dat a jejich nasledné
zpracovani.

- Pomoci softwaru vyvinutého v prostfedi Matlab® pro zpracovani
velkoobjemovych dat bylo odhaleno dfive nepopsané chovani pst (tzv. head

scanning).

Vysledky disertacni prace ptinesly nové poznatky o zpisobech prostorové orientace
a navigace loveckych psii a potvrdili existenci magnetického smyslu a vliv magnetického
pole Zem¢ na ptirozené chovani psti. Zavedeni modernich technologii pti sledovani zvitat
Vv jejich pfirozeném prostfedi rozSifuje moznosti vyzkumu behaviordlni a senzorické

ekologie.

Ackoli stale pfesné nezndme mechanismy, jakymi psi 1 ostatni zvifata vnimaji
a zpracovavaji pozi¢ni a smérové informace poskytované magnetickym polem Zem¢,
poznatky prezentované v této disertacni praci by nas mohly posunout zase o kousek blize

k poznani tajemstvi magnetického smyslu zvifat.

Jak je u zakladniho vyzkumu casté, nakonec vyvstalo vice otazek, nez kolik jich bylo

zodpovézeno:

1. Jaky vliv by méla na homingové schopnosti psit zména vné¢jSich podminek,
napt. sledovani orientacnich schopnosti za tmy nebo nasazeni malych
lokalnich magneti?

2. Maji psi magnetorecepci zalozenou na teorii radikalovych part a / nebo
principu magnetitovych castic? Dochazelo by pfi nocnim homingu nebo
nasazeni magnetu ,,jen‘ ke zméné€ poméru ve vyuziti jednotlivych navratovych
strategii nebo by se psi 1 vice ztraceli?

3. Vyuzivaji psi magneticky kompas (smérové informace) a / nebo magnetickou
mapu (pozi¢ni informace)? Jak magnetorecepce interaguje S ostatnimi
smysly?

4. Jaky funk¢ni vyznam ma pro psy head scanning a jaka je jeho role pfi orientaci

a navigaci v prostoru?
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