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1 Uvod a pojeti prace

., ZviFata maji stejné pocity jako clovek: radost a bolest, Stésti a nestésti. Tato hnuti mysli
Jje postihuji ve stejné mire jako nas.

Charles Darwin (1809 — 1882)

Zvitata jsou vnimajici bytosti, kterd mohou prozivat emoce podobné lidskym, avSak
lidské chapani jejich emoci je do znacné miry stale jeSté omezené. K dokonalejSimu
pochopeni zvitecich emoci, k porozuméni jejich vnimani reality, K poznani, jak funguji
kognitivni procesy zvifat, k odhaleni veskerych projevil jejich chovani, pfispéje kazdy
maly stfipek Z mozaiky poznani o zvifecim smyslovém vnimani. Dllezité je sezndmit se
co nejdokonaleji s jejich projevy chovani a pokusit se vysvétlit i zdanlivé bezvyznamné
behavioralni projevy. K objasnéni vSech otazek ndm mohou napomahat relativné nové
védni obory, jako jsou kognitivni etologie a smyslova ekologie zvifat. Pro pieziti
zvifecich druht je podstatné, aby zvifata dokazala zpracovavat tok informaci z vnéjsiho
prostiedi, aby si uméla informace zpracovat, zapamatovat a vyuzit je pii komunikaci, pti
hledani partnera nebo potravy, pii obran¢ pted predatory, ale aby se taktéz dokéazala diky
nim orientovat v prostoru a v ¢ase. Diky smyslim a smyslovému vnimani se jim dostava
dostatecné mnoZstvi informaci potifebnych pro pieziti. Kognitivni procesy, kam mimo
Citi a vnimani patii i uceni, pamét a mysleni, umoziuji zvifatim v jejich mozku na
urcitych urovnich intencionality podle mentalni vyspélosti konkrétnich druht, nabyté

informace ukladat, vyhodnocovat, zpracovavat a opétovné pouZit.

Ideélnim ,,studijnim vzorkem* pro studium téchto procesi je pravé pes domaci (Canis
familiaris). Je nejbliz§im spole¢nikem ¢lovéka, tedy jako zviteci model Siroce dostupny
a snadno se u¢i novym ulohdm. A¢ se psy zijeme ve spolecnych domécnostech, stale o

jejich komunikac¢nich a smyslovych schopnostech nevime vse.

V roce 2013 vysla prvni studie zabyvajici se magnetickym alignmentem u psa doméaciho,
ktera potvrdila, ze psi dovedou rozeznat malé¢ zmény geomagnetického pole. Nac by jim,
coby nemigrujicimu druhu, podobné informace slouzily? Vyvstava tim fada otazek, které
je tieba zodpovédét. Oteviely se tak nezmérné moznosti pro dalsi detailngjsi studium
magnetosenzitivity u pst. K moznému, avsak ne nemyslitelnému propojeni, by mohlo
dochdzet u magnetorecepce a laterality. A¢ do nedavné doby byla lateralita povazovéana

za ryze humanni projev, bylo empiricky dokdzéno, ze zivoCichové maji lateralizovany

4



koncetiny, smyslové organy a smysly, a zejména mozkové hemisféry. Pokud dochazi
k lateralizaci u zivoCichti na Grovni mozku, je nasnadé zamyslet se nad pfipadnou
kooperaci ¢i konkurenci obou behavioralnich projevi a schopnosti, kterymi lateralita a
magnetorecepce jsou. Zcela jisté maji svij davod, pro¢ jimi zivocichové, a tedy i psi

disponuji. Na nas je, abychom se pokusili otazku ,,pro¢* zodpoveédét.

Intenzivnim studiem psiho chovani mtizeme ziskat mnoho novych zajimavych poznatkd,
které by bylo mozné v budoucnu aplikovat i na dal$i druhy obratlovct. Znalost ¢lovéka o
projevech magnetosenzitivity a pochopeni lateralizace zivo¢ichti na mozkové arovni nam
muze prinést $irsi moznosti ke zkvalitnéni zivotnich podminek chovanych zvitat nebo

J4

V ochran¢ a péci o volné zijici druhy.

PiedloZena diserta¢ni prace je kompilaci védeckych ¢lanki zamétenych na studium
magnetorecepce a laterality domacich psii. Odborné ¢lanky, které jsou zde ptedloZeny,
jsou tematicky rozdéleny do dvou ¢asti podle cili prace. Byly publikovany ¢i jsou

Vv soucasné dob¢ v recenznim fizeni v impaktovanych védeckych ¢asopisech.



2 Cile prace
2.1 Lateralita psii a magnetorecepce

Cilem prvni ¢asti disertacni prace bylo sledovat stranovou vyhranénost pst a ovéfit, zda
lateralita jedince by mohla mit jakykoli vliv na ptfipadnou magnetorecepci psti. Ukolem
bylo otestovat, zda psi vykazuji stranovou preferenci. Pokud by u testovanych jedinci
dochazelo ke stranové vyhranénosti, ovéfit intenzitu této preference, porovnat ji
s motorickymi pokusy a otestovat, ktery typ laterality miize mit vliv anebo provazanost

S magnetickym alighmentem psi.

ADAMKOVA, J.; SVOBODA, J.; BENEDIKTOVA, K.; MARTINI, S.; NOVAKOVA,
P.; TUMA, D.; KUCEROVA, M.; DIVISOVA, M.; BEGALL, S.; HART, V.; BURDA
H. 2017: Directional preference in dogs: Laterality and "pull of the north". PLOS ONE,
12 (9): e0185243. DOI: 10.1371/journal.pone.0185243.

ADAMKOVA, J.. BENEDIKTOVA, K. SVOBODA, J.:. BARTOS, L.
VYNIKALOVA, L.: NOVAKOVA, P.; HART, V.; PAINTER, M. S.: BURDA, H. 2021:
Turning preference in dogs: north attracts while south repels. PLOS ONE (in print).

2.2 Tvorba kognitivnich map

Cilem druhé casti prace bylo zkoumat u psi vyuziti magnetorecepce pii tvorbé
kognitivnich (mentalnich) map. Ukolem bylo ovéfit, zda psi vnimaji magnetické pole
Zemg a jestli jim pomahd vytvofit si nebo uzptlisobit vlastni kognitivni mapy, respektive
zda tyto procesy ovliviuje. Dale popsat, jak pes dokaze vyuzivat mentalni mapy pii

pohybu ve znamém terénu, ale i v cizim prostiedi a jak je vyuziva k orientaci.

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. 2013: Dogs are sensitive to small variations of the Earth’s
magnetic field. Frontiers in Zoology, 10: 80. DOI: 10.1186/1742-9994-10-80



BENEDIKTOVA, K.; ADAMKOVA, J.: SVOBODA, J.; PAINTER, M., S.; BARTOS,
L.: NOVAKOVA, P.; VYNIKALOVA, L.; HART, V.; PHILIPS, J.; BURDA, H. 2020:

Magnetic alignment enhances homing efficiency of hunting dogs. eLife, 9:e55080. DOI:
10.7554/eLife.55080



3 Literarni prehled

3.1 Kognitivni procesy

Kognitivni procesy jsou projevem potifebnym pro pieziti kazdého zivoCicha vcetné
¢lovéka. Jsou podstatnym a nedilnym zakladem védniho oboru psychologie, zejména ve
vztahu ke studiu psychologie ¢lovéka. Pojem kognitivni pochazi z latinského vyrazu
cognoscere, coz v prekladu znamena poznavat, zkoumat ¢i zkouset. Jedna se o soubor
procest, které jsou soucasti psychické struktury jedince, slouzicich k identifikaci
a zpracovani poznatkll z vnéjsi i vnitini reality. Kognitivni procesy jsou tvofeny dil¢imi
pochody ¢i procedurami a témi jsou: piijem informaci Cili vuimani; zachovani nabytych
informaci, coz je uceni a pamét; vybaveni ziskanych informaci, coz ptedstavuje pameét a
imaginace; ptetvoreni informaci, jejich organizace i dalsi vyuziti, ato reprezentuje
mysleni. V neposledni fad¢ se do kognitivnich procesti zahrnuje taktéz rec. Slouzi jako
dorozumivaci a komunikac¢ni prostfedek k pienosu informaci (Juklova, 2010). Posledni
jmenovany kognitivni proces je obvykle ptipisovan jen ¢lovéku, nicméné ostatni procesy
jako jsou vnimdni, uceni, pamet’ a mysleni je pfisuzovano na urcitych stupnich védomi
dle intencionality i zvifatim (Dennett, 1997). VSechny podnéty a reakce z vnéjsiho svéta
maji potencidl pro zapamatovani. Tim dochazi k uceni, coZ je faktor, ktery nasledné
ovlivituje fyziologické fungovani a chovani zvifat. Vytvofeni a zapamatovani si Gispesné
strategie, tj. uceni, usnadnuje zvifatim lepsi zvladnuti a feSeni neoekavanych situaci a
snizuje stres z potencionalniho opétovného vyruseni (Broom & Johnson, 2019). Pro
preziti je nezbytna taktéz pamét. Zvifata pamét uzivaji v mnoha Zivotnich situacich
(nalezeni potravy, navrat na misto rozmnoZovani, aj.) Pro tyto ucely jim slouZi i

prostorova orientace, ktera je typem deklarativni paméti (Morris, 2013).

Broom (2010) uvadi, ze kognitivni schopnosti a emocionalni reakce zvifat mohou byt

vvvvv

nemusi nutn¢ znamenat, ze schopnosti disponuji v§ichni pfislusnici druhu.

Studium kognitivnich procest u lidi vyrazné usnadiuje, prohlubuje, ale i ilustruje metoda
zobrazovani aktivity mozku pomoci magnetické rezonance (Royet & Plailly, 2004). Tu

vsak nelze aplikovat na kazdé studium kognitivnich procesi u zvifecich druhd.



Pozorovani kognitivnich procest u zvifat je v mnohych ptipadech postaveno na sledovani
jejich behavioralnich projevt v jejich ptirozeném prosttedi. To mize byt zajimavym
pfinosem a doplnénim modernich studijnich metod za pouziti pfistroji v laboratornim
prostiedi. Prispét by k tomuto pozndni mél i interdisciplinarni védni obor zvany

kognitivni etologie (Bekoff, 1995).
3.1.1 Kognitivni etologie

Studiem obratlovcl a jejich chovanim v jejich pfirozenim prostfedi se zabyva Siroka
védecka vefejnost jiz po staleti, avsak pomérné¢ novym védnim oborem je kognitivni
etologie. Ta je ekvivalentem kognitivnich véd zabyvajicich se vyhradné studiem ¢lovéka,
jako je kognitivni psychologie. Lze s urcitosti tvrdit, ze na zakladé svych anekdotickych
pozorovani ziskal prvni poznatky z oboru kognitivni etologie jiz Charles Darwin. Védni
obor jako takovy vznikl a zacal se rozvijet aZ na ptelomu 70. a 80. let minulého stoleti. U
jeho zrodu stal zoolog Donald Redfield Griffin (1915-2003), vydanim své knihy The
Question of Animal Awareness: Evolutionary Continuity of Mental Experience v roce
1976 (Bekoff, 1995).

Kognitivni etologie je i Vv soucasnosti rychle rostoucim interdisciplinarnim védnim
oborem. Zabyva se studiem mentalnich poznatki, zkuSenosti, veskerych myslenkovych
procest, racionality a védomim u zvifat v pfirozeném prostiedi. V uzsim pojeti studuje
tyto procesy i v laboratofi. Zkouma chovani, reakce a zpracovani informaci zvifaty pti
obrané¢ pied predatory, pii vychov€ mlad’at, pfi zajiStovani potravy nebo pii pocitovani
bolesti ¢i slasti. Kognitivni etologie prokazuje, Ze zvitata disponuji védomim (Wilson &
Keil, 1999). Donald R. Griffin si kladl otazku: ,,Jaké je to byt konkrétnim zvifetem?“.
M¢l zajem ziskat co nejvice poznatkli o védomi zvifat. Zastaval nazor, Ze studium poznani
zvifat a jejich zvifecich mysli v ptirozeném prostiedi, ale i v laboratofi, by mélo pfispét
K uznani kognitivnich schopnosti i u zvifat zijicich v ptirodnich podminkach (Bekoff,

1995).

Dalsim prukopnikem kognitivni etologie je americky filozof Daniel Dennett (*1942).
Zastava nazor Ctyfstupniového hierarchického védomi zvifat podle intencionality. Tu
vymezuje z pohledu evoluce, kde se z neuvédomélého zivota, ktery zavisel pouze na
vnéjSich okolnostech, nahodach a §tésti, zacal vyvijet zivot uvédomély. Na nejnizsi
stupen fadi ,,darwinovsky typ“, na druhy stupen skinnerovsky typ, zalozeny na

behaviorismu, na tieti tzv. ,popperovsky typ“ a do nejvySsiho stupné tzv.
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»gregoriovského* zaclenuje i1 cloveéka jiz se schopnosti myslet, pouzivat néstroje a jazyk

(Dennett, 1997).
3.1.2 Smysly a smyslové vnimani

Vnimani neboli percepce je jednim z kognitivnich procest. Je podnécovano vjemy
z vnéjsiho nebo i vnitiniho prostiedi téla Zivocichli. Vjemy vyvolavaji tzv. dostiedivé
impulzy, které si zivo€ichové po dosazeni urcité intenzity schopni uvédomit pomoci kliry
mozkové. Smyslové vnimani zahrnuje zrak, ¢ich a chut’, hmat (véetné schopnosti vnimat
tlak, teplo, chlad ¢i bolest), sluch a rovnéz vnimani polohy a pohybu. Smyslové vnimani
umoziuji tzv. receptory V podob¢ jednoduchych nervovych zakonceni anebo jako soucést
specialnich smyslovych organt (Reece, 2011). Podle zachyceni vjemi z vnéjsiho ¢i
vnitiniho prostiedi téla rozeznavame exteroreceptory a interoceptory, popi. i
proprioreceptory (Gaisler & Zima, 2018). Kazdy receptor je prizpisoben, aby reagoval
na konkrétni druh energie (tepelna, zvukova, svételna, chemicka atd.) a tu nasledné
pfeménoval na akéni potencial. Tim se za pomoci tzv. senzitivnich neuronti prendsi

vzruchy ze senzorickych receptort do mozku (Kucera, 2013).

3.1.2.1 Magnetorecepce

Magnetorecepce je zatim nejméné prostudovanym smyslem. Je studovana u tady
obratlovcll. Zatim neni zcela presné urceno, jakym mechanismem je magnetické pole
Zemé vnimano, respektive o jaky specialni receptor by se mohlo jednat, a kde je v téle
zivo€ichil umistén. Existuje nékolik hypotéz, které se snazi magnetorecepce vysvétlit.
Tato schopnost jim pomaha orientovat se v prostoru, naptiklad pii migraci na dlouhé
vzdalenosti (Gaisler & Zima, 2018). Magnetorecepce je jednou z hlavnich ¢asti prace,

proto bude vice rozvedena v Kapitole 3.3 Magnetorecepce a jeji principy.
3.2 Lateralita

Lateralita neni sama osob¢ kognitivnim procesem, ale je se smysly velmi uzce propojena,
zejména S percepci. Diky podrobnému studiu laterality za posledni ¢tyii desetileti neni jiz
chdpana pouze jako vystfednost primati a cloveéka, ale naopak byla odhalena jako
vlastnost u mnoha skupin obratlovcti (Rogers, 2003). Lateralita zahrnuje asymetrii
mozkovych hemisfér a behaviordlni asymetrii, ktera je soucasti kazdodenniho chovani

zvirat (Vallortigara, 2000). U domestikovanych druhti ma lateralita zvlastni vyznam pfi
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vycvik a handlingu a hraje roli pfi utvafeni jejich dobrych zZivotnich podminek, naptiklad

ustajeni (Rogers, 2010).

Vyznamnou otazkou, tykajici se povahy laterality obratlovcu je, v jakém rozsahu je
lateralita generovana mechanismy spoleénymi pro vSechny smysly a smyslové organy.
Z pohledu fyzického omezeni napf. ptaci, ktefi se oto¢i za pfedmétem zdjmu svym
pravym okem, automaticky nastavi pfedmétu zdjmu i své pravé ucho. A v opacném
kontextu, bude-li konkrétni objekt pfedmétem zajmu pro jeden smysl zvifete, bude mit
sklon stat se pfedmétem zajmu i pro ostatni smysly (Rogers, 2003). Velmi dulezitym
poznatkem je, ze k lateralizaci dochazi obvykle na urovni mozku, i kdyz lateralizace na
urovni perifernich smyslovych organt je rovnéz mozna (Gehring et al., 2012). Je ovsem
otazkou, zda propojeni receptorii nebo piimo smyslovych orgdnii s mozkovymi
hemisférami je ipsilateralni, neboli stejnostranné (receptory z levého smyslového organu
predavaji impulzy do levé mozkové hemisféry, z pravého smyslového organu do pravé
mozkové hemisféry) ¢i kontralateralni (receptory z levého smyslového organu predavaji
impulzy do pravé mozkové hemisféry a z pravého smyslového organu naopak do levé

hemisfeéry).
3.2.1 Typy laterality

3.2.1.1 Mozkova lateralita

Mozkova lateralita je u obratlovci béznym jevem a je vSudy ptitomna (Gehring et al.,
2012; Magat & Brown, 2009; Rogers, 2003). Dtive byla povazovana pouze za vylu¢né
lidskou vlastnost, ale nyni je brana jako princip fungovani mozku obratlovct (Duboc et
al., 2015; Giintiirkiin et al., 2000). ZvySuje vykonnost mozku v kognitivnich tkolech, kdy
zivocich je pfinucen zapojit soucasné, ale pii tom odlisné obé mozkové hemisféry. Jako
ptiklad je mozné uvést pozornost pied predatorem a vyhledavani potravy (Rogers, 2004).
U fady druhi je prokézano pouzivani pravé mozkové hemisféry k provadeéni rychlych
reakci, fidi Gnik ¢i nouzové reakce, slouzi ke sledovani vseho nového a je projevem
intenzivnich emoci, jako je i agrese. Levd mozkovd hemisféra zajiStuje t¥idéni a
klasifikaci podnétd, reakce, u kterych je vyZzadovano zvazeni vice variant, fidi zavedené
vzorce V nestresovych situacich (Austin & Rogers, 2012; Rogers, 2010; Siniscalchi,
2008; Vallortigara, 2000). Siniscalchi (2008) uvadi, ze funkéni mozkova asymetrie, tedy
pouziti rozdilné mozkové hemisféry, byla studovana hlavné z hlediska vizualnich reakci.

U primath byla mozkovéa asymetrie zkoumana i pro sluchové vniméni. Na zaklad¢
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poznatku z vyzkumu laterality primatt vytvotil Siniscalchi (2008) experiment se psy
s cilem urcit, zda psi pouzivaji ke zpracovani zvukovych podnéti odlisné hemisféry.
Zaver studie odhalil, ze psi skute¢né pro zpracovani druhové vokalizace pouzivaji levou
hemisféru a zvuky bouiky, kterd v nich miize vyvolat emoce strachu, zpracovavaji
pomoci pravé mozkové hemisféry. Stejnych vysledkd dosahl Siniscalchi et al. (2018) u
pst, u nichz bylo sledovano zpracovani lidskych hlast. Psi reagovali na negativni emo¢ni
vokalizaci Clovéka (na strach, na smutek) pravou mozkovou hemisférou, zatimco leva
mozkova hemisféra zpracovavala pozitivni vokalizaci (na zvukové projevy Stésti

¢loveka).

Wylie et al. (2017) potvrzuji vliv mozkové lateralizace na vysledné chovani psu.
Asymetrie chovani, které odrazi rozdilné zapojeni obou hemisfér, prokazuje zapojeni
odlisnych hemisfér mozku psa na rtiznych funkcnich Urovnich, véetné senzorické a
motorické. McGreevy & Rogers (2005) potvrdili, ze k lateralizaci mozku koni dochazi

minimalné na dvou urovnich jednak na trovni smyslové a na urovni motorické.

3.2.1.2 Smyslova lateralita

Smyslova (senzoricka, percepcni) lateralita je studovana na Grovni riznych smysli. Tento
typ laterality miize kuptikladu vyjadfovat pouzivani pravého ¢i levého visualniho pole
zivocichll pfi rliznych aktivitach. Percepéni asymetrie, zejména u zvifat s lateralnim
umisténim o¢i nebo i1 usi, md podstatny biologicky vyznam a je V jejich chovani
vSudyptitomnd. Tuto skute¢nost dokazuje pravé rozdilené pouzivani zorného pole levého
¢i pravého oka pfi riznych tkolech jako je hledani potravy, ochrana pied predatory ¢i
agonistické chovani (Vallortigara & Rogers, 2005). Naproti tomu ve zvifeci ti$i existuje
fada druht s frontalnim postavenim o¢i, tedy s predispozici pro binokularni vidéni. Tito
zivocichové jsou pak schopni 1épe vnimat ve tiirozmérné vidéni, avSak maji zhorSené
periferni vidéni. Robins & Rogers (2004) potvrdili, ze i ropuchy s binokularnim vidénim
disponuji vyraznou lateralitou. Visudlni lateralita byla potvrzena u fady obratlovcl napf.
u domacich kurat (Rogers & Anson, 1979), u holubi (Giintiirkiin et al., 2000), v populaci
divokych australskych koni (Austin & Rogers, 2012). Vyrazna vizualni lateralita byla
prokazana u pst. Promitdnim zrakovych podnétd béhem krmeni u nich byla zjisténa

vizualni asymetrie (Siniscalchi et al., 2010).

Lateralizace vnimani zvukovych podnéti byla studovana u zpévnych ptaki. Jiz na

zaCatku sedmdesatych let pozoroval Nottebohm (1971) u pénkav, Ze pii svém zpévu
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zapojuji levou mozkovou hemisféru, zatimco ve stejné oblasti pravé mozkové hemisféry
tato funkce chybéla. Siniscalchi et al. (2012) odhalili lateralizaci ve vokalizaci psu.
Zjistili, Zze pii poslechu znamych zvuki nataceji pravé ucho a tim zapojuji levou
mozkovou hemisféru, kdeZzto u novych neznamych podnéti natacéeji ke zvuku levé ucho

a zapojuji pravou mozkovou hemisféru.

Siniscalchi et al. (2011) se zaméfili na podrobnéjsi vyzkum senzorické laterality pst, a to
na jejich dominantni smysl, kterym je ¢&ich. Cich je zhlediska laterality malo
prostudovanym smyslem. Autofi sledovali pouziti levé a pravé nozdry na rizné emoc¢ni
podnéty za pfirozenych podminek. U novych ¢ichovych vjemu, kterymi byly potrava,
citron, vaginalni sekret fen pouzivali psi nejprve pravou nozdru a S postupnym
opakovanim téchto ¢ichovych podnét piesli na pouziti levé nozdry. Vysledky pokusu
potvrzuji asymetrii mozkovych hemisfér pst, nebot’ nové podnéty psi zpracovavali zprvu
pravou mozkovou hemisférou a opakovanim je zacali zpracovavat jako rutinu levou
mozkovou hemisférou. Kdyz vsak psi ¢ichali drazdivé podnéty, jakymi jsou adrenalin
nebo pach potu jim znamého veterinare, konzistentné zapojovali pouze pravou nosni
dirku i pii opakovanych podnétech. Podatilo se tak potvrdit asymetrii pouzivani nozder
(Siniscalchi et al., 2011).

Zajimavé je porovnani senzorické a motorické laterality. Tomkins et al. (2010b)
navrhnuli pokus tzv. Sensory Jump Test, kdy psim zprostiedkovali tii typy vidéni
(binokularni, monokularni vidéni na pravé a monokularni vidéni na levé oko) pfi
skokovém tukolu. Autofi potvrdili, Ze neexistuje souvislost mezi preferenci o¢i a nohou.
Tato skute¢nost naznacuje, ze preference oc¢i neni vysledkem lateralizované motorické
kontroly a Ze preference o¢i a koncetin je zaloZena na dvou odlisSnych mechanismech
a ruznych urovnich neuralniho uspofadani (Tomkins et al., 2010b). Rozdilné trovné
nervového usporadani smyslové i motorické laterality potvrdili i McGreevy & Rogers
(2005) u koni.

3.2.1.3 Motoricka lateralita

Motorickéd lateralita se posuzuje na zakladé preference pouZziti parovych koncetin
obratlovcl v motorickych dovednostech ¢i béznych tkolech jako je tfeba 1 chiize nebo
stani. K jejimu hodnoceni jsou jako nejbéznéj$i prostfedek pouzivana pozorovani
zamé&fena na pouziti hrudnich koncetin (Batt et al., 2007). K tomuto ucelu slouzi nékolik

typti motorickych testd, které sleduji rozdilné zapojovani obou piednich koncetin (Batt et
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al., 2007; Poyser et al., 2006; Quaranta et al., 2004; Siniscalchi et al., 2016; Tomkins et
al., 2010a, 2012) Pozoruhodné jsou motorické experimenty na konich, ze kterych je
mozné Cerpat poznatky k motorické lateralité¢ psu. Studie McGreevy & Rogers (2005)
sledovala domaci kon¢ a jejich preferenci umisténi piednich koncetin jedné pied druhou
béhem pastvy. Zjistili, ze u domacich koni se preference koncetin, objevuje a navic se
S postupnym zvySovanim véku upeviluje, coz naznaCuje vliv tréninku nebo
neuromotorické zrani. Austin & Rogers (2012) sledovali divoké koné¢ v Australii.
Uvadéji, Zze nebyla pozorovana vyhranénost preferencniho pouzivani koncetin napftic
populaci. Potvrzuji tak teorii, ze v populaci domacich koni, kde k upfednostinovani
koncetin dochazi, muze byt projevem ziskané¢ho chovani na zakladé uceni a zkuSenosti.
Austin & Rogers (2012) také objevili silngjsi individualni preferenci koncetin u mladsich
divokych koni. Domnivaji se proto, Ze ziskavanim zkuSenosti Vv pfirozenim prostiedi se

mize vyhranénost koncetin modifikovat (Austin & Rogers, 2012).

Wells (2003) zjistovali v praci o motorické lateralité pst preferenci pouziti prednich
koncetin a intenzitu preference ve tfech riznych tkolech. Odhalili, Ze psi a feny se
odliSovali ve smérové preferenci pouziti tlapek. Pravé ptedni tlapky cCastéji pouzivali
feny, oproti tomu psi upfednostiiovali levou tlapku, coz bylo potvrzeno i v nasledujicich
vyzkumech (Quaranta et al., 2004; McGreevy et al., 2010). V téchto dvou jmenovanych
studiich, ale ovSem byli zapojeni do experimentu i kastrovani psi. Potvrzuje to i n€kolik
protikladnych studii, které nevykazuji souvislost mezi pohlavim pst a lateralitou
(Branson & Rogers, 2006; Poyser et al., 2006). Lateralizované chovani u psti na urovni
motorické laterality miZe byt siln€ ovlivnéno druhem ukolu, ktery ma pes konkrétné

plnit. Jednotlivé motorické testy vSak spole¢né nekorelovaly (Tomkins et al., 2010a).

Moznou spojitosti mezi motorickou lateralitou a imunitnim systémem pst se zabyvali
Quaranta et al. (2004). Zkoumali vztah mezi imunitnimi funkcemi a preferenci tlapek psu.
Motorickym testem ovéfili lateralitu psu. Poté otestovali u levaka, pravaka i
ambilateralnich jedinct pocet bilych krvinek, hladinu lymfocyt, granulocyti a
monocytl. Jednalo se o vibec prvni studii, kterd predstavila dikazy, Zze mozkova

asymetrie miZe ménit imunitni odpovedi pst pii regulaci protilatky.
3.2.1.4 Strukturalni lateralita

Strukturalni (morfologicka) lateralita se tyka nesoumérnosti morfologie téla, jeho ¢asti

nebo télnich organii. Typickym ptikladem je asymetrické umisténi vnitiniho organu -
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srdce. Pozorovany jsou ale i strukturalni rozdily mozku, respektive jeho ¢asti. Napi. Goto
et al. (2010) objevili strukturalni i funkéni rozdily v hipokampu mysi a jejich korelaci se

schopnosti prostorového uceni.

Strukturalni lateralita je pozorovana v souvislosti s anatomickymi atributy vlasovych virt
u lidi nebo srstovych virl u zvifat, ty mohou byt zajimavym znakem lateralizace jedince.
Klar (2003) zkoumal u lidi vztah preference ruky a sméru vlasovych viri. Domniva se,
ze vyvoj vlasovych virt u lidi vznika jiz na trovni embryonalniho vyvoje a ma souvislost
S vyvojem nervového systému a mozku. Podle Jansen et al. (2007) by mohl smér viru

poskytnout snadny anatomicky korelat pro funk¢ni lateralizaci mozku.

U zvifat byl tento typ laterality pozorovan u koni ve vztahu k motorické lateralité
(Murphy & Arkins, 2008). Tomkins (2010) sledovala mnozstvi, umisténi a smér
srstovych virt u psa. Tomkins et al. (2012) se zaméfili na porovnani vSech tfi typu
lateralizace (motorické, smyslové a strukturalni) soucasné. Vyskyt srstovych virt
naznaCil souvislost s motorickymi a smyslovymi schopnostmi pst. To by mohlo
V budoucnu napomoci efektivnéji uréovat vhodné kandidaty pro vycvik tfeba vodicich
pst. Strukturdlni lateralita a smér srstovych viri by mohl byt vhodnym nastrojem

K urCovani laterality psa.

3.2.1.5 Individualni a populaé¢ni lateralita

Individualni lateralita sleduje lateralizaci na vSech funkc¢nich wrovnich (mozkové,
smyslové ¢i motorické) u konkrétnich jedinct. Intenzita lateralizace se mize idividualné
lisit. To ma vliv 1 na kognitivni procesy jednotlivce a taktéz to mize ovlivnit individuélni
chovani. Nicméné¢, i pfes rizné turovné variaci individualni laterality na urovni druhu,
populace nebo skupiny, se vétSina jedinct lateralizuje stejnym smérem (Rogers &
Kaplan, 2019).

3.3 Magnetorecepce a jeji principy

Magnetorecepce, neboli vnimani magnetického pole, je smysl, ktery nam lidem, resp.
vétsing lidi, byl odepien, anebo jim disponujeme pouze na nevédomé urovni. V kazdém
ptipade tento smysl byl prokazan u mnoha druhii zivoc¢ichii riznych taxont (Begall et al.,

2014; Eder et al., 2012; Johnsen et al., 2020; Lohmann et al., 2007; W. Wiltschko &

ey oee
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let a zejména v poslednich dvou dekadach se fada odbornych publikaci vénovanych
magnetorecepci vyznamné rozrostla z hlediska zkoumanych zvitecich druht, kontexti,

hypotéz a metodickych ptistupi.
3.3.1 Hypotézy pro percepci magnetického pole

Bylo opakované mnohokrat prokazéano, zZe zivoc¢ichové dovedou vnimat magnetické pole
Zemg, tedy Ze jsou magnetosezitivni. Nicméné 0 principu ¢i mechanismech této smyslové
schopnosti u zvifat se stile vedou odborné diskuse. Magnetoreceptory se teoreticky
mohou nachazet kdekoliv v téle zivocichd, protoze magnetické pole je schopné
proniknout do kterékoli biologické tkan¢ (Barnothy, 1964). Nejcastéji jsou diskutovany
tyto tfi mechanismy: (1) vnimani magnetického pole pomoci feromagnetickych castic,
(2) elektromagnetické indukce a (3) kvantovy mechanismus zaloZeny na radikalovych

parech (Kobylkov, 2020; Mouritsen, 2018).

3.3.1.1 Princip feromagnetickych ¢astic

V ptirodé€ se bézné vyskytuje organicky magnetit (Fe3Oas) a je soucasti i tkani zivocicha.
Magnetit byl poprvé objeven u moiskych plzi chroustnatek v jejich radule (Lowenstam,
1962). Hypotéza o feromagnetickych ¢asticich je zalozena na predpokladu, ze v tkanich
zivocCichu existuji magnetické Castice, které se chovaji jako miniaturni magnetické jehly
kompasu (Yorke, 1979). Geomagnetické pole na magnetické krystaly vyviji tocivy
moment, diky kterému se pfiklani ke sméru indukénich ¢ar a tak se méni magneticky
vstup na mechanickou energii (Kirschvink & Gould, 1981). Ptitomnost magnetitovych
Castic v tkani zivoCichti dokazuje naptiklad Eder et al., (2012) u pstruhii. Magnetitové
¢astice musi mit ale propojeni s nervovym systémem, aby tento princip byl funkéni.
Nékteré studie naznacuji, ze magnetit je pouze vedlejsim produktem metabolismu Zeleza
(Mouritsen, 2018; Winklhofer, 2007). Mize se tedy jednat pouze o naznak mozné
magnetoreceptivni funkce (Kobylkov, 2020).

3.3.1.2 Princip elektromagnetické indukce

Elektromagnetickd indukce je zaloZena na vzajemném silovém plisobeni magnetického a
elektrického pole, ménici se magnetické pole generuje napéti na elektrickém vodici
(Kobylkov, 2020). Tento princip je piedpokladan u paryb (zraloki, rejnoki) a smyslovym

organem jsou pravdépodobné Lorenziniho ampule. Pohybuje-li se takovy zivocich
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(vodi¢) moiskou vodou (vodivé médium) vytvari se tak elektricky obvod s polaritou a
intenzitou proudu v zavislosti na rychlosti a sméru pohybu ve vztahu k magnetickym
silo¢aram. Zralok nebo rejnok tak miize detekovat malé napéti, které vznika jeho vlastnim
pohybem (Lohmann, 2010). Anderson et al. (2017) pfipevnili magnety na zraloky
pisecné, které jim narusily magneticky smysl, pfestoze indukéni mechanismus by nemé¢l
byt oslaben. Tento experiment Snarusenim proto zpochybiiuje hypotézu o

elektromagnetické indukci jako zakladnim mechanismu magnetorecepce Zralok.

Pro vznik elektromagnetické indukce je potieba pohybovat se ve vodivém prostiedi. Je
tedy pravdépodobné, ze by primarné suchozemsti obratlovci tento princip pro vnimani

geomagnetického pole vyuzivali (Ritz et al., 2010).

3.3.1.3 Princip radikalovych part

Mechanismus radikalovych parti (RPM) je zalozen na fotochemické reakci, kde jsou
radikdlové pary tvofeny jako meziprodukt této reakce a jsou ovlivilovany vné&jSim
magnetickym  polem (Schulten et al., 1978). Pravdépodobné¢ primarnim
magnetoreceptorem je molekula kryptochromu. Ta je schopna tvofit magneticky
senzitivni radikalové pary (Ritz et al., 2010). Molekuly vnimavé na svétlo méni svij
oxidacni stav v disledku absorbce svételné energie, vznika tim chemicka reakce, pii které
si dvé molekuly vzajemné piedavaji elektron a vytvari tim radikalovy par. Paklize existuji
Vv epifyze nebo v sitnici receptory, jejichZ fotopigmenty vytvareji magneticky senzitivni
radikalové pary, mize magnetické pole Zemé premeénit efektivitu transformace svétla na
membranovy potencial. Magnetické pole by se tim stalo viditelné (Ritz et al., 2010; viz
téz Némec & Vacha, 2007).

3.3.2 Magneticky alighment a jeho biologicky vyznam

Jednim z projevli magnetorecepce je magneticky alignment, coz je spontanni smérové
zarovnani osy téla s magnetickymi silo¢arami. Nejedna se o nahodné chovani (Wiltschko
& Wiltschko, 1995). Objevuje se vsak pouze, pokud na orientaci zvifete neptisobi zadné
povétrnostni podminky ¢i slunecni svit. Magneticky alignment pravdépodobné poskytuje
zvifatim ur¢itou vyhodu, naptiklad v danou chvili mohou Setfit energii (Begall et al.,
2013). U magnetického alignmentu zvifata nutn¢ nemusi pouzivat védomou magnetickou

percepci jako je tieba u navigace na velké vzdalenosti a pii prostorové orientaci,
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magneticky alignment sam o sob¢ pravdépodobné funguje na podvédomé urovni (Begall
et al., 2008). Magneticky alignment byl popsanu napfi¢ riznymi druhti obratlovcd a
v riznych kontextech chovani, kterd jsou kazdodenni soucasti jejich Zivota, napf.: U
pasouciho se skotu (Begall et al., 2008; Burda et al., 2009; Slaby et al., 2013), lovicich
lisek (Cerveny et al., 2011), v kadich u vanoénich kaprai (Hart et al., 2012), vodnich ptaka
pfistavajicich na vod¢ (Hart, Malkemper, et al., 2013), u znackujicich pst (Hart,
Novakova, et al., 2013), u mladych zelv (Landler et al., 2015), v Gtékovém chovani srn¢i
zvéie (Obleser et al., 2016), u divokych prasat (Cerveny et al., 2017), odpoéivajicich
plamenakt (Novakova et al., 2017) nebo kontextu orientaéniho chovani (Benediktova et
al., 2020). Existuji hypotézy, ze zarovnani podle magnetickych silocar ovliviuje
fyziologické procesy (Wiltschko & Wiltschko, 1995), pravdépodobné;jsi je ale jeho tiloha
Vv kognitivnich procesech: magneticky alignment pomahd zvifatim synchronizovat a
koordinovat pohyb ve skupin€, organizovat kognitivni (mentalni) mapy, métit vzdalenost
a sklon pohybu, piipadné i zvysit (zaostfit) selektivni smyslovou pozornost (Burda et al.,
2020). Vsudyptitomné magnetické pole muze pfinaset vngjsi smérovy referenéni ramec
(Phillips, Muheim, et al., 2010). Pozorovani pastvy srnéi zvéfe a hodnoceni Cerstvych
jelenich zélehti, kde je snadno rozpoznatelna hlava a zadni ¢ast loze, naznacuji, Ze
zaznamenany jev predstavuje nejen jednoduché bimodalni magnetické vyrovnani osy

téla, ale dokonce i orientaci hlavy na severni smér (Begall et al., 2008).
3.3.3 Magnetorecepce u psovitych Selem

Za poslednich né€kolik let bylo publikovano n€kolik mélo studii poskytujicich dikazy o
schopnosti psovitych Selem, liSek a psti, vnimat magnetické pole Zemé a piipadné 1

vyuZivat ve svlij prospéch.

Magneticky alignment byl u psovitych selem prvné pozorovan u lisky obecné (Vulpes
vulpes) pii lovu tzv. myskovanim. Podporuje teorii, Ze magnetické zarovnani zvirat neni
nahodné, ale poskytuje biologickou vyhodu. Ukazalo se, Ze lisky byly pii1 myskovani az
magnetickych smérech (Cerveny et al., 2011). Bylo zjiiténo, Ze psi zarovnavaji osu téla
podle severojizni magnetické osy Zemé, pokud je magnetické pole Zemé stabilni a
nedochazi jeho K ruSeni v disledku geomagnetickych boufi. Jednalo se o prvni diikaz
schopnosti psti vnimat zmény magnetického pole a taktéz, ze magneticky alignment je

jejich pfirozenym behavioralnim projevem (Hart, Novakova, et al., 2013). Pes (stejné
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jako my) mé ,,mentalni mapu“ (srovnej napt. Vesmir 96, 274, 2017/5) svého domovského
okrsku ¢i si takovou mapu v neznamém prostiedi vytvaii. Predpokladame, ze znackujici
pes zaroven zaznamenava do paméti polohu (,,koordinaty*) oznaceného mista, aby toto
misto a svou znacku pfisti den zkontroloval a obnovil. Zaznam polohy do mapy je snazsi,
kdyz mapu orientujeme ur¢itym smérem. KdyZz mapu ¢teme a vyznacujeme do ni svou
polohu, ota¢ime ji také tak, ze sever sméfuje nahoru a sever na mapé srovhavame s
kompasem a orientacnimi body. Nezavisly pozorovatel pfitom také uvidi, ze se otaime.
Fyzicka rotace je zjevné pro nas, 1 pro psa, ¢i jina zvifata jednodussi nez rotace mentalni
(Burda et al., 2020). V nedavné studii testujici spontanni smérovy vybér mezi dvéma
moznostmi, psi vykazovali preferenci pro severni smér (Adamkova et al., 2017). Dalsi
podporu pro magneticky smysl pst pfinasi i studie, kde byli psi schopni nalézt ukryty
magnetu, coz nasvédcuje, ze psi vykazuji samovolnou nebo naucenou reakci na
magnetické pole, respektive jeho naruseni (Martini et al., 2018). Nejnovéjsi studie
magnetosenzitivnino chovani psu se zabyvala prostorovou orientaci loveckych psu pii
orientaci v terénu, kdy pii navratu ke svému majiteli psi pravdépodobné dovedou
vyuzivat magnetické pole Zemé (Benediktova et al., 2020). Toto zjisténi je dalsi
podporou vyznamu magnetorecepce pii kognitivnim mapovani nejen pii migraci na velké
vzdalenosti, ale taktéZz pro prostorovou orientaci v mnohem mensim métitku (Begall et

al., 2014; Burda et al., 2020; Hart, Novakova, et al., 2013).”

3.4 Kognitivni mapy

V tradiénim pojeti si lze kognitivni mapu predstavit jako mapu prostiedi, kterd je
postupné zakladana v mozku zvitete (ale i ¢loveéka) na zaklad¢é stimuld ptichdzejicich
z vn¢jsiho prostiedi. Mapa tak predstavuje mentalni reprezentaci prostorovych vztaht

mezi riznymi objekty a mezi nimi a zvitetem (Tolman, 1948).

Pro stavbu kognitivnich map je dilezita aktivni explorace prostredi (O’Keefe & Nadel,
1978). To vyzaduje dostatecné velky aredl, ve kterém ma zvife moznost se opakované
vyskytovat a cestovat za potravou, partnerem a dalSimi zdroji (Peters, 1978). Piesnost
mapy se zvysSuje opakovanim nédvstév, navigace mezi jednotlivymi misty se tak stava
efektivnéjsi (Spencer, 2012). Kognitivni mapa jako neuralni model vnéjsiho prostorového
svéta rovnéZ umoziuje generovani a optimalizaci pohybu vyuZzitim zkratek a objizd€k

(pti vyskytu nenadalych piekazek) (Poulter et al., 2018).
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3.4.1 Prostorové informace a kognitivni mapy

Béhem tvorby a pouzivani kognitivnich map zvifata modifikuji své chovani. Napf.
potkani aktivné vyhledavaji podnéty potiebné pro konstrukci mapy. Jednd se o aktivni
pfijem informaci (Tolman, 1948). Samotné okolni prostiedi zvifete poskytuje piimé
informace o jeho umisténi v prostoru, vlastni pohyb zvifete mize byt pouzit pro odhad
posunu pozice (Barry & Burgess, 2014). Specifické pachy prostiedi se rovnéZz mohou
podilet na tvorbé kognitivnich map, nicméné jedna se o pomérn¢ variabilni zdroj
informaci, ktery miize byt ovlivnén mnoha vnéjSimi faktory (napf. vitr, slunecni zateni,

ro¢ni obdobi apod.) (Peters, 1978).

Srozvojem poznatki o magnetorecepci zvifat je diskutovan i dal$i mozny zdroj
informaci, ktery muze poskytovat globalni referenéni ramec pro strukturovani a
organizaci kognitivnich map. Magneticky alignment, jako jeden z behavioralnich projevi
magnetorecepce, by mohl pomahat zvifatim se zarovnanim mentalni mapy prostiedi a
redukovat tak slozitost lokalni i dalkové navigace (Phillips, Jorge, et al., 2010). Napft. u
vlk (Canis lupus) byla potvrzena schopnost vyuZzivat pii orientaci v prostoru rizné
zkratky a nové efektivnéjsi trasy pii ndvratu do vychoziho mista, véetné¢ schopnosti
navratu do puvodniho sméru v piipadé vyskytu necekané pickazky (Peters & Mech,
1976). Toto chovani vlkd potvrzuje pouzivani kognitivnich map v prostoru. Zajimavé je,
ze pouzivani zkratek nebylo pozorovano u vi¢ich Sténat. Tato schopnost se objevovala
postupné na zaklad€ ziskanych zkuSenosti a po opakovanych navstévach mist v ramci
jejich uzemi (Peters, 1978). Podobné chovani bylo popsano i u loveckych pst, ktefi byli
rovnéz schopni se vracet s vyuzitim zkratek a novych tras, ¢asto nezndmym terénem.
Efektivita jejich navratovych tras se vyrazné zvySovala, pokud se v prvni fazi navratu
zarovnavali podél severojizni magnetické osy (dynamicky alignment) (Benediktova et al.,
2020)

3.5 Lateralita versus magnetorecepce

Leva a pravd mozkova hemisféra se na anatomické trovni vyvijeji symetricky. Presto v
mozku existuji strukturdlni rozdily a kazda hemisféra zpracovava konkrétni a ¢astecné
odlisné kognitivni ukoly (Duboc et al., 2015). Mozkova asymetrie mtize ovliviiovat
ucinnost chovani (Hirnstein et al., 2010). Mysi se zvySenou asymetrii hippokampu snizily

vykony v prostorovém uceni a paméti (Goto et al., 2010). Malkemper et al. (2016)
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uvazuji o zasadnim vlivu lateralizace centralniho nervového systému na konzistentni
posun magnetického alignmentu obratlovct. Shrnuji  podstatné hypotézy o
mechanismech, které by mohly byt pifi¢inou posunu od severojizni magnetické 0sy.
Prostorova orientace a magnetorecepce v kontextu se senzorickou lateralitou je studovana
poslednich 20 letech. Pravdépodobné poprvé se vztahem laterality a magnetorecepce
zabyvali Wiltschko et al. (2002). Poskytli dikazy, Ze magneticky kompas ptaki je silné
lateralizovan a je vyrazn¢ dominantni pro pravé oko, a tedy levou mozkovou hemisféru.
Hemisferické rozdily pti pouziti magnetického kompasu u holubti potvrdil taktéz Prior et
al. (2004). Predchozi vysledky ale byly pozdé&ji zpochybnény (Gehring et al., 2012). S
ohledem na magneticky smysl existuje pravdépodobné spise funkéni mozkova
lateralizace, nez lateralizace na urovni distribuce receptora V sitnici oka (Wilzeck et al.,
2010). Experiment s holuby ukazal schopnost vnimat a zpracovavat sméry magnetického
kompasu obéma mozkovymi hemisférami. Rozdil byl pouze ve zpracovani kompasového
sméru. Levd mozkova hemisféra upfednostiiovala spravny nauceny smeér, avSak prava
mozkova hemisféra jej zaménovala za opacny nez nauceny, dochdzelo tak k axialni
odezvé. Jedna se o dikaz bilateralni funk&nosti mozku pii zpracovavani magnetickych

informaci, avSak odlisuje se kvalitou zpracovani (Wilzeck et al., 2010).

Zatim existuji jen velmi skrovné védomosti o centrdlnim zpracovani magnetickych
informaci v mozku obratlovc. Jsou navrzeny dvé hypotézy. Prvni se opira o
mechanismus radikalovych part, kdy informace o magnetickém kompasu vstupuje z oci
ptes jadro thalamu do ptedni Casti mozku do tzv. Cluster N. Druha je zalozena na
mechanismu magnetitovych castic, kde se pifenasi informace o magnetické mapé
z trigeminalniho nervu do tzv. bazalnich ganglii (ta jsou soucasti koncového mozku a
podili se na fizeni pohybu ¢&i na kognitivnich funkcich) (Mouritsen et al., 2016). Rada
obratlovct vykazuje spontdnni magnetické chovani, kdy se zarovnavaji se severojizni
magnetickou osou Zemé (Begall et al., 2013). Malkemper et al. (2016) dokazuji
vyznamnou podobnost tohoto axialniho chovani napfi¢ rozmanitymi druhy obratlovci,
upozoriyji ale na konsistentni posun magnetického zarovnani ve sméru hodinovych
rucicek od geomagnetického severu. Tato odchylka magnetického alignmentu obratlovcl
od magnetické osy by mohla byt zplisobena bud’ lateralizaci na urovni receptoru anebo
na urovni funkéni asymetrie mozku. U vétSiny studovanych obratlovci je predpokladano,
ze disponuji obéma typy magnetorecepce. Pokud by se jednalo o pouziti magnetického

kompasu (radikalové pary), Zivocich by musel receptor (pravdépodobné oko) srovnat s
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magnetickymi silo¢arami a nasledn¢ by mohl ¢ist ze své mentalni mapy, coz by mohl byt

divod konzistentniho posunu magnetického zarovnani u obratloveu (Phillips et al., 2002).
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4 Publikované prace a prace v redakénim rizeni
4.1 Lateralita pst a magnetorecepce

4.1.1 Smérova preference psii: Lateralita a ,,tah severu®

G PLOS | on

RESEARCH ARTICLE
Directional preference in dogs: Laterality and
"pull of the north"

Jana Adamkova', Jan Svoboda’, Katefina Benediktova', Sabine Martini?,
Petra Novakova', David Tama', Michaela Kuéerova', Michaela DiviSova', Sabine Begall?,
Vlastimil Hart', Hynek Burda™?*

1 Department of Game Management and Wildlife Biology, Faculty of Forestry and Wood Sciences, Czech
University of Life Sciences, Kamycka 129, Praha 6, Czech Republic, 2 Department of General Zoology,
Faculty of Biology, University of Duisburg-Essen, Essen, Germany

Obr. ¢. 1: Vyrez clanku Directional preference in dogs: Laterality and ,, pull of the

north“. Cely ¢lanek je umistén v piiloze ¢. 1 této disertacni prace.

Lateralita je pomérné dobfe prostudovanym jevem zejména u ¢love€ka, ale 1 ostatnich
primati. Preference parovych smyslovych orgdni a parovych casti téla je naprosto
piirozenou véci a Vv poslednich letech je lateralita intenzivné sledovana rovnéz u pst.
Védeckymi tymy z Australie a Italie navrhly motorické ¢i senzorické pokusy, kterymi Ize
lateralitu u psi testovat. Psi se stavaji pfedmétem z&jmu i z pohledu zkoumani
predpokladané schopnosti zvirat vnimat magnetické pole Zemé¢, tzv. magnetorecepce.
V praci Adamkova et al., (2017) je testovan vliv magnetického pole Zem¢ na lateralitu
pst.

Testovali jsme 25 pst, 14 riznych plemen v 31 lokalitach Ceské republice a Némecku.
Psi volili mezi dvéma identickymi miskami se stejnou potravou, které byly umistény
nalevo a napravo od psa. Misky byly otaceny tak, aby jejich umisténi postupné vystiidalo
vSechny svétove strany. Psi si z dvojice misek spontanné vybrali vZdy jednu jako prvni.
Nekteti psi se pii experimentu projevili jako pravostranni, nékteti jako levostranni, ¢ast

Znich se projevila jako ambilateralni, tedy nepreferujici levou ani pravou stranu.
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Prekvapivym objevem byl tzv. ,tah severu“. V situaci, kdy si psi volili vybér mezi
miskami s pokrmem umisténymi na sever a vychod, upfednostiovali ,,severni® misku,
bez ohledu na to, zda byli ,,pravaci nebo ,,levaci®. Toto chovani se vyraznéji projevovalo
u malych a stfednich plemen, fen a starSich jedincii pfi vybéru mezi miskami umisténymi
na sever a na vychod. Naopak vliv "tahu severu" u mladych jedincti a samci byl

nesignifikantni a pti vybéru misek pievazoval vliv individuélni laterality.

ADAMKOVA, J.; SVOBODA, J.; BENEDIKTOVA, K.; MARTINL S.; NOVAKOVA,
P.; TUMA, D.; KUCEROVA, M.; DIVISOVA, M.; BEGALL, S.; HART, V.; BURDA
H. 2017: Directional preference in dogs: Laterality and "pull of the north". PLOS ONE,
12 (9): e0185243. DOI: 10.1371/journal.pone.0185243.
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4.1.2 Preference otafeni psu: sever pritahuje, zatimco jih odpuzuje

PLOS ONE

Turning preference in dogs: north attracts while south repels
--Manuscript Draft--

Manuscript Number: PONE-D-20-31110R1

Article Type: Research Article

Full Title: Turning preference in dogs: north attracts while south repels
Short Title: Turning preference in dogs

Cormresponding Author: Hynek Burda

Czech University of Life Sciences in Prague Faculty of Forestry and Wood Sciences:
Ceska Zemedelska Univerzita v Praze Fakulta lesnicka a drevarska
Praha, CZECH REPUBLIC

Keywords: dog; laterality; magnetoreception; turning preference; visual dominance

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 "repulsion of the south”. The clockwise

Obr. ¢. 2: Vystrizek ¢lanku Turning preference in dogs: north attracts while south
repels — prijaty k publikovini od 11. 1. 2021. Cely ¢lanek je umistén v piiloze ¢. 2 této

disertacni prdce.

Na zéklad€ publikované studie o smérové preferenci psii ve vztahu k lateralité a ,,tahu
severu®, kdy se smérové preference u jednotlivych jedincti ukazuji jako konzistentni, ale
nasveédcuji uptfednostnéni ve prospéch magnetického severu (Adamkova et al., 2017),
jsme se zaméfili na dal$i zkoumani této problematiky. Pokud by projevy lateralniho
chovani psii narusilo magnetické pole Zemé nebo uméle vytvofené magnetické pole, dalo

by se hovotit o dalsim dokladu existence magnetosenzitivity psa.

Experiment byl zopakovan v elektromagnetické civce za ptirozeného magnetického pole
a za cilené posunutého magnetického pole o 90° ve sméru hodinovych rucic¢ek. Vysledky
ukazaly, ze ,,tah severu” ovliviiuje chovani pst i v uméle posunutém magnetickém poli.
Zajimavym zjisténim taktéz bylo, Ze upfednostnéni otaCeni psti ve sméru hodinovych
rucicek (pravotocivych psit), je vyrazn€js$i u kombinace umisténi misek na jih a zapad.
Naopak u psit uptednostiujicich otdceni v protisméru hodinovych rucic¢ek (levoto¢ivych
pst) je vyraznéjsi u kombinace misek umisténych na jih a vychod. Z tohoto ditvodu jsou

misky umisténé na jih vybirany coby prvni méné ¢asto. Pfedpokladdme, Ze volba misky
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a tedy upfednostnéni otoCeni doprava/doleva je vedena dominantnim okem psa. Tato
skute¢nost podporuje hypotézu, Ze magnetorecepce u psu je zaloZzena na principu

radikalovych part.

ADAMKOVA, J.. BENEDIKTOVA, K., SVOBODA, J; BARTOS, L.
VYNIKALOVA, L.: NOVAKOVA, P.; HART, V.; PAINTER, M. S.; BURDA, H. 2021:
Turning preference in dogs: north attracts while south repels. PLOS ONE, (in print).
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4.2 Tvorba kognitivnich map

4.2.1 Psi jsou citlivi na malé zmény magnetického pole Zemé

Hart et al. Frontiers in Zoology 2013, 10:80 FRONTIERS IN ZOOLOGY
http://www.frontiersinzoology.com/content/10/1/80
RESEARCH Open Access

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

Vlastimil Hart", Petra Novékova', Erich Pascal Malkemper?", Sabine Begall®", Vladimir Hanzal', Milo$ Jezek',
Tomas Kusta', Veronika Némcova', Jana Addmkova', Katefina Benediktova', Jaroslav Cerveny' and Hynek Burda'?*

Obr. ¢. 3: Vyrez clanku Dogs are sensitive to small variations of the Earth’s magnetic

field. Cely ¢lanek je umistén v piiloze ¢ 3 této disertacni prdce.

Magnetorecepce savcl je jiz dlouho sledovanym jevem, ale az v poslednich letech je
pozornost intenzivnéji zaméfena piimo na pozorovani magnetorecepce u psovitych
Selem, zejména pak u pst. Ukazalo se, Ze zajimavym nastrojem pro studium
magnetosenzitivity je magneticky alignment, tedy zarovnani téla jedince se severojizni
osou Zemského magnetického pole. Tento projev pozi¢niho chovani pravdépodobné
nejen psim, ale i fad¢ dalSich obratlovct, pfinasi vyhodu pro jejich prostorovou

orientaci a pfipadnou tvorbu a ¢teni kognitivnich map.

Pro splnéni tohoto dil¢iho cile byli sledovani psi pti urinaci a defekaci, tedy u béznych
¢innosti, které denné musi psi vykonavat v ramci tzv. venceni a kdy si timto zpisobem
znackuji i domovsky okrsek, resp. navstivena mista. Po dobu dvou let byla sbirdna data
celkem od 70 psti, 37 plemen. Data byla nasledné rozdélena podle zmén intenzity
magnetického pole, které byly odecitany z dennich magnetogramii. Bylo prokazano, ze
psi pii znackovani maji tendenci natacet télo podle severojizni osy magnetického pole
Zemé. Toto chovani se vSak u nich projevi jen tehdy, kdyZ je magnetické pole klidné. Z
danych pozorovani lze usuzovat, Ze psi jsou schopni vnimat velmi citlivé zmény

magnetického pole Zemé. Tento poznatek odkryl Siroké moZnosti pro dalsi intenzivné;si

badani na poli magnetorecepce u psa domaciho.
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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. 2013: Dogs are sensitive to small variations of the Earth’s
magnetic field. Frontiers in Zoology, 10: 80. DOI: 10.1186/1742-9994-10-80
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. 7 We

4.2.2 Magnetické zarovnani zvySuje ucinnost homingu loveckych psi

9eLife |

Magnetic alignment enhances homing
efficiency of hunting dogs

Katerina Benediktova'*, Jana Adamkova', Jan Svoboda’, Michael Scott Painter'2,
Ludék Bartos®*, Petra Novakova', Lucie Vynikalova®, Vlastimil Hart',
John Phillips®, Hynek Burda™

"Department of Game Management and Wildlife Biology, Faculty of Forestry and
Wood Sciences, Czech University of Life Sciences, Praha, Czech Republic; 2Biology
Department, Barry University, Miami, United States; *Department of Ethology,
Institute of Animal Science, Praha, Czech Republic; “Department of Ethology and
Companion Animal Science, Faculty of Agrobiology, Food and Natural Resources,
Czech University of Life Sciences, Praha, Czech Republic; *Department of Zoology
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

Obr. ¢. 4: Vyrez clanku Magnetic alignment enhances homing efficiency of hunting

dogs. Cely ¢lanek je umistén v piiloze ¢ 4 této disertacni prdce.

Vytvareni vlastnich mentalnich neboli kognitivnich map, je pravdépodobné jednim z
nastroju, které napomahaji zivocichtim k orientaci v prostoru pti hledani potravy, hledani

partnera €1 pfi prostorové orientaci ve vlastnim teritoriu a navigaci v nezndmém prostiedi.

Na zéklad¢ poznatkl z prace Hart et al. (2013), kde byl sledovan magneticky alignment
psu, vyvstala zajimava otdzka. Jsou-li psi schopni vnimat zmény magnetického pole
Zem¢, nevyuzivaji tuto dovednost pfi prostorové orientaci? Lovecti psi v myslivecké
praxi se bézn€ vzdaluji od svych majitell na velké vzdalenosti, dokonce i ve zcela
neznamém prostiedi, kde se nikdy diive nepohybovali, a pfesto jsou schopni se neztratit
a najit cestu zpét k majiteli. Pies tfi roky bylo sledovano 27 loveckych psi pfi jejich
navratu zpét k majiteli po jejich pfedchozim utéku za zvéii. Pomoci videokamer a GPS
obojkl bylo zjisténo, ze psi pii vyuzivali dvé odlisné navratové strategie. Navrat po
vlastni stop¢ tzv. ,.tracking*, anebo navrat novou trasou tzv. ,,scouting“. Odhaleno bylo
zajimavé, diive nepopsané chovani pst, které bylo pojmenovano jako ,.kompasovy beéh*.
Psi, ktefi se vraceli za pomoci scoutingu, zapocali svilj navrat kratkym beéhem podél
severojizni magnetické osy a to bez ohledu na to, kterym smérem se nachazel jejich

majitel. Je proto vysoce pravdépodobné, ze psi diky provedeni ,.kompasového béhu*
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vyrovnavali svou vlastni mentalni mapu prostiedi s magnetickym kompasem, coz by

mohlo napomahat K nastaveni spravného sméru k majiteli.

BENEDIKTOVA, K.; ADAMKOVA, J.: SVOBODA, J.: PAINTER, M., S.; BARTOS,
L.. NOVAKOVA, P.; VYNIKALOVA, L.; HART, V.; PHILIPS, J.; BURDA, H. 2020:

Magnetic alignment enhances homing efficiency of hunting dogs. eLife, 9:e55080. DOI:
10.7554/eL.ife.55080
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5 Diskuze

Experimenty s umistovanim misek s potravou ve dvou sousednich kompasovych
smérech (sever a vychod, vychod a jih, jih a zapad nebo zapad a sever) potvrdily vysledky
anebo se jevi jako ambilateralni (Siniscalchi et al., 2016, 2017; Tomkins et al., 2010a;
Wylie et al., 2017).

Smérova preference otaceni pst nekoreluje s motorickou lateralitou zjistovanou pomoci
tzv. Kong testu. Zda se, Zze oba typy preferenci jsou fizeny rliznymi proximatnimi
ukazuji, ze vizualni (smyslova) a koncetinova (motorickd) lateralita pst jsou na sobé

nezavislé.

Ve studiich rovnéZ nebyl zjistén zadny vyznamny vliv pohlavi na smérovou preferenci
otaceni, coz potvrzuje diive publikované zavéry (Branson & Rogers, 2006; Poyser et al.,
2006). V souladu s vysledky studie v otevieném terénu (Adamkova et al., 2017) byla
preference otaceni konzistentni pro kazdého konkrétniho psa pro vSechny kombinace
umisténi misek také pii testovani v interiéru elektromagnetické civky. Elektromagneticka
civka ma jednotné stény, bez zjevnych orienta¢nich bodii a soucasné jsou zde vylouceny
vngjsi vlivy jako slunce nebo vitr. Oba experimenty v exteriéru (Adamkova et al., 2017)
i interiéru (Adamkova et al., 2021) vykazovaly mirné, ale vyznamné naruSeni v tom, ze

misky umisténé na sever byly voleny castéji, neZ by se dalo o¢ekavat podle primérné

vvvvvv

vvvvv

jihem®. Tyto efekty jsou jednostranné: preference otaceni ve sméru hodinovych rucicek
(psi pravaci) je vyrazn€jsi (,,zrychlena®) v kombinaci jih-zapad, zatimco preference
otaceni proti sméru hodinovych rucicek (psi levaci) je ,,zrychlovana“ v kombinaci jih-
vychod. Na druhou stranu kombinace sever-vychod snizuje (,,zpomaluje™) preferenci
otaceni ve sméru hodinovych rucicek (psi pravaci), zatimco v kombinaci (sever-zapad) je
preference otaceni proti sméru hodinovych rucicek (u pst levakd) snizena. Timto
zpusobem jsou celkové jizné umisténé misky s pokrmy voleny méné¢ Casto, nez by se dalo

ocekavat, zatimco severné¢ umisténé pokrmy jsou zjevné vyhodnéjsi. Protoze ,,rotacni
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zpomaleni® je silngj$i v N-E nez kombinace N-W, zatimco ,,zrychleni* je silngjsi v S-E

nez v S-W kombinaci, vysledna teoreticka stfedni preference je pro severovychod.

V této souvislosti mize byt podstatné, ze analyza publikovanych vysledkii chovani
magnetického zarovnani u riiznych druhti obratlovci odhalila, Ze magneticky alignment
se obvykle shoduje s magnetickou osou sever-jih, avsak primérné smérové preference
jednotlivce nebo skupin organismu jsou ¢asto posunuty ve sméru hodinovych ruci¢ek od
osy sever-jih (Begall et al., 2013; Burda et al., 2020; Malkemper et al., 2016). Odchylka
od magnetické osy sever-jih by mohla vzniknout na rtiznych tUrovnich senzorické
hierarchie: mohla by souviset bud’ s asymetrii na Grovni smyslu, nebo s funk¢énimi

asymetriemi mozku, tj. s centralnim zpracovanim.

Ackoli zplisob vniméani sméru magnetického kompasu u zvifat zastavd zahadny
(Nordmann et al., 2017), nalezy z behavioralnich, histologickych, neuroanatomickych
a elektrofyziologickych studii vedly k né€kolika Siroce pfijimanym modelim, které by
mohly platit i pro magnetorecepci psi. V literatufe jsou nejcastéji diskutovany dva
mechanismy: mechanismus zaloZeny na magnetitech a mechanismus radikalovych part.
Snad intuitivné nejpfitazlivéjsim mechanismem k vysvétleni magnetosenzitivity u zvifat
je myslenka malého permanentniho magnetu uvnitf téla zvitete, ktery funguje jako jehla
kompasu (Yorke, 1979). Receptory na bazi magnetitu mohou byt umistény kdekoli v téle

zivocichtll, nemusi byt koncentrovany v parovych organech a mohou byt velmi malé.

Dalsi navrhovany mechanismus pro magnetorecepci u zvifat je zaloZen na fotochemické
reakci, kde jsou radikalové pary tvotfeny jako meziprodukt této reakce a jsou ovliviiovany
vngjsim magnetickym polem (mechanismus radikalovych part) (Hore & Mouritsen,
2016; Ritz et al., 2000). Je pravdépodobné, ze se vyskytuji ve specializovanych buiikach
sitnice (Worster et al., 2016).

Predpoklada se, Ze magnetické pole miize generovat ,,vizudlni‘ obraz s riznou intenzitou
svétla, barvou anebo kontrastem ptekryvajicim obvykly vizualni vjem (Phillips, Jorge, et
al., 2010; Solov’yov et al., 2010). Tato hypotéza naznacuje, ze Vizualni zobrazeni
severniho nebo jizniho sméru je jasné€ji rozpoznatelné nez zobrazeni vychodniho nebo
zapadniho sméru. Lze tedy fici, ze ,,tah severu™ by se dal interpretovat i jako ,,odklon /
odpuzovani vychodem nebo zapadem®. Protoze experiment prvni volby misky je zalozen
na vizualnim vnimani, muzeme postulovat, Ze preference otaCeni byla urcena
dominantnim okem. Dominance pravého oka méla za nasledek preferenci otaceni ve

sméru hodinovych rucicek a dominance levého oka preferenci otaceni proti sméru
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hodinovych rucicek. Za ptedpokladu, ze magnetorecepce u psovitych je zalozena na
mechanismu radikalovych part (Cerveny et al., 2011; NieBner et al., 2016), 1ze oéekavat
,konflikt zajmu*, pokud se dominantni oko odvraci od severu, ale kontralateralni oko
,,vidi sever. To by mohlo vyvolat potfebu nasmérovani dominantniho oka k severu a tim
podnitit zarovnani té€la podél osy sever-jih. K potvrzeni hypotézy vizualni dominance by
meéli byt psi Otestovani nezavislym testem, napt. sensory jump test (Tomkins et al.,
2010Db).

Magneticky alignment by mohl poskytovat globalni referen¢ni ramec, ktery by pomahal
strukturovat a organizovat prostorové chovani a vnimani zivoc¢ichti v mnoha prostorovych
ukolech. Jednou z navrhovanych moznosti je zarovnani kognitivni mapy podle
magnetického kompasu (Hart, Novakova, et al., 2013), coz by mohlo sniZovat sloZzitost
mistni a dalkové navigace a zmenSovat naroky na prostorovou pamét’ (Phillips, Muheim,
et al., 2010). Jedna se o analogii pouziti papirové mapy ¢lovékem. Navigace je mnohem
jednodussi a intuitivnéj$i, kdyz se osoba zarovna s fyzickou mapou, nez kdyz by si
otaceni mapy pfedstavovala a promitala mentalné€. Navrhujeme, Ze magneticky alignment
zprostiedkovava fyzické zarovnani mentalni mapy zvifat s ohledem na magnetické pole
Zem¢ (Burda et al., 2020; Hart, Novakova, et al., 2013). Tato relativné jednoducha
strategie zarovnani by mohla pomahat zvifatim spolehlivé a ptesné ,,Cist“ jejich

kognitivni mapy.

Dalsim popsanym vyuzitim magnetického alignmentu u pst je provedeni tzv.
,,kompasového béhu v pocate¢ni fazi jejich navratu k majiteli po ttéku za zvéri. Psi se
pii ,.kompasovém behu* zarovnavali podél severojizni magnetické osy (dynamicky
alignment), ¢imz byli schopni vyuzivat zkratek a pfiméjsich tras. Vyrazné tak zvySovali
efektivitu navratovych tras v porovnani s navraty, kdy kompasovy béh neprovedli
(Benediktova et al., 2020). Podobné chovani, tj. schopnost vyuZivat pfi orientaci v
prostoru rizné zkratky a nové efektivnéjsi trasy, bylo popsano i u blizkych piibuznych
pst, u vlkia (Peters & Mech, 1976). Tato schopnost se objevovala postupné na zakladé
opakovanych navstév riznych mist v rdmci jejich Gzemi a postupnym ziskdvanim
zkusenosti (Roger & Peters, 1978). Vyse shrnuté poznatky pfinaseji dikazy schopnosti
pstl vytvaret a pouzivat mentalni (kognitivni) mapy pro orientaci ve znamém i neznamém
prostiedi. Jasné ukazuji na zapojeni magnetorecepce pii pouzivani kognitivnich map,
protoze v ptipadé, kdy se psi v pocatecni fazi ndvratu nezarovnali, jejich navratova trasa

byla delsi a méné piimé (Benediktova et al., 2020).
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6 Zavér
Predkladana disertacni prace pfinasi nové poznatky na poli behaviordlniho chovani zvifat

ve vztahu k magnetorecepci:

- Chovani pst pfi znackovani domovskych okrskii piineslo prvni dikaz o
magnetosenzitivnim chovani domacich psi a o schopnosti vnimat malé zmény
magnetického pole Zemé.

- Prezentovany jednoduchy test vybéru ze dvou misek potvrdil magnetosenzitivitu
pst a mozny vliv magnetorecepce na jejich lateralitu. Mohl by byt v budoucnu
zafazen k dal§im senzomotorickym testim pro zjisténi lateralizovaného chovani
pst v konkrétnich ukolech.

- Lateralita, ,,tah severu® a ,,odpuzovani jihu“ jsou jevy, které by mély byt brany v
uvahu pfi riznych behavioralnich testech, s nimiz mohou byt psi nebo jina zvitata
konfrontovana.

- Magnetické pole Zem¢ miize psim (a obecné savciim) poskytnout univerzalni
referencni ramec, ktery je nezbytny pro navigaci na dlouhé vzdalenosti a

napomahat spolehlivému ,,Eteni* kognitivnich map.

Fenomén magnetorecepce je nezbytné brat v ivahu ve studiich zamétenych zejména na
prostorové chovani zvifat. Nase zjisténi ukazuji dilezitost dalSiho vyzkumu na zapojeni

v

magnetickych stimulil u psovitych v kontextu nejrozmanitéjSich behavioralnich uloh.
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Abstract

Laterality is a well described phenomencn in domestic dogs. It was shown that dogs, under
calm Earth's magnetic field conditions, when marking their home ranges, tend to head about
narth- 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
maost 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.

Intreduction

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)
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Table 1. Survey of the tested dogs and their factars.

breed subject country [ size seK age laterality n M M
| testseries | (1stlocality)  (2nd locality)

borzoi Hen cZ L M 1 left 36 + 36 225 135"
labrador retriever Man CZ L M 12 ambi | 36 72 X
wirghaired pointer Aja CZ L F 4 ambi | 35+36 220 305"
beagle Azi cz M M 4 right | 38+36 | 354’ a8
cocker spaniel Bar cZ M F 2 left 36 + 36 353" 18"
cocker spaniel Mal CcZ M F 8 ambi | 365+36 281 278"
foxterrier Fra CZ M F i left | 36+36 54 333"
foxterrier Got CZ M F 1 left | 36+36 45 62
faxterrier Bes cz M F 6 ight | 38+36 18° | 34g°
dachshund Tear C2Z S F 4 ambi | 35+36 | 270" | 257"
dachshund Can CcZ S F [ ambi | 36+36 | 323 | 315"
dachshund Ven CcZ S F 9 ight | 36+36 349° | 333"
border collie x miinsterander Paa GER L F 9 ambi | 20 | 148" x
bullterrier Gis GER L F 10 ambi | 20 | 138" x
Nat-coated retriever Fie GER L M 2 ambi | 20 | 270" x
labrador retriever Lor GER L M a ambi | 20 | 180" x
labrador retriever x rotiweller Jim GER L M 3 ambi | 20 | £l X
labrador retriever x rottweiler Sam GER L M 3 ambi | 20 | 1357 x
labrador retrigver Pal GER L M 5 ambi | 20 | 101° x
labrador retriever Lot GER L F 7 left 20 54 x
jack russel lermar Jac GER M M 12 | laft | 20 | an’ x
chihuahua Al GER S M 3 right | 20 | 72 x
chihuahua Ger GER 5 M | right | 20 | o x
chihuahua Hen GER ] M 5 | ambi | 20 | o x
yorkshine terriar Bri GER 5 F o ambi | 20 1 ar x

Size: L = large, M = medium, S = small, Sex: F = female, M = male, Age is given in years, laterality: ambl-, keft- or ight-lateral, n = number of lest series (in
each test series 4 trials were performed), p = mean vector in * at tha first locality and, if lested, at the second (distant) locality; at each of thase distant
localities 36 test series were parfarmed., x = the dog was not tested at the secand locality. The column “subject” refers to the first three letters of the
respective dog's name, See the supporting information (51 Table) for further detail.

https:doi.org/10.1371/jourmal pone. 0185243 1001

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-5, 5-W, W-N) within each trial, and the sum for all trials for each dog.
Index of laterality was then caleulated for each dog according to the formula (R-L) /(R + L) x

PLOS ONE | hitps://del.org/10.1371 journal pone. 0185243  September 25, 2017 311
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Fig 1. Photo illustrating the study setup.

mtpsdecorg 10137 pume pone OTES 243 o000

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
ata 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 Jeft and right in front of them. There was no chear effect of breed and
sex on laterality.

Compass preference

T'esting 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 Jess sig
nificant or not significant in males, younger dogs, or ambilateral dogs { Table 2, Figs 2-5).
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Tahle 2. Circular stalistics for frequencies of choices of a dizh placed in north or east or south or west in front of & dog in duasl choice experiments
whers [ dog choss Belween norh or sesl, &asl or soulh, south o wesl, weelor nah.

Variabls il | males | Semales | small.and  large- | Ambe il | sighle  <3years | > dyears
| dogs | _ medium-slzed  sized | lateral  laderal  lateral |
Numberof cheervations | o6 | 14 | @ 21 1 | w | w8 13 | =
Mann vecior (j) | 1 | e | 3 a4 142 | @ma | oav E} s | s
Lengthof meanvector(r) | 0328 | 0362 | 0487 | 0686 Q808 | 0028 | 0STR | ome2 o | o4
Circular standard doviation | 85° | B2 7S s ™| e | er a1’ B |
Raylelgh test (Z) | 3968 | 1832 | 4508 | 10821 | 2135 | 0204 | 3338 | 5030 .31 | 4295
Raylesgh test o) | om7 | o6l | ooce 48x107° | 0B | 0750 | DO 7SOt | Dl o012

Each compass direction was alfered with the same irequency. Tha rumber of observations ralors 1o the numbar of dogs and localibes. Mean vectors inthis
tahka presen s grand maan Yeoioes.

hitps e 0rg/ 01371 oumal pose D1 B5 243 1002

Testing the frequencies of compass preferences combining always two nelghboring test
combinations centered at one compass direction (e.g. triad W-N-E combaned results of tests
W-N and N-E, and frequency of choloss 25-50-25% would be expectind i there were no pref-
crences and no Laterality) reveabed statistically significant difference from random disiribution
in tests involving Morth and East (W-R-E, N-E-5, chi-square p = 0.0000 and 0.0022, respee-
Lively) but not in both other combisations (E-5-W, p = 0.5011; 5-W-N, p = 0L1446).

N N

small and
medium-sized dogs

Fig 2. Mwan preference lor compass direction ol a dish with snacks of the first choice. Angular means over dogs of small, medium-sined, and
larga breads. Tha armow indicales the grand mean aadal veclor (W) calculated cvar all angular maans. Tha langth ol ha maan veckar (1) provides a maasurs

of the degree of clustanng in tha dstribution of the mean veciors. The innar cincla marks the 005 kaval of significanca boedar al tha Raylaigh test. Soa
Tabéa 2 for statetics,

large dogs

s o ong 1001 331 ousmial. pone (7853040 @02
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N N
males females

Fig 3. Mean preference for compass direction of a dish with snacks of the first choice. Anguiar means over males and femades separately. The
ATOw INGCH1Es 1he grand Mean axal voctor () CalosaIed over a8 Snguiar maans. Tha length of the Mean vactor (1) provicss & measura of the degnee of
dustenng in the dstribution of the maan veciors. The inner circie marks the 0.05 leval of signiticance boeder of the Rayleigh test. Sea Tabia 2 for statistics.

netps ool orp' T 0 15 fouma pons O1ES 243 pl03

N N N

—

h

left-lateral right-lateral ambilateral

Fig 4. Mean pref for pass direction of a dish with snacks of the first choice, Angular means over dogs of different lateralization types.
Tha amow indcates the grand mean woal vector (J) caloulabed over all angular maans. The length of $ve mean veckor (1) provices A measurs of the degres of
dustering in the distribution of the maan vectors. The Innar drcla marks the 0.05 leval of significance boedar of the Raylaigh st Soa Tabl 2 for statstics
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< 3 years > 4 years

Fig 5. Mean preference for compass derection of a dish with snacis of the firs! cholce. Angular means over dogs of diflerent age categaries. The
amow indicatos 1he grand mean axal vecton () calouiabed over all angular masns. The kength of the mean vector (1) provides a measune of the degnee of
dugtaring n tha distribulion of the mean veclon. T inner cick ek e 0,05 level of significance Bosdor of The Reaigh el See Table 2 lor stalistics.

hitpss ool arg 0TS0 el pone O FES 24 pole

We tested the preference of dogs 1o choose betwen two dishes with snacks that were placed
lefit and right, in different compass directions (north and east, east and south, south and west
ar wiek] and nonth) in front of them. Some dogs were L'.is‘hl'l.ﬂ.ll.'rij, sommee lefi-lateral but mast of
them were ambilateral. There was a preference for the dish placed north compared 1o the one
Pli‘HJﬂl east of the Jus I"pu]l ol the north®). This elfect was :ig:'l:il"n::nl! in small and medium
sized] breeds but not in larger hresds, signidicant in femabes, inodder 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 chioice, but the Earth's magnetic fickd, was stahle
in space and time, All other factors (possible hints from the owners, landmarks, sun position,
weather, homing direction] were stoschastically changing and could not have systematically
influenced the ohserved “pull of the north®,

His mastar's voica?

The test was performed by several different dog owners. We do not see any possibility how the
dirgs might have been systematically (Le. in one cammuon direction and only in a compass
combination involving north and east) influenced in their decision by their owners. The dogs
hasd 10 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 secand dish, so that effective learning, e.g. on some
landmark in the surroundings, was not possible, Besides that, the next teial 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 p = 42°,
r« 0510, 5D « 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 g a.m, 343°-100°, for p.m. 347°-57°). Also "ambilateral” dogs
displayed no differences between morning and afternoon choices (morning: p = 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 N x E, S x 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 bead 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 fiekl parameters in both countries are comparable. The declination in
Essen (Germany) is 1.5%, the declination in Progue (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 pale, Le. 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. 1n spite of the large dataset, the
subgroups (breeds, age. sex, lateralization) were still rather small and heterogencous and did
ot 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 andfor “magnet-blind”. The fact that older dogs oriented more towards the north than
younger dogs might correfate with their experience and established orientation strategies.
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We have purposcly performed the experiments outdoors because the magnetic field in
basildings might be disturbed and because dogs tested indoars might orient with respect o
penmetry of rooms, Since it cannot be excluded that dogs might orient with respect 1o land-
marks also outdoors, care was taken when selecting the testing place that its surroundings
were free of any landmarks within the radivs of at least 30 m. a condition which could not be
comipled with indoors.

Conclusions and prospects

The here presented two-dish choice test widens the range of vests reviewed in [12, 24) suitable
foor amsessment of lateralization in dogs. At the same time it shows that laterality plays a role
not only in intrinsic kinesthetic reactions but alsa in directional goal-orented decisions.
Moreover there is an apparent “pull of the north”, which is particularly strong in the st 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 shoubd be likewise considered in
studies of spatial orientation and navigation. The interactin and possible conflict between lat-
eralization and “pull of the north” might be also considered as o resson for shifted magnetic
alignment observed in different animal species in different contexts [4]. It might prove to be
significant for understanding the putative (and thes far unknown ) mechanism of magnetore-
ceptien that the field observations and lnboratory experiments in diverse animal species con-
sistently show a shift of directional preference from nosth or south to the east after a treatment
with a strong maegnetic pulse eg, [25-26]. Moreover, roe deer were found to prefer o escape
morthwards but to avodd escaping eastwards [27]. These (and further own unpublished) obaer-
vations indicate some sensory interaction between perceiving north and east directions,

Supporting information

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

Acknowledgments

This study was supported by the Grant Agency of the Crech Republic {Project Mo, 15-218405);
the Grant Agency of the Ceech University of Life Sciences in Fragoe, CIGA (Project No.
20174319), and the Internal Grant Agency of the Faculty of Forestry and Wood Sciences,
Crech University of Life Sciences in Prague, 1GA {Project No. BO7/16).

Author Contributions

Conceptualization: Jana Adamkoa, lan Svoboda, Sabine Martini, Petra Nosakova, Viastimil
Hart, Hynek Burda,

Data curation: Jana Adimbkord, [an Svoboda, Katefina Benedikio, Sabine Marting, Hynek
Burda

Formal analysis: Jana Adamkovd, Katefina Benedikiowd, Sabine Marting, Hynek Burda

Funding acquisition: [ana Adambkova, Katefina Benediktowd, Petra Movakovid, Viastimil Hart,
Hymek Barda

PLOS QME | hitpa:idol ong 10 157 1journal pond 0185241 Soplembar 25, 2017 ar

54



B'PLOS | one

Drectoral preferance in dogs

Investigation: Jana Adimkovi, Jan Svoboda, Katefina Benediktova, Sabine Martini, Petra
Novikovi, David T0ma, Michacla Kuderovi, Michaela Divitowi, Sabine Begall.

Methodology: Jana Adimkovi, Katefina Benediktova, Viastimil Hart, Hynek Burda,
Project administration: Jana Adamkova, Sabine Martini, Hynek Burda,
Superviston: Jana Adamkovi, Jan Svoboda, Katetina Benediktova, Sabine Martini,

Writing - original draft: [ana Adamkova, Sabine Martini, Petra Novakovi. Sabine Begall,
Viastimil Hart, Hynek Burda.

Writing - review & editing: Jana Adamkova, Sabine Marting, Sabine Begall, Hynek Burda.

References

I N TR

© @~

10

"
2z
13
"
15
16
.

RS

19

Rogors L. Lateraity in anémals. internat J Comp Peychol. 1585; 3:5-25

Rogars LJ. Lateraizaton in vertebrates: its sarty avolution, geneal patem, and developmant. Adv
Sy Behav. 2002, 31:107-161

Rogers L, Vallortigam G, Andrew R.J. Divided brains. Tha Biology and Bohaviour of Brain Asymme-
nes. 2013 Cambridge University Preas, New York.

Schaafsma SM, Riedstra B), Planvkuche XA, Bouma A, G TG Epige of bet | ater:
alzamon in humans and othor animals. Pl Trans Roy Soc B. 2000; 364.015-027.

Warren JM. Handedreass and ateraity in humans and cther arsmals. Physiol 1680; 8:351-359.
Begat S, Malkemper EP, Corverry J, Némec P, Burda H. Magnetic algnment in mammals and other
aninals, Mammal Biot 2013; 78:10-20,

Bagal S Malkemper EP, Burda M. Magretorscapition in mammals. Adv Study Bebay, 2014; 46:45-88
Wilischico R, Wikschia W. Magnetic onectasion in animals. 1895, Sprnger, Berln

Makemper EP, Parter MS, Landier L Shifted magretc alignment in verlobrates: Evidence for noural
fateeakzation? J Theor Biok 2016; 390:141-147 hMps ool orgy/ 10 3096 o 2016 03 040 PMID:
270500861

Han V, Novikowd P, Begall S, Malkomper EP, Hanzal V, Jo2ok M. ot al Dogs a1e sensithve 10 small var-
Kations of the Earth's magnatic fiekd. Front Zock. 2013; 10:80, hops o 0/ 10,1186/ 1 742.0094.10-80
PMID; 28370002

Batt L, Bant M, McGreevy P Two tests for motor ety in dogs. J Vet Behay. 2007, 247-51.
Borta C. Lateralized behavcr in domesscatod dogs. Ess:u 201089

Banson NJ. Rogers LJ. R bet strength and nose phobik in Cants fami
lans. J Comp Psychol. 2006; 120:176-183. m;n lmupm 10370735- 7036 120.3 176 PMID:
16883254

Nagasaen M, Kawai E, Mog K, Kikusat T. Dogs show et facial isteralzabon upon reunon with thar
omners. Behav Proc 2013; 98:112-116

Pluscikiian TC, Schawicer LA, Dellabbro PH. Assessing teealzation in domestic sogs: Performance
by Cans famians on the Kong test J Vet Bohav. 2018 15:25-30.
Schewder LA, Deltabiro PH, Bums NR. Tempeeament and laleraizasion in the domestic dog (Canis
famaris) J Vet Behav. 2013, 8 124-134

Sinigcakhi M, Sase0 R, Pepe AM, Vallotigar G, Quaranta A. Dogs tum ft to omotional stmull, Bahav
Ban Res. 2000; 208516-521, nmpaidot org' 10, 1016/ ohr 2000, 12 042 PMID: 20060016
Sniscalcn M, Quarania A, Fogers L. Hemispheric specialzation in dogs for processing diferent
acoustic stimull. PLOS ONE. 2008; 3:03349. hitps ol oe/ 10, 137 1 jourmad pore 0003348 PMID:
18843371

Siniscalch M: Pergola G, Quaranta A. Detour bohaviour in aftack: dogs: Left-t ol
betier than right-bumers. Laterality. 2013, 18 282-203 e Vo 00910 10801 357850X 2012 652254
PMID: 22713100

Sniscakn M. dingeo S ; Formelli S.; Quaranta A. Relationshp botween visuospatal anoation and pow
proferance in dogs Sc Rep 2016, 6

Siniscakeni M, Jingeo S, Quaranta A. The dog neee "KNOWS™ 1aar. Asymmetsic nostll use during sedl-
Ing at caréne and framan emotional stimuk. Bohav Brain Aes. 2016 304:34-41. hitpa:Cdolomg 10,
10164 bor 2016.02.011 PMID: 26876141

PLOS ONE | hipe.ogon 0ny/10 137 140uenal pone 0185243 - Septemdor 25, 2017 10/11

55



T PLOS o

Depctioral prefersnos in dogs.

¥ B B OH

Tomking LM, Thomson PC, MoGroowy PD. First-siapping Tost as & moasurs of molor laiaraly in dogs
|Canis amikansh J Vet Bohay. 5010; §:247-2868

Tomkins LM, Willams K&, Thomson PG, MoGneesy PD. Latsralization in the domestic dog | Canis amit
iangy Fedationships betvpen sinuctueal, motor, and sensory lalerality. J Vet Behav. 2012 7:70-T8

L. Wallortigara G { Eds). Latesalood Brain Funciions. Mothods in Human and Non-Human Spe-
cies, 20T, Sgeinger, B Yok,
‘Wiltschka R, Wikschio W Magnetic onectation in animals. 1985, Springir, Hisidelben.
arkoid &, Burda H_, Kraslos |, Wiltschke W. Magnetic orismation in commen mole-rats from Zambia.
I OrsrtaSion and Mavigalion: Binds, Humand &nd Oiher Anifals. 1007, Papas No 5. Royal nstiluls ol
Hawgation, Cafoed

Ciiaaar P, Har V', Malkampar EF, Bagall 5, Holi M, Paimar M3, a1 al, Compase-conioligd secaps
Danmacr in ron doar, Bohav Ecol Sociobiol 2006 7001 345-1355

PLOS QME | hitpa:idol ong 10 157 1journal pond 0185241 Soplembar 25, 2017 1M

56



8.2 Priloha¢. 2

Manuscript Click here to access/download;Manuscript;Manuscript with z
changes accepted Adamkova.docx

1 Turning preference in dogs: north attracts while south repels

4 Jana Adamkova', Katefina Benediktova Jan Svoboda', Ludék Bartos™*, Lucie Vynikalova®,

5 Petra Novakova', Vlastimil Hart!, Michael S. Painter', Hynek Burda'”

7 ! Department of Game Management and Wildlife Biology, Faculty of Forestry and Wood

8  Sciences, Czech University of Life Sciences, 16521 Praha 6, Czech Republic

9 * Department of Zoology and Fisheries, Faculty of Agrobiology, Food and Natural Resources,
10 Czech University of Life Sciences, 16521 Praha 6, Czech Republic

11 * Department of Ethalegy, Institute of Animal Science, 104 00 Praha 4, Czech Republic

12 ¥ Department of Ethology and Companion Animal Science, Faculty of Agrobiology, Food and

13 Natural Resources, University of Life Sciences, 16521 Praha 6, Czech Republic

15 *corresponding author

16  E-mail: burdaild.czu.cz

57



50

51
52
53
54
33
56
57
58

ABSTRACT

It was shown earlier that dogs, when selecting between two dishes with snacks placed
in front of them, left and right, prefer to tumn 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 "repulsion of the south”. The
clockwise tuning preference in the right-preferring dogs is more pronounced in the S-E
combination, while the counterclockwise turning preference in the lefi-preferring dogs is
pronounced in the S-W combination, In this way, south-placed dishes are less frequently chosen
than would be expected, while the north-placed dishes are apparently 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 eve in
counterclockwise turning. Assuming further that magnetoreception 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
counterclockwise (“left-preferring™) or randomly in either direction (*irresolute™). This turning
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
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 tming preference, and
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especially in the north-zast choice. We suggested that “pull of the north™ represents a further
indication of magnetoreception in dogs, the other being non-random directional alignment
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) spontancously or if forced or restricted to choose
between two sides, is a known phenomenen 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
emotional aspects [20-22]. Interestingly, and contrary to studies in humans, turning (directional,
rotational) preference has remained understudied.

Most people are right-handed, vet 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 funnel
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
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“pull of north” is expected to have a magnetoreceptive ground. Examination of this
phenomenon has a heuristic potential in getting insight into the very seat and mechanism of
magnetoreception, which still remain enigmatic [27].

Sensory laterality {or asymmetry) has been described also in the context of spatial
orientation 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 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 leamned
direction with its opposite (axial response), the lefi brain hemisphere specifically preferred the
correct direction (angular response). The findings thus demonstrated bilateral processing 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,
1y 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 shified magnetic North should exert the same effiect 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 particular

direction)?
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Material and methods

Ethics statement

The study did not involve any disturbance or discomfort to the study subjects. The

Professional 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,

Table 1. List of the tested dogs and resulting indices of directional preference.

61

Dog Owner Breed Sex Age Paw motorical :::::Ig Mean turning
laterality preference
preference

Amalka KB Dachshund D F 5 51 17 46
Arthur ES Dachshund N M n.m, -32 45
Azl 15 Beagle M [ -4 19
Barca LS Fox Terrier F 12 67 42
Bertik KB Dachshund D M 3 8 -29 -48
Bessy JA Fox Terrier F 8 20 22 42
Figy KB Dachshund I F 5 9 -4 B4

Gofi IA Fox Terrier F 3 =70 95 06
Hard JA Fox Terrier M 2 -46 22 2

Hugo KB Dachshund D M 3 n.m. 23 -17
Hurvinek KB Dachshund [ M 7 51 -4 ]
Jimmy ES Dachshund N M 2 nm, i} 35
Kacka KB Dachshund D F 5 25 -17 -18
Kuky KB Dgchshund D M 7 27 50 40
Naty ES Miinsterkinder M 3 .. -45 62
Ofm I8 Beagle F 9 ] 8 &

Pecka KB Dachshund D F 2 44 17 29
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Plysak KB Dachshund D F 2 10 =37 60
Punta KB Dachshund D M 3 -1 -8 -34
Roxxy 15 Beagle F 9 100 62 67
Shedy ES Weimaraner M 5 i, 27 40
Sisi KB Dachshund D F 3 n.m 12 42
Zolka KB Dachshund D F 2 =20 54 46

Paw motoric laterality = laterality index based on the Kong test; Initial turning preference
Tuming preference index in the first trials of each dog. Mean turning preference = = mean
turning preference index over all trials of each 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,

Experimental equipment

The experiment took place in a magnetic coil at the field research station Truba,
Kostelee 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 magnetic coil (a Merritt coil, built according Kirschvink [32])is 4 x 4 x 4 m and
is located in a separate special building. It is shielded from radiofrequency waves. It is
controlled from a separate building next to the coil building. The magnetic field in coils is
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 system is used to create a defined direct and slowly changing magnetic field and
it serves 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 magnetic
field strength and inclination were maintained as for geomagnetic values for local geographic
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 preserved
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 [P camera,
T/ N, 18x zoom, HD 720p, P66, PoE +) for video recording of the entire experimental space,
network speaker with SIP, PoE support (AXIS C3003-E NETWORK HORN SPEAKER,

6
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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 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 experiment; 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 randomized schedule and recorded the results (direction of dog first choice)
(Fig 1). Note that this person was the only one who knew the actual position of the magnetic

North inside the coil.

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).

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

Because a series included four trials in each dish combination alignment (i.e. N-E, E-S, §-W,

and W-N), individual dogs experienced either 48 or 80 trials (in 12 or 20 complete series) in

63



which their turning preference (first dish choice) was recorded under control conditions and
the same number of records was gathered for experiments in the shified 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 delicacy 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 caleulation of the index of laterality. The dogs who did
not touch the cup during test of paw preference were 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; 5-W) separately, For data analysis,
the turning preference index was calculated in tests performed in the control and shified
magnetic 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 lefl or right dishes. The laterality index for the
paw preference (Kong test) was caleulated 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
values between -24 and 24 were considered ambilateral. For the turning preference, altogether
ten indices (L1) were calculated; one for each dish combination alignment (N-E, E-S, 5-W,
and W-N), i.e. four altogether in the control conditions and four altogether in the shified
magnetic field conditions. Furthermore, we calculated one mean index for control conditions
and one mean index for shifted magnetic field (Table 81). The dogs were divided in turning

preference lefi-preferring, right-preferring or irresolute (ambilateral) preference according to

64



258
259
260
261
262
263
264
265
266

267

268

[33] based 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, 5-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 caleulating
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
structures for repeated measures ( TYPE=cs). The first GLM was constructed with the predicted
fixed factors Magnetic coil in an interaction with the Tumning preference classes, and then we
added other variables listed in Table 52 in case they could affect the directional preference
index. Mone of these variables appeared significant and therefore we will not mention them in
the text any more. Least squares means (LSMEANs) were caleulated 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
cheices 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 respeet to turning

preference, experimental condition, sex, and age.

Results
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Paw preference (motoric laterality, Kong test)

Following the a priori set criterion, out of altogether 17 dogs tested, 3 dogs were
classified as lefi-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 preferences 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 (F23, 131y74.59,
P<0.0001, Figs 2-3). 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
clockwise turning dogs exhibited the lowest turning preference index in the combination North-
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 preference
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).

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.

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

10
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and pooled across all trials (both control and shifted magnetic field conditions). 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 eve, 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”,

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 castwards was more
frequently chosen than a dish placed southwards and a dish placed northwards more
frequently 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 irresolute dogs was indicated but not significant (Table 2, Figs 2-
3).

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) caleulated 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.

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 Allwials | mN=07 | mN=90" | 1stseries | 2nd series
Mumber of dogs tested 23 23 23 23 23
Mean vector (p) 21° 43" 3500 22° 17°
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334
335
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337
338
339
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341
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343

344
345
346
347
348
349
350
351
352

Length of mean vector (r) 0485 0.557 0464 0.347 0.566
Circular standard deviation G9° 622" T 23 6l
3% Conlidence interval {-/+) forp | 349°-33% | 16°-70° | 316°-23° | 335°.68° | 351°-44°
¥9% Confidence interval (+/+) forp | 339%63° | 7°-78° | 305°-34% | 321°-82° | 342°.52°

Rayleigh test (£) 5402 7134 4.945 2.766 7.378
Rayleigh test (p) 0.004 4.92E-04 0006 0.061 J68E-04
clockwise | counterelockwise
Variable males | females | preferring preferring irresolute
Number of dogs tested 11 12 & 7 10
Mean vector (p) 447 o [ 48 N
Length of mean vector (r) 0517 | 0.529 0637 0.655 0.350
Circular standard deviation [ 65* 547 530 g2
3585 | 318%-
5% Confidence interval (=/+) for p @ 42° 318%53° 97 279877
344% | 3047 252°-
90 Confidence imterval {-/+) for p 1052 S6° 030680 3540103 113
Rayleigh test (£) 24959 | 3357 2431 3.005 1.268
Rayleigh test (p) 0.049 | 0.031 [ITiE] 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,

Repeatability of turning preference
A single factor of Magnetic coil was not significant (Fi, 2: = 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 not entrained. Accordingly, there was no significant difference in

12
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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 trned
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 1o 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 interior 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
phenomenon, 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-E combination, while the counterclockwise turning preference in the lefi-preferring
dogs is "accelerated” in the 5-W combination. On the other hand, N-E combination decreases
("decelerates”) clockwise turning preference in the right-preferring dogs, while in the N-W
combination, the counterclockwise turning preference in the left-preferring dogs will be
reduced. In 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” 1s
stronger in the 5-E than in the S-W combination, the resulting theoretical mean preference is
for Mortheast.

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 directional 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.
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Although the mode of the perception of the magnetic compass direction in animals
remains enigmatic [27], findings from behavioral, histological, neurocanatomical, and
electrophysiological 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 mechanism 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 concentrated 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
more clearly recognizable and casier 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 lefi 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, vet the
contralateral 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),
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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 exploring 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,
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51 Table. Indices of laterality each tested dog. ITP = index of turning preference; W-N
designates 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-8
designates the combination in which the test dishes were placed east and south; $-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.

52 Table. Variables available for statistical analysis.

83 Table. Source data.
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Dogs are sensitive to small variations of the
Earth’s magnetic field
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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, ie, 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 @ 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

[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

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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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
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[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 inel. 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
hereh, 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 recards

Variable Pooled Pooled Means Means
m=5) (n=5)
Data type angular amial angular avial
Number of chservations 1,893 1893 49 44
Mean vector (p) 133 1574337 80F 148°38°
Lergth of mean vectos (1) Qo3 0052 0043 0209
Cirgular standard deviation 169* o 144* 51°
95% Confidence interval (—/+) 1217174
far p
%% Confidence interval (—/+) 1nr-1a3°
far p
Rayleigh test (£) 0307 5203 00 2143
Rayleigh test (p) 0736 0006 0914 ony
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Defecation

W= 1045284
r=0243
p=0085
n=36

Figure 1 Analysis of dog body alignment during defecation.
Axial analysis of mean vectors of dogs with mare than 5
observations. Total data and obsenrvations from three different
categories of relative changes of the declination of the Earth's
magnetic field are shown from 1ap to Domom (0%, 0.1-2%, >2%),
Each pair of opposite dots indicates the axis of the mean vectar of
all abservations of a singhe dog. The direction () and bength {r) of
the (grand) mean vectar and the pvalue of the Rayleigh uniformity
test as well as the sample size are given next to each diagram.

w and r ane indicated by the direction and length of the blue amaws,
respectively. Small inner circles indicate the 5%-significance level of
the Rayleigh test. Circle segmients 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 < QU001). A significant N-5 axial
onientation (ie., 95%-confidence interval includes the N-5 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 (pocled data or mean vectors of particular dogs
sorted into three categories according to the rate of changes of magnetic field declination)

Declination rate

Number of obsamations

Mean wector (p)

Length of man vectos (f)

Circular standard deviation

95% Confidence interval (=/+) for p
oo Confidence interval (—/+) for y
Rayleigh test ()

Rayleigh test (p)

0%
&07
176°356°
0.216
50°
168183
166185
JE248
<1077

Pooled raw data

0.1-2% =2%

542 Ta4
11%291*° 1097289

0106 003

&1° i

6133 0672

0.002 0511

Means per dog [n = 5)

0%
a3
1737353°
0598
mr
164%1827°
161°-185°
15353
620107

0.1-2%
36
104°184°
0.283
a5
g1z
745134
2601
0055

=2%
%
E°ITE"
0194
5r

1464
0233

of recording, a differentiated picture emerged. The rela-
tive declination change proved to be the best predictor
of alignment, ie.. 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%,
7 = 15.353; second order (weighted) statistics: weighted
mean vector (WMV): 175%/355% r=0.253, Hotelling test:
n=43, p=1.02.107, 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 Al records  Quiet MF Al records  Quiet MF
20:071-08:00 20:01-08:00 08:01-12:00 08:01-12:00 12:01-16:00 12:001-16:00 16:07-20:00 16:07-20:00

MNumber of chservations 442 173 509 1BE 306 109 455 144
Mean vector () 1577337 177°/357 152°/33F 178358 12590 1A0FF3507 4R 1735353
Length of mean vectos (1) 0042 0239 0073 02 0074 026 QOBE o7s
Circular standard dewiation Lra 48" 65" 51 65° 47 63" 53"
fQS'!t Confidence intenval (—/+) 120 16551907 13081747 1635192 3457307 155%-184° 126°-168° 155°1492°
ar

fg‘?k: Confidence interval (—/+) ag-2r 1611937 123%181° 1 59°- 106" 337ag” 151°-189F 181757 l4ge-198"
for |

Rayleigh test i) 076 Q866 ER N 7533 2145 7367 354 4474
Rayleigh test (p) 0463 0000052 0042 0000535 anrz QO00G32 noze oon

Columns denoted “quict MF {magnetic field]” give statistic values based on analysis of those data from the respective column “all values™ which were collected
under canditiong of stable declination (0% chandge). Dwe 1o small sample sized for dingle 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 nat sarted here according to months but the distribution of observations during respective months of the year is
comparable, 4o that the distribution of the data (and resulting analysis) would not change if winter and summer obserations were further separated. Note
random circulas distribution of the alignment when all data for respective time periods are analyzed, but highly significant preference for the Morth-South axis
when only ohsenvations made under quiet magnetic fleld are considered,
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all observations
o

W U

0B:00 - 1300

5 &
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observations during quiet MF

this data for males and females separately we found a
slight difference in the patterns between sexes: Pooled
data (without the dog M7} 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 MO7 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—5South axis

Figure 2 Alignment during defecation in dogs [females and males) in different day periods. Columns denated “quiet MF (magnetic figld)”
give statistic values based on analysis of these data from the respective columa “all valees” which were collected under conditions of stalle
declimation (0% change). Due to small sample sizes fior single dogs, the data of all abservations done in the given penod are pooled. Pooling ks
justified in this case because samples for respective dogs hawve comparable sizes and because males ared females thow comparable posture and
alignment during defecation, The data were not sormed here according 1o 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 clbsenvations were
further separated. Mote randeam circular distribution of the alignment when all data for respective time periods are analyzed, but highly significam
preference for the Moh-South axis when only abservations made under quiet magnetic field are considered,

T

+—t

%@d 3\\\»3’

""cf&l]l-r?bi
Ay 3

L | :J
L\

16301 - 20000

]

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: WMV: 1737353,
r=0.165 Hotelling test: n=49, p=508.10", F=8952
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 recerds)

Data type Angular
Poaled

Males MoF Females
Number of ohservations 1402 2478 1702
Mean vector () nxr 2o8° 13
Length of mean vector ir) IACE) 0.105 03
Circular standard deviation 141" 122 152"
05% Confidence interval (—f4+) for u 2e8356" 283%-313°  309-7g"
9o Confidence interval (—/+) for g 25410 278°-318°  288"96°
Rayleigh test (£) 325 27075 1517
Rayleigh test (p) o4 174007 ons
Raa's spacing test (L) I07E1IE 354479 339271
Raar's spacing test (pl <001 <001 <001

Axial

Means (n = 5) Pooled Means (n=35)
Males  Females  Males Mo7? Females  Males  Females

24 35 1402 2478 1702 24 35 '
b ES i 154°/334%  175%355° 591185 Bo2e 1%
a3 an: 003r 0196 0.132 01 0292

10 1m* 74" 52* 58 a1" 45°
2078 265347 1250183 N7 358120 @19 348R-33°
1937317 240R5F 1061927 16971807 3567157 343%194%  341°40°
1088 1584 1875 94.735 19524 0246 299
0341 0206 o153 <™ <™ omee 0049
140383 131.67% 325078 357084 346475 13475 145847
Bl 201 <00 <001 <0.01 =0 =01

Duata for the male dog MO7 are presented in a separate column due to laege sample size.
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Table 5 Angular analysis of alignment during urination in all males (pocled data without dog MO7 and mean vectors
of all males sorted into three categories according to the relative changes of magnetic field declination)

Pooled raw data

Declination rate % 0.1-2%
Number of obsamations 401 256
Mean vector (p) 293" 12¢
Length of man vectos (f) 0129 o04
Circular standard deviation 1e* 1207
95% Conf. interval (=4} for p 265%-3N" 31-F4°
00 Conf, interval (—/+) for 256°-325° 290°-04°
Rayleigh test (2) a.17 1619
Rawyleigh test (p) 28310" 0198
Rao's spacing test (L) 260,285 281656
Rao's spacimg test (p) <001 <00

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%  1.8-3.3% =3.4%
MNumber of chservations 957 218 703
Mean wector (p) Eilvg 285° 2808
Length of mean vector () 0.154 Q.08 0078

Circular standard desfation " na2e* 130

95% Confidence interval (—/+) for 294327 2150°-320°  241%-318°

o00% Confidence interval (—/4) for g 2897-332°  240°-331°  229°-331°
Rayligh test (£) 2264 508 5517
Rayleigh test (p) 14790 008 oms
Rao's spacing test (L) 345705 344156 341565
Rao's spacing test (pl <am < 0 < 0

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

83

Means per dog (n=5)

=2% 0% 0.1-2% =%
655 22 15 22
B a1 355" 195"
Q006 0.3567 0.349 oo
182" ar° a3 132°
24673357 200"51° 315"76°
2323400 2Hr-81° 239%151°
Q028 2059 1828 109
0§73 nos 0162 0899
283053 148,258 147,139 127188
<001 =01 =01 =05

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
vegelative functions and behavior in humans [2829],
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
Declination rate 0% 0.1-2%
Number of obsenvations 603 3%
Mean wector (J) 5°/185° rhgr
Length of mean vectos (1) 0.20d [LNE]]

Circular standard deviation a1 58"

95% Conf, interval (—/+) for Erad Mrar
99% Canf. interval [-/4+) for p 354%15 I
Rayleigh test () 048 GEID
Rayleigh test (p) 44110 ool
Raa's spacing test (L) 312836 330
Rao's spacing test {p) <00 <001

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

Means per dog (n2z5)

»2% 0% 0.1-2% =2%
03 ko 20 Fic]
e o180 /8T 1303
0063 0434 0159 0134
66" w 55° 5F
3457337 163°196° Nray 328°-78°
A0t 157201 204°-a0" 317195
3251 5085 0.503 052
0039 0005 061 0598
339,004 156975 135,002 129554
<{01 005 01 »05

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 lecalities 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

P = 1ETHI4T
r=0.343
p=0003
n=49

=
Figure 3 Analysis of dog body alignment during urination. Axial analysis of mean vectors of dogs of both sexes with at least fve
abservations. Obsernvations from three different categories of relative changes of the declination of the Earth's magnetic field are shown from left
e right (096, 001-2%, >2%). Each pair of opposite dots indicates the axis of the mean vector of all cbservations of a single dog, The direction (W)
and length {r) of the igrand} mean wector and the pvalue 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 amows, respectively. Small inner circles indicate the S%-significance level
aof the Rayleigh test. Cincle segmenis at the outer circle represent the $5%-confidence intervals (red circle segments indicate intenvals that could
not be caleulated with confidence due to large dircular standard deviations). A significant N-5 axial orientation {i.e, 95%-confidence interval
nchudes the N-5 axis) can only be seen under conditions of zere declination change. See Tables for funher details on statistics,

[TER: g ¢
r=0013
p=0894
n=35

P = 15485
r=0104
p=0579
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

Declinatien changes (%) Proportion of observations (%)

] 8

0110 &

1L1-20 9

21-30 17

3140 16

4150 12

51-6 3

6.1-80 &

=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 ne changes in declination)

Period (time) Proportion of all Proportion of observations
observations (%] under quiet MF (3)
(501 -0700 2.2 15
0701 -09:00 99 12.2
0501 =1100 ¥l 185
11:01-1300 168 63
1301-1500 15 128
1500=1700 136 0.8
17011900 103 58
1901-21:00 79 ;]
2401-2300 13 28
234010500 05 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-5 direction, but at the same time
they also aveid 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 te 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 meore 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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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 Farth’s mag-
netic field elicit a behavioral response and the fact that
“normal” magnetic conditions under which dogs express
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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

1D dog Breed Reporter (Abbrev.)  Age [years)  Weight (kg)  ndefecation  n urination
I F22 Adjredale Terrier Hanz 4 25 kL] 14
2 Fo& Beaghe ] 3 10 a 7
3 F¥% Beagle Kraj 7 4] 92 52
4, FO Beardied Collie Niets 1 25 oz 0
5 F13 Border Temer Hangz 13 7 15 2
-3 F&g Bouvier des Flandres Elli 1 £ a [}
7. F35 Dachshund Hart 25 7 2 e
B, Fi? Dachshund Faif 4 9 33 36
a, F43 Dachshund Bene " 7 | 21
0. F54 Dachshund Bene [} 4 16 i
1. F55 Dachshund Bene 35 10 a 21
1z F57 Dachshund Bene 1 4 18 9
13, F58 Dachshund Bene 10 4 17 a1
4. F&l Dachshund Bene 1 4 1 7
15 Fa2 Dachshund Bene 55 G5 o
16, F&3 Dachshund Bene 13 ] o
7. Fod Dachshund Dohm 2 ah -1 ar
18 F40 Dalmatian Kriv 14 20 &4 153
14 FH English Springer Spaniel Hanz 1 i 58 8
200 F81 English Springer Spaniel Fdar 7 b 0 [}
21 77 Entlebucher Mountain Dog Hron 4 18 1] 34
2% Fd1 Fox Terrier Smoth Adam 12 a 7 75
23 F42 Fo Terrier Smooth Adam 2 G5 i3 39
24, Fa3 Fen Terrier Smosth Al & 85 n 65
75, Fadd Fou, Terrier Smacth Adam 2 [} 16 16
26, Fit German Spanial Faif 3 13 A 33
7. F13 German Wirehaired Pointer Cuka 4 30 5
28 F14 Gearman Wirshaired Pointer kg 7 30 3
29 Fa0 olden Retriever Hanz 1o 30 il L]
3, F39 Irish Terrier Tres 15 15 15 18
3. F4 Jack Russell Temier Jura 3 7 ] 32
ir F75 Wi Hron 12 20 4 79
33 Féé Mix: Lhasa Apsovlack Russell Temrer Rick 4 ® 2 [+]
34 FOg Rhodesian Ridgeback Mowa 5 0 0 59
35 Fn Srall Minsterlander Pali 10 24 24 50
36, F32 Standard Schnauzer Posp 12 -] 34 125
37 F45 Tibetan Spaniel Hegl [} 5 14 1M
38 F70 Transylvanian Hownd Zema 07 D 0 0
30, Fig Weirnaraner Mova & 30 2 n
40, F1d Wiest Highland White Terrier Mowa El 7 0 az
41 Fi4 West Highland White Terrier Hart g 7 56 212
4k F11 Yaorkshire Temer Garc 6.5 2 n 4]
reconds/dogs 7 170z
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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 (e, not on the leash) in “open field”
{on meadows, fields, in the wood etc., ie., 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-1D) were protocolled as
well as date, time, locality, and further circumstances of
recordings (eg. within the home range, in unfamiliar sur-
roundings etc.). Thanks to the commitment of altogether

Page 10 of 12

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 Fiirstenfeldbruck (Munich, Germany): http://fwww.
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

I dag Breed Reporter (Abbrev.)  Age (years)  weight (kg)  n defecation A urination
1. M27 Beagle Krej 4 10 a5 53
2 M28 Beagle Krej 2 10 92 53
3 M33 Beagle Pasp 3 0 14 39
4. MO+ Bernese Mountain Dog Lew 5 40 ] [}
5, M7 Barder Terrier Hran 7 B 0 37
[:3 Ma7 Borzol Mowa 4 40 o6 2478
7. [LE Coton de Tulear Acke 4 & 1 106
8 M5 Dachsbracke Cerv 7 15 54 127
a, M26 Dachshund Komi 5 7 A oz
10 M52 Drachshund Bene 7 5 0 23
1 M3z Dackshund Bene 8 4 0 43
1 M50 Dachshund Bene 1 4 20 19
13 MG Dackshund Bene 12 i} 2 50
14 Ma2 Dachshund Bene 1 6 15 16
15 MBS Dachshund Faif i 7 10 7
16, M74 GErman Spitz Hran 5 5 0
17 M7z Hanowerian Hound Krau 55 45 15 0
18 MO3 lrish Red Setter Gros 3 o 47
19 MB0 Wioi: German Shepherd x Schnauzer Spor 10 35 n 85
20 Ma3 Mix: Husky-#ustralian Shepherd Rick 5 25 45 [+]
21 MG Marfalk Terer Kust 3 9 48 245
22 M73 Worwich Terier Hran i B 0 36
23 M6 Oid English Sheepdog Baum 4 45 3 122
24 Mia Pug Plac i 9 [ &0
25 M25 Rhedesian Radgeback Jura 3 0 0 34
26 M2 Schapendoes Kour 1.5 5 85 84
27 M30 Styrian Coarse-haired Hound Kushi 7 15 45 4
28 M38 Transylvanian Hound Klem 05 0 0 16
recordsidogs 076 3880
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Figure 5 Body orientation in dogs during defecation or urinati
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scapulae) towards the head. (\We included the photo just to |
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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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Magnetic alignment enhances homing
efficiency of hunting dogs

Katefina Benediktova', Jana Adamkova’, Jan Svoboda®, Michael Scott Painter™?,
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Woed Sciences, Czech University of Life Sciences, Praha, Czech Republic; *Biology
Department, Barry University, Miami, United States; *Department of Ethology,
Institute of Animal Science, Praha, Czech Republic; “Depaﬂment of Ethology and
Companion Animal Science, Faculty of Agrobiology, Food and Natural Resources,
Czech University of Life Sciences, Praha, Czech Republic; *Department of Zoology
and Fisheries, Faculty of Agrobiclogy, Food and Matural Resources, Czech
University of Life Sciences, Praha, Czech Republic; “Department of Biclogical
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 fallowed their outbound track
("tracking’) or used a novel route ('scouting’). The inbound track during scouting started mastly with
a short {about 20 m) run aleng 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

Haming, broadly defined as the ability to return to a known goal location (e.g. breeding grounds,
shelter sites) after displacement (Schmidt-Keenig and Keeton, 1978, Papi, 1992; Wiltschko and
Wiltschko, 1995), has been shown in a taxonomically diverse range of vertebrates that rely an a mul-
titude of cues, for example visual, offactory, acoustic, celestial, magnetic, and idiothetic (Schmidt-
Koenig and Keeton, 1978; Papi, 1992; Wiltschko and Wiltschko, 1995, Cullen and Taube, 2017,
Lehmann, 2018; Mouritsen, 2018). However, designing systematic studies to characterize the nawi-
gatienal strategies and underlying sensery mechanisms mediating homing behaviour in non-migra-
tory species, particularly in free-ranging mammals, have proven difficult, and sur understanding of
large-scale navigation and heming 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, a2 more
comprehensive study cbserved consistent homing success in a total of 26 degs displaced without
exposure to visual cues in various geographic directions. Dogs often homed using novel routes and/
or shorteuts, 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).

Benediktova et al. eLife 2020,9:e55080. DOI: https://doi.org/10.7554/eLife.55080 20f 19
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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 arcund 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) s 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, + / - 457, 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).

Benediktova et al. eLife 2020;9:e55080. DOI: httg foi.org/10.7554/eLife. 5508 3of 19

93



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 = 0.035, 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
ratic = 360, p<00001) (Figure 7E,
Supplementary file 1B- Table 2). No other fac-
tors appeared influential,

Importantly, when the compass run was
aligned along the ~north-south axis, homing was

icle of the v . v maore efficient, i.e., the ratio between the length
recursion, The vider with the of the inbound track and the shortest distance
between the turning peint and the goal was sig-
nificantly reduced compared to the -east-west

m the owner, at which point th compass runs (F = 647, p=0.01) [ngure 9
Supplementary file 1B- Table 2).

stationary in the forest. Shortly after, the dog detects

and fallows the me animal,

Effect of sex, breed and study site

familiarity
turning paint is s riefly pau We partitioned the data by sex for all individuals
This location marks the be of the cor un and used a Rayleigh test to determine if sex influ-

ence the orientation of the ‘compass run’ (Fig-
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
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, Mo 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). Mext,
the sun azimuth direction was recorded for each hour during the 15th day of each menth, 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 pocled 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 = 69/24%, r = 0.04, p=0.673) or at the group level (n = 27, p = 1467/326°, r = 0.021,
p=0.989).
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plot of predicted values of inbound speed (km per hour, LSMEANS £ SE} plotted relative to shoulder height [em). 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 an the right, Bottom row: A bubble-plot of
predicted values of Iag-transformed total inbound track length (m, LSMEANs + 5E) as a function of direct ('beeline’) distance between the turning point
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Effect of wind

Wind direction was recorded at the study site for each excursion by the ewner. 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 = 194), 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, O, 457, 907, 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 (£22.57) 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 retumn 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 (u) 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 retum (= '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 partiticned 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 (1) 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 {(+457) during the initial inbound segment (LSMEANSs = 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 (Horvith 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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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).

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 This may help to explain the compass run at the
red ‘bulls-eye’ tracker synced with the video shown on beginning of homing in scouting dogs. Indeed,
the left. The bulls-eye tracker moves across the track several recent studies have shown that dogs are
corresponding to the position of the dog in the video sensitive to magnetic cues (Hart et al., 2013;
The checkerboard square represents the location Adamkova et al, 2017; Martini et al., 2018),

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 behavioural studies show that Earth-strength
magnetic fields play a direct role in homing
responses also in the blind mole-rat, a subterra-
Yellow labels appear superimposed on the right side of nean mammal (Kimchi et al., 2004). Taken
the screen to indicate relevant features of the together, we propose that the compass run is
excursion, Before reaching the turning point, the dog is mediated by magnetic cues, and it helps to
travelling in a ~ west northwest direction. As shown, the increase the accuracy and reduce the complexity
compass run (~alignment run, azimuth Cj starts atthe  of long-distance navigation across unfamiliar and/
turning point and the dog begins its initial inbound 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., 2017,
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.

and are synced to the video and bulls-eye tracker

segment in the ~north direction. The compass run is
terminated at 0:22 when the dog changes magnetic
direction by >20" (see Matenals and methods) and the
inbound trajectory continues as the dog navigates back
to the owner (not shown).

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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Figure 8. Orientation of the compass run plotted relative to the position of owner. To test for an influence of the owner on the orientation of the
compass run (azimuth C) during scouting, the data was pantitioned into four distributions corresponding to when the owner was located at one of the
four cardinal compass directions (+45") relative to the tuming point. Therefore, the distributions above show the arientation of azimuth C when the
awner is positioned at magnetic ~north (316'-45"),~east {46'—135),~south (134'-225), or ~west (226’315 relative to the turning point (i.e. relative to
the start of the compass run). If the N-S orientation of the compass run is a direct response to the owner (i.e. olfactory or visual piloting towards the
awner), then in situations when the owner is located along the ~east west axis relative to the turning point, the orientation of the compass run should
also align along the —east-west axis. Alternatively, if the compass run is independent of the owner, then there should be no statistical difference in the
orientation of azimuth C when the owner is position in different magnetic directions. Each distribution plots the axial bearings recorded from each
excursion, The position of the owner relative to azimuth C is shown on the outside of each distribution and the shaded section of each plot bounded
with green arrows shows the range of possible positions of the owner in each distribution (45" range centered on each cardinal compass direction). All
other symbols are identical to those in Figure 6. Note that the axial bearings have been rounded to the nearest 5" only to facilitate the graphical
representation of the responses and all statistics were calculated using data values measured to 1” resolution
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Tracking equipment

Dogs were equipped with a Garmin TS mini {or DC50) GPS collar (Garmin Ltd., USA) fitted around
the neck and programed te 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 custem-fitted fabric hamess (Figure 7). 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 deg's behaviour and mevement
(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 422 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
peried in the close surrcundings of the car (<20 m radius). Degs 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 commeon in the study region: fallow deer (Dama dama), red deer (Cervus
elaphus), roe deer (Capreolus capreclus), 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 frem 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 sach 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 te be unfamiliar, whereas dogs whe 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 70 min,

Analysis of excursions

Identifying 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 pesition and
excluded fram 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/fowner; within this part, we narrowed the turning point; 3)
inbaund 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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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
paint. 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 deg 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 therefare, excursions shorter than 200 m were excluded from the analyses.

Identifying azimuths

All magnetic measurements used in the analyses were made using measurement tosls in Garmin
BaseCamp 4.6.2 software and magnetic declination was taken into account. The magnetic direction
between the point of the axcursion start and the GPS point recorded five seconds after the excur-
sion start was measured (ie. the initial outbound segment) and is defined here as azimuth A
(Figure 2A). Azimuth B represents the magnetic direction of the cwner 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 inte one of four sectors corresponding to a sector of 45" of the
cardinal compass axes, i.e. -north (316" -457),~east (46'—1357),-south (13&'-2257), or -west (226"—
3157).

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

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

2. Seouting: 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 trajecteries were separated by
more than 30 m (Figure 2).

In some cases, dogs exhibited a combination of return strategies, e.q. 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, cutbound, turning and inbound trajectary, turning point and owner pasition, see |dentify-
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 protecol.
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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
caleulating 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 1D 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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